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Abstract
Introduction
The use of a bioresorbable scaffold has potential advantages when used to treat
coronary bifurcation disease. We investigated the influence of sizing strategy on
the performance of the ABSORB bioresorbable vascular scaffold (BVS) in this
setting. In addition, we evaluated the effect of elective BVS implantation on
coronary microvasculature and inflammation. Finally the role of wall shear stress
(WSS) in coronary bifurcation disease was reviewed and a novel method for
determining WSS with the ABSORB BVS described.

Methods
The ABC-1 trial (Absorb in Bifurcation Coronary study) was a pilot trial which
enrolled thirty-eight patients with ‘false’ coronary bifurcation lesions (Medina
X,X,O classification) undergoing elective percutaneous coronary intervention
(PCI). Patients were randomised in randomly permutated blocks of varying
lengths to receive a BVS based either on the proximal or distal reference vessel
diameter. Peripheral arterial blood samples were drawn before the procedure.
Optical coherence tomography (OCT) imaging and pressure wire studies were
performed before and after BVS implantation. Nine months after the index
procedure, seventeen patients returned for blood sampling, intracoronary imaging
and physiological assessment. Microvascular resistance was assessed using the
Index of Microcirculatory Resistance (IMR). Serum concentrations of IL-6, CRP,
sCD40L and MCP-1 were measured before scaffold implantation and at 9 month
follow-up using enzyme-linked immunosorbent assays (ELISA). Wall shear stress
distribution was calculated in two cases (1 in each randomisation arm) using the
principles of Computational Fluid Dynamics (CFD).

Results
37 patients were recruited in the study out of whom 19 were randomised to a
proximal sizing strategy and 18 to a distal one. Procedural complication rates were
89.4% and 94.4% respectively (p=0.58). In the distal-sizing arm, there was a
greater incidence of significant strut malapposition (defined as a malapposition
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distance >300 µm) at the proximal end of the scaffold (2.3% versus 0.8%,
p=0.023). The incidence of distal edge dissections was numerically greater in the
proximal-sizing group but was not statistically significant (31.3% vs 11.8%,
p=0.17). At follow up, there were fewer uncovered struts (1.1% v 7.2%, p=0.001)
in the distal cohort.
PCI was accompanied by an immediate reduction in IMR of 8.6 (p=0.02). Mean
CFR improved by 0.9 from pre to postprocedural levels (p=0.02). At follow up,
FFR remained significant lower compared to pre-procedural values (0.92 v 0.78,
p=0.001). In contrast, there was no significant improvement in CFR or IMR at
follow up compared to preprocedural values (p=0.58 and p=0.30 respectively).
The changes in the median levels of inflammatory markers from baseline to
follow up were as follows: CRP (1 to 2.1, p=0.53), IL-6 (1.1 to 1, p=0.81), MCP-1
(47.2 to 36.4, p=0.06) and sCD40L (82.6 to 80.6, p=0.53). The Spearman
correlation coefficients between baseline marker levels and neoinitimal burden
along with the corresponding p value were as follows: CRP (0.30, p=0.34); IL-6
(0.49, p=0.10), MCP-1 (-0.22, p=0.48); sCD40L (0, p=0.99). Similarly, the
coefficients and p values between follow up levels and neointimal burden were as
follows: CRP (0.41, p=0.19); IL-6 (0.52, p=0.08), MCP-1 (-0.77, p=0.81);
sCD40L (-0.06, p=0.86).

Conclusion
The provisional approach with a modified ‘PSP’ strategy is safe and feasible when
using the ABSORB BVS in bifurcations. Both proximal and distal sizing
strategies have similar procedural complication rates. While a proximal sizing
strategy is associated with less significant malapposition immediately after
implantation, there are fewer uncovered struts with a distal sizing strategy at
medium term follow up. Scaffold implantation does not appear to adversely affect
the coronary microcirculation. Levels of preprocedural inflammatory mediators
did not correlate with the amount of neointimal coverage detected on OCT at 9
months. In addition, there was no significant change between baseline and follow
up levels of inflammatory biomarkers after elective BVS implantation.. Finally,
computational flow modelling can be used to assess the haemodynamic impact of
different bifurcation stenting strategies with the ABSORB BVS.
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1 Introduction
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1.1 Percutaneous coronary intervention
1.1.1

Evolution of PCI

Coronary artery disease is the leading cause of mortality and morbidity in the
western world1. Percutaneous treatment of coronary stenosis was pioneered by
Andreas Gruntzig back in 1977 when he performed the first coronary balloon
angioplasty also known nowadays as ‘plain old balloon angioplasty or POBA2.
This mode of treatment was rapidly embraced by cardiologists worldwide and
spawned the field of interventional cardiology. While POBA treatment
revolutionised the treatment of coronary atherosclerosis, early studies showed that
occlusive dissections and elastic recoil of the coronary artery occurred in
proportion of patients sometimes with fatal consequences3. An endoluminal
prosthesis was needed to firstly treat the iatrogenic dissections and secondly to
provide sufficient radial force to prevent elastic recoil of the arterial wall. This
led to the second revolution in the interventional field namely the introduction of
bare metal stents (BMS). The first-in-human coronary stent was implanted in
19864. At first, it seemed that splinting of the artery with a metal cage addressed
the shortcomings of balloon angioplasty. However a new problem soon arose in
the form of excessive neointimal proliferation causing restenosis. The degree of
tissue growth caused by the body’s reaction to the metal stent was in fact higher
than the one induced by barotrauma from POBA5. This provided the impetus for
the third revolution namely the creation of drug eluting stents (DES).
Antiproliferative agents were added to the metal platforms with the aim of
inhibiting tissue growth within the stent. In 2001, the results of the First In Man
(FIM) study confirmed the anti-restenotic efficacy of sirolimus eluting stents with
no angiographic restenosis or major adverse events present at 1 year6. The
dramatic reduction in restenosis rates with DES led to the global adoption of this
technology and it remains to this day the standard of care for the percutaneous
treatment of coronary disease7. But interfering with vessel healing came at a price.
At the European Society of Cardiology (ESC) meeting in 2006, a late increase in
mortality was reported with DES8. Late stent thrombosis occurs in a small subset
of patients due to several factors including presumed delayed re-endothelialisation
caused by the antiproliferative drugs9. Several iterations of DES including the use
19

of thinner struts10 have since reduced complication rates but the issue of restenosis
and thrombosis are still problematic.

1.1.2

Bioresorbable technology

In parallel with the evolution of metal stents, another therapeutic concept known
as vascular restoration therapy has been developing. The aim of this treatment
modality is simple – to allow the vessel to return to its native state once the need
for arterial support expires. Data from the balloon angioplasty era suggests that
the lumen stabilises around 3 months after intervention11 though there is still no
consensus on the exact duration of mechanical support required. A device that
provides support when required and disappears thereafter is a particularly
tantalising option with many theoretical advantages. Complete resorption of a
stent would allow for repeat percutaneous intervention without the need to
overload the artery with multiple layers of metal. It would also permit future
surgical grafting of the artery if required. With no permanent implant in situ, the
length of antiplatelet treatment could potentially be curtailed, thus reducing
bleeding risk.
The first coronary biodegradable scaffold to be tested in an animal model was
implanted in the early 1980s12. Radial strength was maintained for the first month
after implant and biodegradation was complete by 9 months. However concerns
about radial strength loss, biocompatibility of the degradation products and
swelling of the stent due to diffusion of water into it, hampered its development.
The first fully degradable human coronary stent (Igaki-Tamai) was implanted in
199813. It was made of poly-L-lactic acid and had restenosis rates comparable to
contemporary bare metal stents. Widespread use was hampered by the concerns
about the mode of deployment. The stent required a thermal balloon for the PLLA
to self-expand. This was concerning in the light of experimental evidence that
high temperatures within an artery could induce arterial wall necrosis, exaggerate
the neointimal response and increase platelet adhesion resulting in higher
thrombosis rates12. While a higher rate of stent thrombosis was not observed in
clinical practice, it was enough to discourage widespread acceptance of this stent.
Other materials have been investigated. The first metallic bioabsorbable stent was
a magnesium alloy stent which was completed degraded over only 2 months14.
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However, radial support was lost much earlier. Thus, the stent was unable to
counteract negative remodelling of the artery. Similar to bare metal stents, it did
not contain an antiproliferative agent. The above factors resulted in a restenosis
rate of almost 50% at 4 months. The REVA device was a poly-carbonate scaffold
with no antiproliferative drug coating. The resorption process of the carbonate
polymer imparted good radial support for the first 3 months without significant
vessel shrinkage. However, the device was prone to focal mechanical issues such
as polymer embrittlement which led to an excessively high TLR of 66.7% by 6
months15.
The high iterative revascularisation rates of these earlier ‘bare’ devices shifted the
focus to the development of a drug-eluting bioresorbable stent. The ABSORB
bioresorbable vascular scaffold (BVS) is coated with everolimus as the antiproliferative agent and is the first of this line of devices to obtain Conformité
Européene (CE) mark approval. It was first implanted in Auckland in 200616. The
initial version (BVS 1.0) of the scaffold consisted of out of phase hoops joined
together at the site of the straight connectors. The device had to be kept
refrigerated below -20 degrees to maintain polymer stability. The BVS 1.0 was
evaluated in the ABSORB Cohort A study which enrolled 30 patients17. It showed
a late luminal loss of 0.44mm at 6 months which was comparable to DES.
However acute and late recoil were higher suggesting that the polymer strength
was inferior to contemporary DES. This led to the iteration in design aimed at
improving the mechanical support provided by the platform. The second version
(BVS 1.1) was evaluated in the ABSORB Cohort B study comprising 101
patients. Patients underwent serial invasive imaging at various time points over a
5 year period. The device showed outcomes comparable with metal stents with
low incidence of restenosis and adverse cardiac event18. There were no cases of
scaffold thrombosis. However it needs to be pointed out that the scaffold was used
in relatively simple lesions in the ABSORB B study. Promising results in early
phase studies do not necessarily guarantee success in a real world setting
especially with more complex lesion subsets. This was indeed the case with the
early generation drug-eluting stents. The pivotal RAVEL study19, which evaluated
the first generation Cypher DES in relatively low risk lesions, did not have any
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cases of stent thrombosis but subsequent trials revealed a higher rate of very late
ST compared to BMS20.
Nonetheless, the encouraging results of ABSORB B paved the way for an
extensive clinical programme with both industry sponsored and independent
investigator led studies. To date, the ABSORB BVS has been studied in more than
24,000 patients.

1.2 The ABSORB BVS
1.2.1

Material

The ABSORB bioresorbable vascular scaffold consists of a semi-crystalline polyL-lactide (PLLA) backbone and an amorphous coating made up of a 1:1 mixture
of poly-D,L-lactide polymer (PDLLA) and 100 μg/cm2 of the antiproliferative
drug everolimus21. The scaffold is composed of in phase sinusoidal hoops linked
to each other by thinner straight connectors (Figure 1). It has a crossing profile of
1.4mm and a lower radial strength compared to metal. The weaker mechanical
property of the scaffold is compensated by having thicker struts. With a thickness
of 157μm, they are almost twice the size of contemporary drug eluting stents. The
scaffold is radiolucent. The tip of each end has radiopaque markers in order to
allow visualisation during fluoroscopy and those markers are the only remnant of
scaffolding after completion of bioresorption. Elution of the everolimus is
controlled by the PDLLA coating with 80% of the drug being released within the
first 30 days. The pharmacokinetics of the antiproliferative drug is similar to that
of the Xience V drug eluting stent.
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Figure 1: Image of the ABSORB BVS 3.0x18mm scaffold (Reproduced from
Oberhauser et al.)22

1.2.2

Kinetics of bioresorption

The polylactide polymer degrades by hydrolysis (Figure 2). During this process,
the polylactide ester bonds are cleaved by water molecules as shown in the
diagram below. The degradation happens over three phases22. First water
molecules diffuse into the scaffold and start hydrolysing the less dense amorphous
regions of the polymer. This causes the polymer to lose weight but not strength as
the tie chains which determine radial strength are essentially intact. In the second
phase, hydrolysis extends to the amorphous tie chains binding the crystalline
structure and at this point, the device begins to lose radial strength. Structural
discontinuities start appearing at this stage. In the third and final phase, extensive
hydrolysis results in monomer subunits and isomers of lactic acid. These
hydrophilic components are able to diffuse out of the scaffold. Phagocytosis by
macrophages and enzymatic degradation via the Kreb’s cycle completes the
resorption process. The final products are carbon dioxide and water which are
excreted through the lungs and kidneys. The interior of the scaffold is replaced by
a matrix of cellular infiltrate and proteoglycan.
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Figure 2: Resorption process of the ABSORB BVS. A - Reaction equation
demonstrating hydrolysis of ester bonds during bioresorption. B - Structure of
polylactide polymer with crystalline lamellae linked by amorphous tie chains. C Change in structural and mechanical properties of the ABSORB scaffold with
bioresorption (Reproduced from Onuma et al.)23

1.2.3

Technique of implantation

Over the recent years, it has become apparent that correct implantation technique
is pivotal to reduce complication rates with the ABSORB BVS. Adequate lesion
preparation is needed because the weaker BVS skeleton can be damaged by
recalcitrant fibrocalcific lesions or be underexpanded due to the opposing forces
from the vessel wall. Post dilatation is needed because the struts are thick and thus
need to be firmly embedded so as not disturb blood flow and create a prothrombotic environment. Early registries had suboptimal deployment techniques
with higher complication rates24,25. The later registries such as the ABSORB UK
reflected the lessons learnt from those registries26. Technical aspects of
implantation were refined with the recognition of the importance of adequate
lesion preparation, post dilatation and use of intravascular imaging. This has led to
the development of a BVS specific implantation protocol dubbed PSP27. The three
critical components of implantation are identified by the 3 letters: P stands for
Predilatation with a NC balloon with a 1:1 balloon: vessel ratio, S implies careful
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Sizing of the vessel preferably with intravascular imaging and the final P stands
for Postdilatation with a NC balloon to high pressure (>18atm) while staying
within the expansion limits of the scaffold. Whether the same principle can be
extended to bifurcation lesions is unknown.

1.3 Bifurcation disease
1.3.1

Overview

A coronary bifurcation lesion is defined as one occurring at or next to a significant
branch of an epicardial artery. The pattern of disease is commonly described using
the Medina classification28. In brief, the Medina classification comprises of a set
of 3 numbers, each containing either a 0 or 1 (0: no disease, 1: disease present).
The first number refers to the proximal segment of the main vessel, the second
number to the distal segment of the main vessel and the third number to the side
branch. For example, a patient with Medina type 1,1,0 has disease in the proximal
and distal segment of the main vessel but not in the side branch. Bifurcation
lesions of Medina type x,x,0 (where x can be 0 or 1) are also known as ‘false’
bifurcations since the side branch is not diseased.
Coronary bifurcations are involved in approximately 15% of percutaneous
coronary interventions29. A large variety of bifurcation stenting techniques have
been described in the literature and include single stent strategy (provisional T
stenting30,) or two stent strategies (e.g Culotte stenting31, DK-Crush technique32
amongst others). The provisional T stenting strategy involves placing a stent in
the main vessel across the side branch and treating the side branch only if flow is
compromised or there is severe stenosis. Stent deployment in the mother vessel is
followed by the proximal optimisation technique (POT). This involves inflating a
shorter and bigger balloon proximal to the carina. POT restores the original
anatomical configuration of the bifurcation33 and addresses the issue of
underdeployment of the proximal part of the stent. The provisional approach is the
technique of choice when treating main vessel disease in the absence of
significant disease in the side branch also known as ‘false’ bifurcations. With
regards to two-stent techniques, the MADS classification proposed by the EBC
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provides a systematic way of organising the myriad techniques described in the
literature34.
Despite the relatively high frequency of bifurcation lesions, bifurcation stenting is
associated with lower procedural success rates and worse clinical outcome
compared to non-bifurcation PCI35. The optimal treatment of bifurcations remains
controversial. Several trials have investigated the different percutaneous treatment
options but variation in endpoints and the plethora of stenting techniques
available, including dedicated bifurcation stents, makes comparison quite difficult.
Part of the problem also resides in the diversity of bifurcation anatomy which
precludes a unique therapeutic solution. Nonetheless, the results of several
published meta-analysis show that a single stent strategy is generally preferable
over dual-stenting36,37. However it is important to note that several of theses trials
have included ‘false’ bifurcations and side branches <2.50mm both of which may
favour a single stent strategy.

1.3.2

Use of the ABSORB BVS in bifurcations

There are theoretical advantages to using a resorbable scaffold over a metallic one
in treating bifurcations. Permanent jailing of the side branch, i.e leaving a
meshwork of metal struts across the orifice of the side branch, could potentially be
avoided. Restoration of the vessel structure after strut resorption could lead to a
physiologically favourable haemodynamic environment thereby reducing the risk
of restenosis. However, there are challenges unique to the design of the ABSORB
BVS when applied to the treatment of coronary bifurcations. Firstly, the lactic
acid polymer is not as robust as stainless steel or Cobalt Chromium stents.
Aggressive balloon dilatations, which are typically well tolerated in metallic
platforms, can potentially lead to device fracture. Secondly, the scaffold is bulkier
than contemporary drug eluting stent (DES) with a strut thickness of 157
micrometres. While the thickness provides sufficient radial support to prevent
recoil, this could be problematic if more than 1 scaffold is utilised in an
overlapping manner for complex bifurcation treatment strategies. Notwithstanding
the technical challenges of a two scaffold strategy with thicker struts, there is a
possibility of obstructive coronary flow disruption and haemodynamic
impairment. So far, trials involving bioresorbable vascular scaffolds (BVS) have
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excluded patients with significant bifurcation disease. Our current knowledge in
this subgroup of coronary lesions rests on bench studies, case reports and
registries.
Bench studies
The ABSORB scaffold consists of sinusoidal hoops each individually linked by
three longitudinal connectors. The calculated circular diameter of a cell is 3.0mm
in the 2.5/3mm BVS and 3.6mm in the 3.5mm scaffold. Ormiston et al.
investigated the effect of different bifurcation techniques on the degree of stent
distortion38. SB dilatation was performed using balloons of increasing size (2.0,
2.5,3mm) in both 3.0 and 3.5mm BVS. Rupture of hoop and connector were
observed in 14% of cases with the 2.5mm and 3mm balloons inflated to 14atm
while none was observed with the 2mm balloon. The fractures were confined to
single cells and did not cause malapposition of the scaffold. In contrast, a lower
pressure of 10 atm in the larger 3.0mm NC balloon did not cause strut fracture.
When mini-Final Kissing Balloon Dilatation (mini-FKBD) was performed using
two 3.0mm NC balloons in a 3.0mm scaffold, fractures occurred beyond an
inflation pressure of 5atm. The degree of stent distortion was similar to those
induced in metallic stents and was worse with shallower bifurcation angles as well
as larger balloons.
Dzavik et al. analysed the effects of different bifurcation treatment strategies in
phantom models39. Scanning electron microscopy and Micro CT was used to
visualize the stents following the application of provisional stenting with final
kissing balloon inflation (FKBI), modified T stent with FKBI, crush and culotte
techniques in a total of 8 models. The main branch was 3.0mm in diameter while
the side branch was 2.5mm. In the provisional stenting strategy, FKBI to 8
atmospheres did not cause significant stent distortion. On the other hand, FKBI in
the modified T stenting technique to 10 atmospheres resulted in disruption of the
BVS ring at the level the side branch. The more complex two-stent strategies were
associated with some degree of malapposition. The study suggests that single stent
procedures coupled with SB balloon dilatation optimally opens the SB without
compromising the stent architecture. In a two-stent strategy, the T stent with small
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protrusion technique appears to be the technique of choice offering the least
distortion of struts while ensuring good coverage of the ostium of the SB.
The bench tests essentially demonstrate that current BVS do not tolerate post
dilatation beyond a fairly conservative limit. This is in stark contrast with our
experience with metal stents. The combination of balloon size and pressure is
important but it seems that expansion with low big balloons at low pressure is
relatively safer than small balloons at higher pressure. Bifurcation angle is also an
important factor with shallower angles faring worse with aggressive balloon
dilatation. It is important for the interventionalist to fully understand the expansion
limits of BVS before making the decision to use them in bifurcation treatment
Registry data
Several units have reported either their single centre experience or published their
data pooled with a few other centres (Table 1). The provisional strategy (PS) is the
most commonly used technique in all studies. MACE rates vary from 2.8% to
16.1% at 1 year. This is similar to published data on the use of metal stents in
bifurcation disease40. Scaffold thrombosis (ST) rates range between 1.1% and
2.5% at 1 year which are again comparable to metal stents in bifurcation
treatment. It is worth highlighting some of the limitations when comparing data
from such a heterogeneous group. There exists a wide variation in the diameters
of side branches in these studies. Follow up periods are not standardized and most
studies report only early to mid-term follow up. This is particularly pertinent with
regards to ST given the reports of very late scaffold thrombosis (VLST) published
in the literature41 and thus, careful follow-up long term is crucial. Randomised
trial data on the use of the ABSORB BVS in bifurcations is currently lacking.

Study

n

PS
(%)

Fup

Major adverse
events (%)

TLR
(%)

Kawamoto et al.42

122

81.1

1 yr

All death, MI,
TVR: 10.5

10

1.1

De Paolis et al.43

107

93.4

1 yr

Cardiac death,
MI, TVR: 5.5

3.3

2.2

28

ST
(%)

DeLezo et al.44

194

96

14 mths

Wiebe et al.45

28

81.5

1 yr

Naganuma et al.46

302

86

1 yr

Tanaka et al.47

42

0

2 yr

Poznan registry48

121

92
76.1

GHOST
Ferrarotto registry49

71

All death, MI,
TLR: 8.7
Cardiac death,
MI, TLR: 16.1

5.6

1.3

12.1

8.1

5.7

2.5

All death, MI,
TVR: 20.9

14

0

1 yr

Cardiac death,
TV-MI, TVR 2.8

0.9

1.9

776 days
(median)

All death, any
MI, any revasc:
13.5

8.6

1.4

Cardiac death,
TV-MI, TLR : 9.0

n- Number of patients; Fup- follow up; PS- Provisional strategy; MI- Myocardial infarction;
TVR- Target vessel revascularisation; TLR – Target lesion revascularisation; TV-MI- Target
vessel myocardial infarction; ST- Scaffold thrombosis; revasc- revascularisation

Table 1: Outcome of studies of BVS in coronary bifurcations

1.3.3

Sizing issue in bifurcation PCI

The diameter of a coronary artery does not gradually taper as it courses down the
heart50. Instead it has a relatively constant diameter in between bifurcations. At
each branch, there is a discrete reduction in size depending on the size of the side
branch. A number of models that describe the mathematical relationship between
the size of the proximal main vessel (MV) and its daughter vessels have been
described. Murray’s law is one commonly used model and is stated below51.
(Proximal MV diameter)3= (Distal MV diameter)3 + (SB diameter)3
This law was proposed nearly 90 years ago and is based on the principle of
minimum energy. It assumes laminar flow and a constant wall shear stress within
the bifurcation.
Another model which is based on fractal geometry is Finet’s formula, shown
below52:
Proximal MV diameter = 0.678 x (Distal MV diameter + SB diameter)
As is apparent from the above equations, there can be a marked discrepancy
between the proximal and distal main vessel diameters if the side branch is large.
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This poses the problem of selecting an appropriate stent size that can effectively
treat two segments of differing diameters. Choosing a stent diameter
commensurate with the proximal diameter can cause overexpansion of the distal
vessel. This can result in carina shift leading to compromise of flow in the SB as
well as dissection of the smaller distal segment53. Conversely, if a smaller stent is
chosen based on the distal diameter, there is a risk of the stent being malapposed
in the proximal segment. This risk is higher when the difference between the
proximal and distal diameters is large i.e. when the side branch is large. In
essence, when deciding on the choice of scaffold size, the risk of malappostion
with underdeployment needs to be carefully balanced against the risk of scaffold
fracture/ vessel dissection with overdeployment
With metal stents, the European Bifurcation Club (EBC) recommends that the size
of the stent is based on the distal reference diameter54. The Proximal Optimisation
Technique (POT) or Final Kissing Balloon Inflation (FKBI) can be used to ensure
good apposition proximally. This strategy has its limitations when applied to the
ABSORB BVS. The expansion characteristics of the scaffold restrict the extent to
which the proximal end can be safely postdilated. The manufacturers of the
ABSORB BVS generally advise using a balloon size no greater than 0.5mm of the
scaffold diameter for post dilatation. Overexpansion beyond this limit can
adversely affect the mechanical properties of the scaffold even in the absence of
overt fractures. Another strategy that can be considered is deploying a larger BVS
based on the proximal reference diameter at low pressure38 (Figure 3). In theory,
this would ensure good apposition proximally but the larger scaffold runs the risk
of damaging the vessel distally. Which of the two strategies is more favourable
with BVS is currently unknown.
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Figure 3: Schematic representation of two sizing strategies in coronary bifurcation
PCI. When a stent size is chosen according to the proximal reference, the stent is
well apposed at the proximal bifurcation segment but can lead to overexpansion of
the distal segment. Conversely, choosing a stent based on the distal reference vessel
limits distal vessel damage but can lead to proximal malapposition. (Reproduced
from Bifurcation stenting)55

1.4 Inflammation and neointimal response after PCI
1.4.1

Healing process after PCI

In order to assess the role of inflammation in neointimal growth, it is important to
have an understanding of the vascular response to arterial wall injury. The
introduction of a foreign device within an artery initiates a complex cascade of
physiological processes aimed at eliminating damaged cells and repairing the
vessel. Vessel healing following percutaneous intervention can be divided into
three steps56-58 (Figure 4):
•

Early phase of thrombus formation and inflammation.

•

Intermediate phase of granulation tissue formation with smooth muscle cell
migration.

•

Late phase of vascular remodelling
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Figure 4: The three phases of wound healing after arterial injury: 1) Inflammatory
phase begins at instant of injury and predominant features include platelet
aggregation, deposit of fibronectin extracellular matrix and infiltration of
inflammatory cells 2) Granulation phase typically lasts for 1 to 2 weeks and consists
of migration and proliferation of mesenchymal cells to the wound site 3) Matrix
remodelling phase persists for months consisting of proteoglycan deposition,
followed by conversion of extracellular matrix to collagen and elastin. (Reproduced
from Forrester et al.)56

Early phase: Balloon inflation and stent deployment injures the inner luminal
wall thereby exposing the subendothelial matrix to blood constituents. This
initiates an immediate thrombotic response mediated by platelets and coagulation
factors. Platelets adhere to the damaged surface and are activated by the exposed
collagen from the underlying matrix. Concomitant activation of the coagulation
cascade generates fibrin strands which bind to aggregated platelets to form a
dense meshwork. The result is a thin layer of thrombus that prevents further
exposure of blood to the damaged wall. This thrombotic effect is tempered by
antiplatelet therapy. The generation of thrombus is followed by an inflammatory
reaction. Activated platelets release a wide variety of cytokines and express
adhesive glycoproteins such as CD40 ligand, all of which initiate and sustain
inflammation. Leucocytes are recruited to the site of injury through chemokine
signalling. Monocyte chemoattractant protein-1 (MCP-1) is an example of a
chemotactic factor secreted during this stage. The initial tethering and rolling of
the leucocytes onto the thrombotic layer occurs through ligand-receptor
interaction between glycoproteins on white blood cells (WBC) and p-selectin on
the cell membrane of activated platelets and undamaged endothelial cells.
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Leucocyte ‘arrest’ is mediated in a similar manner involving cell surface integrins.
Transmigration across the platelet-fibrin layer and diapedesis into the tissue wall
is driven by chemical gradients of cytokines. Activated monocytes and
macrophages sustain the inflammatory process through the release of more
cytokines and chemokines such as Interleukin-6 (IL-6). This is aimed at repairing
the injured vessel. Within the first 24hrs, there is also systemic response to
coronary inflammation. Local release of inflammatory cytokines such as IL-6 and
TNF-α trigger an acute-phase response causing liver cells to release reactants such
as C Reactive Protein (CRP). These substances amplify the local inflammatory
process.
Intermediate phase: In this stage, endothelial cells proliferate over the wounded
area while the initial thrombotic layer is gradually replaced by granulation tissue
by vascular smooth muscle cells (VSMC) and macrophages.. The processes
involved in this stage include phenotypic transformation and migration of VSMC
followed by deposition of extracellular matrix (ECM). Activation of VSMC by
growth factors/cytokines causes them to switch from their usual resting contractile
phenotype to a proliferative synthetic one. Unlike the elongated shapes usually
attributed to muscle cells, the latter cells are more rounded and have the ability to
synthesise collagen and elastin. The release of potent mitogens such as platelet
derived growth factor (PDGF) by activated platelets and macrophages stimulates
both the migration and proliferation of VSMC from the media and adventia into
the intimal layer. This process is also influenced by mechanical factors such as
wall stress generated by the compressive forces exerted by the stent on the wall
and wall shear stress (WSS) resulting from blood flow within the stented artery.
An extracellular matrix composed of large molecules such as fibrin, fibrinogen
and fibronectin is initially deposited by VSMC. These provide structural support
to surrounding cells to begin the repair process. VSMC then secrete hyaluronan
and proteoglycans to stabilise the provisional matrix. Damaged cells are cleared
by macrophages.
Late phase: In this phase, remodelling of the granulation tissue by matrix
metalloproteinases (MMP) occurs. Inflammatory cells, mobilised within the
region, secrete an array of matrix metalloproteineases that break down hyaluronan
and allow the deposit of type I and III collagen fibres. Collagen inhibits further
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smooth muscle proliferation completing the healing process. In the balloon
angioplasty era, this phase was responsible for constrictive remodelling and vessel
shrinkage.
Re-endothelialisation occurs in parallel with the reparative process. Reparative
stem cells from the bone marrow (CD34+) are mobilised. These travel to the site
of vessel injury and can differentiate into either endothelial progenitor cells or
smooth muscle progenitor cells. This is mediated by the release of inflammatory
and hematopoietic cytokines such as granulocyte colony stimulating factor. Data
from necropsy studies show that coverage of the neointima with endothelial cells
is complete several weeks after implantation of BMS. The addition of
antiproliferative drugs within drug eluting devices alters the vascular response.
Histopathological analysis of restenotic tissue in DES demonstrates that there is a
greater amount of old thrombus and fibrin with reduced endothelialisation
compared to BMS. The cellular composition varies from a predominant T
lymphocyte rich infiltrate to the more characteristic BMS composition of ECM
and VSMC-rich tissue59.

1.4.2

Healing process after ABSORB BVS implantation

The histological characteristics of the vessel wall following ABSORB BVS
implantation have been studied in preclinical models60. During the resorption
process, the polymer progressively breaks down and is replaced by a complex of
proteoglycans. This is followed by integration of the device into the vessel
structure – a process during which organised tissue replaces the polymeric and
proteoglycan material. The polymer coating and backbone are absorbed by 9
months and 2-3 years respectively. While the vast majority of struts are still
identifiable on optical coherence tomography (OCT) at 2 years, most of the
polymer has been replaced with a proteoglycan complex by that time. Four years
after BVS implantation, infiltration of the strut areas with connective tissue is
complete and the scaffold is fully integrated into the vessel wall. Transmission
electron microscopy comparing histological specimens at 1 month and 36 months
after BVS implantation shows maturation of the endothelium between these two
time points61. At 1 month, the newly generated endothelial cells have weak
junctions but by 36 months, these have evolved into dense, continuous junctions.
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Smooth muscle cells within the neointima also switch from a secretive phenotype
to their typical contractile state during that time. Invivo studies have also shown
comparable long term safety and efficacy of the ABSORB BVS compared to the
Xience DES62.
While the histological evolution of the healing process after BVS insertion has not
been characterised in humans, intracoronary imaging studies have provided us
with significant insight in this setting. The neointimal proliferative response
persists up to 2 years and is accompanied by an increase in vessel area63. This
positive remodelling of the coronary artery partly accommodates the neointimal
tissue. Intramural lipid cores and calcification also appear to decrease within that
time interval64. Even though the struts are still discernable at 2 years, the scaffold
has lost its structural integrity by that point. This is evident by an increase in
scaffold area due to scaffold dismantling and return of vasomotion in some
patients63. The black cores of struts are still visible at 3 years but it is not possible
to distinguish between polymer and proteoglycan infiltrate on OCT18. The healing
process is also dependent on the clinical context in which the device is implanted.
Strut coverage appears to be lower in ACS patients compared to those with stable
angina65. The TROFI-II trial in which patients with acute STEMI were
randomised to receive either an ABSORB BVS or an everolimus-eluting stent
showed a similar vessel ‘healing scores’ at 6 months66.

1.4.3

Scaffold thrombosis and restenosis

1.4.3.1 Scaffold thrombosis
The ‘Achilles’ heel of drug eluting stents is the occurrence of late stent thrombosis
(ST). While the mechanisms leading to late DES thrombosis are varied, the final
common pathway is a delay in arterial healing59. Bioresorbable technology was
originally proposed as a possible solution for this potentially deadly phenomenon.
The rationale was that after complete resorption of the scaffold, there would be no
substrate left to induce either inflammation or thrombosis. Preliminary studies
also hinted at a functional endothelium after 2 years67. However these
observations have not translated in a lower rate of scaffold thrombosis. The
GHOST-EU registry was one of the first studies to raise the alarm for scaffold
thrombosis24. Subsequent registries confirmed the higher incidence of ST with
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cumulative incidence of 3% reported at 1 year27,68. In the largest meta-analysis of
trial data, the incidence of very late ST (VLST) at 2 years has been reported at
1.43% with BVS compared to 0.56% with DES41. Almost all events within the
metal group occur within the first year with the incidence decreasing to almost
zero (0.003%) after. In comparison, the incidence of thrombosis between year 1
and 2 with BVS is 0.24%.
The exact mechanism of scaffold thrombosis is not clear at the present moment69.
Factors commonly responsible for thrombosis in metal stents probably have a
similar causative role in scaffolds. Most cases of scaffold thrombosis occur within
the first 30 days of implantation and those are likely to be related to procedural
issues. Malapposition is the most common imaging finding in cases of early ST
and may be the result of inadequate lesion preparation, undersized scaffold or
inadequate post dilatation. Other mechanical factors such as geographical miss
and scaffold underdeployment have also been identified in early ST. The
inflammatory milieu also plays a role with more cases of thrombosis occurring in
the context of an acute coronary syndrome than in stable patients.
While the above factors are common to both platforms, there are pathological
mechanisms specific to BVS that may well explain the relatively higher
thrombosis rates. The thicker BVS struts can disturb blood flow increasing
thrombotic risk especially in small vessels. The larger width or ‘footprint’ of BVS
also means that a larger surface area needs to be endothelialised70. Consequently,
a larger percentage of uncovered surface can be present if healing is delayed. In
addition, the thrombogenicity of the scaffold degradation products in humans is
unknown. The provisional matrix left in the wake of resorption may potentially
constitute a nidus for thrombus formation if uncovered. Finally, disintegration of
the scaffold may be another source of ST71. Scaffold discontinuity is an
anticipated consequence of the natural bioresorption process but can potentially be
dangerous if it causes struts to protrude into the lumen. Disruption to blood flow
as well as a delayed coverage can both precipitate thrombus formation in this
scenario. These device specific issues are likely to be relevant in late and very late
scaffold thrombosis.
It is worth noting that many of the registries and trials from which our current
knowledge on BVS thrombotic rates is derived, were conducted at a time when
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the method of optimal BVS implantation was still under development. It is now
known that adequate predilatation, optimal scaffold sizing and high pressure
postdilatation are absolute prerequisites to reduce adverse outcomes. Adherence to
these rules reduces adverse event rates even in complex lesions. For example, a
recent study on the use of BVS in chronic total occlusions (CTO) using
contemporary implantation techniques did not identify any cases of thrombosis at
a median follow up of 15months72. Interestingly, while stent thrombosis has a
mortality of up to 40%10, trials showing an excess of scaffold thrombosis have not
demonstrated a proportional increase in mortality73. This discordance in outcome
raises the interesting question as to whether scaffold thrombosis is a less
malignant phenomenon and should be considered a distinct entity from stent
thrombosis74.
1.4.3.2 Scaffold Restenosis
The ABSORB BVS is associated with a significantly greater late luminal loss and
instent restenosis (ISR) rate than DES75. The ABSORB II trial reported a three
year insegment restenosis rate of 8.4% with ABSORB BVS compared to 3.3%
with Xience DES76. It is likely that ISR with BVS share the same causes as ISR
with metal stents. A subset analysis of the GHOST registry investigating scaffold
failure found that geographical miss and scaffold underexpansion were the most
common culprits in cases of ISR77. Scaffold fracture has also been found to be a
potential cause of late BVS failure78. In contrast to restenosis in BMS, a
heterogeneous tissue composition is observed in most cases of BVS restenosis79.
Early lesions (<6months after implantation) are typically homogeneous suggesting
a preponderance of smooth muscle cells and fibrotic tissue. Late restenosis
(>6months after implantation) is associated with features suggestive of
neoatherosclerosis. These include the presence of lipid-laden lesions within the
neointimal layer with macrophage infiltration and the formation of microvessels
within the lesions.

1.4.4

Inflammatory markers and neointimal response

The inflammatory response after PCI depends on both the patient’s pre-existing
inflammatory condition and that induced by the PCI procedure (Figure 5). In the
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clinical setting, the extent of inflammatory activation can be assessed by
measuring levels of various inflammatory mediators in blood.

Figure 5: Relationship of baseline inflammation and secondary inflammatory
activation on neointimal growth (Modified from Toutouzas et al.)80

Several studies have attempted to find inflammatory biomarkers that exert an
influence on the neointimal tissue growth. Both local and systemic factors have
been investigated in this context. IL6, CRP, MCP-1 and sCD40L are the most
widely investigated systemic makers in studies on neointimal proliferation after
percutaneous coronary intervention. We also chose these markers in an endeavour
to investigate specific aspects of inflammation following PCI though considerable
overlap exists in their functions due to the interconnectedness of inflammatory
pathways. In brief, the CPR/IL6 axis examines macrophage induced local and
systemic inflammation. MCP-1 assesses monocyte chemotaxis and is linked to
neointimal growth. Finally sCD40L investigates platelet activation and
aggregation both which are key to thrombus formation. More detailed accounts of
the roles and functions of each of these markers are given below.
1.4.4.1 Interleukin-6
Interleukin-6 (IL6) is a polypeptide containing 185 amino acids, folded in 4
helices. It is produced primarily by adipose tissue, macrophages and T cells
though it can be secreted by other cells within the cardiovascular system including
endothelial cells, smooth muscle cells and ischaemic cardiomyocytes. Its receptor
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exists in both a cellular (IL6R) and soluble form (sIL6R). The former is primarily
located within hepatocytes where activation results in CRP production. Cells
lacking IL6R can still respond to IL6 if the IL6-sIL6R complex binds to
membrane bound gp130 in a process known as ‘trans-signalling’. Its effect on
endothelial, smooth muscles cells amongst others is effected via this mechanism81.
IL6 is a pleiotropic cytokine performing a variety of biological activities. It plays
an integral part in the normal function of both the innate and adaptive immune
system. It is also involved in most chronic inflammatory states including
atherosclerosis82. Its proinflammatory actions are protective in the short term and
are aimed at restoring tissue integrity. Problems arise when IL6 is chronically
elevated at which point it becomes pathogenic to the host. Several studies have
confirmed the relationship between elevated serum IL6 levels and unfavourable
clinical outcomes in patients with coronary disease83,84.
The effect of IL-6 on neointimal infiltration and restenosis has been investigated
in several studies. Hojo and colleagues showed a significant correlation between
the rise in IL-6 concentration in the coronary sinus after POBA and the risk of late
restenosis85. Kazmierczak et al found that an elevated level of IL-6 measured 1
month after PCI was associated with a higher risk of restenosis and denovo
lesions86. A cut-off value of 3.0pg/ml had a positive predictive value of 90%.
Similarly, Zurakowski et al. observed a positive correlation between IL-6 levels
measured 6 months after BMS implantation and late luminal loss on
angiography87.
1.4.4.2 CRP
CRP is the most widely studied inflammatory marker in coronary heart disease. It
is a circular protein consisting of five identical non-covalently bound polypeptide
subunits, each containing 206 amino acid residues. It is primarily produced by
hepatocytes but has also been found in smooth muscle cells within atherosclerotic
plaques. Its production is regulated at a transcriptional level by IL-6 which signals
the activation of the CRP gene on chromosome 1. CRP is an acute phase protein
which increases in the sera of patients during inflammation. It shares many of the
traits of antibodies including the ability to activate the complement cascade,
promote agglutination and phagocytosis. Inflammatory stimuli that trigger its
release range from exogenous bacterial infections to endogenous atherosclerotic
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plaques. Its role in the initiation and progression of atherosclerosis has been
extensively studied over the past two decades88. Several studies have confirmed
its role as a both a biomarker and contributor to coronary heart disease89,90. The
pathophysiological contribution of CRP to the development of atherosclerosis
includes91:
•

Complement activation leading to vascular wall damage

•

Facilitation of LDL uptake into macrophages to form foam cells

•

Inhibition of nitric oxide production by EC and of fibrinolysis through its
potentiating effect on plasminogen activator inhibitor-1 (PAI-1)

•

Upregulation of endothelial adhesion molecules mobilising leucocytes to
the site of injury

•

Fibrinolysis inhibition and activation of macrophages to secrete the
procoagulant tissue factor.

An elevated CRP level is associated with adverse outcomes in the context of both
acute MI and stable angina88,92.
CRP has been found to predict adverse events after coronary stenting. In a metaanalysis of over 30,000 patients who underwent PCI, every 1mg/l increment in
baseline CRP levels was associated with a 12% increase in future adverse cardiac
events93. A high level at follow up also appears to be associated with ISR and
poor clinical outcome possibly reflecting the deleterious effect of chronic
inflammation94. A few studies have explored the effect of CRP on neointimal
growth using intracoronary imaging. A larger amount of neointimal volume has
been observed in patients with high baseline CRP levels95. High levels also seem
to influence the morphology of the restenotic tissue causing more asymmetry,
neoatherosclerosis and less strut coverage.96-98
1.4.4.3 MCP-1
Monocyte Chemoattractant Protein-1 (MCP-1) is a polypeptide chemokine
belonging to the CC chemokine subfamily. It is a relatively small molecule
consisting of 76 amino acid residues in its mature form. MCP-1 is produced by a
variety of cells including endothelial and smooth muscle cells within the arterial
system. Its main function as its name suggests is to attract monocytes to foci of
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inflammation. MCP-1 plays a critical role in the development of cardiovascular
diseases99. Vascular insults trigger the release and migration of MCP-1 onto the
endothelial cell membrane. Once on the surface, its proximal end is exposed to the
luminal contents while the distal part is anchored to the plasma membrane by
proteoglycans. Rolling monocytes containing the surface CCR2 receptor
recognise the molecule through ligand-receptor interaction and come to a halt.
The monocytes migrate through the vessel wall where they transform into foam
cells causing the formation of fatty streaks. MCP-1 also alters gene expression
within monocytes leading to the production of proinflammatory cytokines and
matrix metalloproteinases. In addition to its role in atherosclerosis, MCP-1 has
also been implicated in other cardiovascular disorders including ischaemic
cardiomyopathy, myocarditis and transplant vasculopathy.
The earliest evidence of the role of MCP-1 after percutaneous intervention
emerged in the early 90s where balloon injury to the aorta in animal models was
found to induce MCP-1 production100. Administration of MCP-1 antibodies has
been shown to inhibit neotintimal growth in animal models101. Alteration of the
gene producing MCP-1 or its receptor effectively suppresses neointimal
hyperplasia102. Human studies on ISR have shown an association between plasma
level of MCP-1 and likelihood of developing restenosis. Cipollone et al. evaluated
the role of MCP-1 in patients treated with PTCA electively103. MCP-1 levels
remained elevated up to 3 months in patients who developed ISR while in nonrestenotic patients, MCP-1 normalised after 2 weeks. The adverse effect on
neointimal growth appeared to partly be effected through the generation of
reactive oxygen species by monocytes. In a histological comparison of restenotic
and denovo lesions obtained during direct atherectomy in patients undergoing
POBA, Hokimoto and collegues found a higher expression of MCP-1 in restenotic
specimens104. An increase in MCP-1 level at 6mths compared to baseline has been
found to positively correlate with in-stent late luminal loss105. The association
between MCP-1 and restenotic rates has spawned interest as in its use as a
potential target to combat restenosis. Arefeiva et al. developed an inhibitor
constructed from the known active amino acid residues within the MCP-1
molecule and tested its effect on inflammation post PCI106. They found that the
use of this antagonist reduces levels of CRP, fibrinogen and MCP-1. More
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recently, a selective inhibitor of MCP-1 named Bindarit was tested in a double
blind randomised trial of 148 patients undergoing elective PCI107. Patients were
randomised to receive 600mg, 1200mg Bindarit or placebo. All patients had a
follow up angiogram at 6mths. The primary endpoint of insegment luminal loss
was not met but there was a significant reduction in instent luminal loss in the
treated group suggesting a potential use in patients at high risk of restenosis.
1.4.4.4 sCD40L
CD40L is a protein belonging to the TNF family of cytokines. Soluble CD40
Ligand (sCD40L) is derived from the cleavage of surface CD40 ligand. While the
CD40 ligand is expressed on the surface of different types of cells, almost all its
soluble form is derived from activated platelets. CD40L-CD40 interaction has
been implicated in the development of atherosclerosis108. Activation of endothelial
cells by oxidised LDL and cytokines from leucocytes induces the expression of
the CD40 receptor. Binding of cellular CD40L or its soluble form to receptors
activates endothelial cells and macrophages. sCD40L also induces platelet
activation and aggregation causing thrombus formation.

Patients with stable

coronary disease typically have a higher plasma level of sCD40L compared to
healthy subjects. Levels are even higher in the context of acute coronary
syndromes where levels exhibit a gradual progression with the severity of ACS109.
The effect of the CD40- CD40L system on restenosis has been demonstrated in
animal models. Following carotid denudation injury in atherogenic ApoE-/- mice,
inhibition of CD40L with a monoclonal antibody was found to reduce neointimal
formation110. In another study using wire injury, CD40-/- mice demonstrated
lower neointimal proliferation and better healing than wild type mice111. The
association of CD40L and its soluble form with restenosis has also been
investigated in clinical studies. Cipollone et al. found that patients who developed
ISR 6mths after balloon angioplasty (POBA) had more than twice the baseline
level of sCD40L than those without112. The difference in plasma concentrations
between the ISR and non-ISR group was sustained up to 6 months. In vitro
analysis using patient sera showed that elevated levels of sCD40L inhibited
endothelial cell migration, stimulated ECs to release MCP-1 and enhanced the
expression of adhesion molecules on the endothelial surface. Sustained elevated
levels of CD40L at 1 month after POBA have also been linked to the development
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of restenosis113. Following elective PCI with metal stents, Turker et al. found that
a high preprocedural sCD40Llevel was linked to ISR at 6 months114. In another
study, patients who developed restenosis after elective PCI were found to have
higher CD40L levels at 6 months115.

1.5 Coronary Physiology
1.5.1

Basic mechanics of blood flow

The coronary circulation consists of the epicardial coronary arteries originating
from the aortic annulus, arterioles, capillary network, venules and the epicardial
veins draining into the right atrium. The flow of blood along this network is
broadly governed by two factors: the pressure difference between the arterial and
venous side and the resistance to flow offered by the vessels within that. This
relationship is expressed below:
𝑄=

𝑃𝑎 − 𝑃𝑣
𝑅

where Q is flow of blood along the coronary circulation (volume/time), Pa is the
arterial pressure (mm/Hg), Pv is the venous pressure (mm/Hg) and R is the
resistance offered by blood vessel (mmHg x time/volume).
Resistance is primarily determined by the dimensions (diameter and length) of the
vessels involved and by their arrangement (series v parallel). Blood viscosity and
extravascular mechanical forces also play a role though their effect is usually
fairly constant. Blood flow within a straight vessel can be modelled as flow along
a circular pipe. Such a model in conjunction with some simplifying assumptions
gives the following relationship between flow and vessel size.
𝑄 ∝ ∆𝑃.

𝑟4
𝜇𝐿

where Q is the flow rate, ∆P is the pressure drop across the vessel, μ is the
viscosity of blood, L is the length of the vessel and r is its radius.
Similarly,
𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∝
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𝜇𝐿
𝑟!

Changes in resistance in a blood vessel are primarily effected through changes in
vessel size. Given the relationship to the fourth power, it is evident that a small
change in radius will cause a large change in the overall resistance offered by that
vessel. The total resistance of blood vessels connected in series is the sum of the
individual resistance of each component forming the circuit. Thus, the total
resistance of the coronary circulation is the sum of the resistances offered by the
epicardial artery, arterioles, capillaries, venules and finally epicardial veins.
𝑅!"!#$ = 𝑅!"#$"! + 𝑅!"#$"%&'$ + 𝑅!"#$%%"&' + 𝑅!"#$%" + 𝑅!"#$
Generally, the pre-arteriolar and arteriolar resistances are the only significant
contributors to the overall resistance in the coronary network.

1.5.2

Coronary Pressure-Flow relationship

The purpose of the coronary circulation is to distribute blood to meet the
metabolic requirements of the cardiac myocytes. Matching coronary blood flow to
the oxygen demand of cardiac tissue is crucial for the heart to function normally.
As outlined in the previous section, coronary blood flow is dependent on
perfusion pressure. This relationship has been extensively studied in animal
models. Figure 6 shows the relation between coronary blood flow versus pressure
in a healthy heart116.

Figure 6: Graph of flow against perfusion pressure in the healthy heart. The
autoregulatory plateau ensures constant flow over a range of perfusion pressures.
The dashed line indicates maximal pharmacological vasodilatation while the dotted
line shows maximal physiological dilatation. (Reproduced from Westerhof et al.)116
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In the presence of vasoactive control, flow down the coronary arteries is fairly
independent over a wide range of coronary pressures. The mechanism responsible
for this is known as auto-regulation. It refers to the ability of the heart to maintain
stable blood flow despite changes in perfusion pressure. The heart is able to
achieve this by altering the coronary microvascular resistance through a variety of
mechanisms (detailed in the section below). An increase in oxygen demand shifts
the autoregulatory plateau upwards. This ensures that coronary blood flow
increases during exercise. Note that this effect occurs independently of the
increase in perfusion pressure. The autoregulatory mechanism can be abolished by
inducing maximal vasodilatation. Typically, adenosine is used to induce
hyperaemia. In this condition, a linear relationship exists between pressure and
flow. The maximal hyperaemic dilatation achieved pharmacologically (dashed
line) is typically greater than achievable physiologically e.g. during exercise
(dotted line).

1.5.3

Microcirculation

1.5.3.1 Physiology
The coronary arterial microcirculation consists of pre-arterioles (100-500 microns
in diameter) and arterioles (<100microns). It is the site where auto-regulatory
mechanisms operate and blood flow is matched to the requirements of myocardial
tissue. Control of blood flow is accomplished through changes in vascular
resistance within that region mediated mainly by alteration in vessel diameter.
This is done by three main mechanisms which roughly relate to the size of the
vessels117 (Figure 7)
•

Endothelium mediated response: In a healthy vessel, the vascular endothelium
regulates the behaviour of underlying vascular smooth muscle cells. The
endothelium is particularly sensitive to blood velocity and in particular to the
frictional force exerted by the flow of blood along its surface known as wall
shear stress. Depending on the stimulus, the endothelium can secrete factors
that elicit VSMC contraction or relaxation. Nitric oxide and prostacyclins are
potent vasodilators while endothelin-1 acts as a vasoconstrictor. Increase in
coronary flow velocity and hence wall shear stress induces vessel dilatation.
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This leads to reduction in velocity and shear stress. Maintenance of a
physiological shear stress is important in order to protect the endothelium
against injury caused by viscous friction between flowing blood and the
endothelial layer. This effect mostly occurs in the proximal pre-arteriolar
vessels.
•

Myogenic response: This response is primarily aimed at keeping the pressure
delivered to the capillaries within a narrow range. Changes in blood pressure
alter the perpendicular stress on vessel wall. For example, an increase in
luminal pressure increases wall stress and stretches the arterial wall. Vascular
smooth muscle cells within the vessel respond by contracting thereby reducing
the size of that vessel. The net effect is a reduction in distal pressure.
Transmission of high systemic pressures that could otherwise damage the
fragile capillaries is prevented. Fluid exchange between intravascular and
interstitial space within the capillary network is also very sensitive to pressure
changes. The preservation of capillary pressure within a physiological range
thus constitutes an important haemostatic mechanism.

This response is

strongest in the pre-arteriolar vessels with a diameter of about 100 microns.
•

Metabolic: Blood flow is closely coupled to the oxygen demand and metabolic
activity of myocardial cells. This effect is seen in the smallest arterioles. In
regions of tissue hypoxia, the low partial pressure of oxygen induces
vasodilatation to improve flow to that region. Ischaemic

metabolites

also

stimulate the local release of vasodilators such as adenosine and nitric oxide.
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Figure 7: Pressure distribution along coronary arterial circulation and relative
responsiveness of different compartments to flow, pressure and metabolites.
Pressure drop across the epicardial artery is negligible in contrast to the prearterioles and arterioles which collectively form the microcirculation (Reproduced
from Camici et al.)117

In physiological states, these mechanisms are responsible for protecting the
coronary vessel and coupling blood flow to the metabolic demand of the heart. In
the presence of atherosclerotic disease, they are critical to prevent myocardial
ischaemia. Seminal studies conducted in open-chested, anaesthetised dogs in
whom external vascular constrictors were used to mimic varying degrees of
coronary stenosis showed that the coronary circulation is able to maintain a steady
blood flow over a fairly extensive range of luminal narrowing118. As the lumen
gets smaller, the distal pressure decreases. Autoregulatory mechanisms decrease
resistance downstream in order to preserve the resting coronary blood flow. Only
after the luminal reduction exceeds 50% does maximal blood flow start to
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decrease. The threshold for baseline blood flow reduction is even higher with
coronary flow being preserved even up to 85% diameter reduction. Once this limit
has been exceeded, the mechanisms can no longer compensate for the reduction of
flow upstream and coronary flow drops. The development of ischaemia in
progressive coronary plaque formation is heavily dependent on the underlying
coronary reserve. This reserve varies not only from person to person, but
considerable heterogeneity can exist within different regions of the same heart119.
1.5.3.2 Obstructive coronary disease
There is significant evidence that the presence of an epicardial stenosis upstream
has a deleterious effect on the distal coronary microcirculatory network120.
Arterioles embedded within an ischaemic region undergo inward remodelling
leading to increased passive stiffness121. Post stenotic arterioles also exhibit a
weaker myogenic response. Deranged responses to vasoactive agents have been
reported including an increased sensitivity to the vasoconstricting agent,
endothelin-1 and paradoxical vasoconstriction with agents such as serotonin and
acetylcholine122,123. These structural and functional changes can increase the
baseline microcirculatory resistance thereby reducing the ischaemic threshold of a
stenosis. Activated platelets in atherosclerosis also affect coronary microvascular
resistance (MR). The platelet releasate contains a wide range of vasocontrictive
and pro-inflammatory substances that can have a pathological effect on the
microvasculature124. Finally, the pressure drop induced by the epicardial stenosis
can adversely affect how the coronary microcirculation responds to an increase in
oxygen demand such as during exercise. Usually, an increase in heart rate is
accompanied by a decrease in MR in order to increase blood flow to the
myocytes. However, in the presence of an epicardial stenosis, an increase in
coronary resistance can occur in response to tachycardia123.
1.5.3.3 Post PCI
The aim of PCI is to restore perfusion to the cardiac tissue. However, restoration
of epicardial flow does not necessarily equate with a normalisation of myocardial
perfusion. Adequate myocardial perfusion is dependent not only on an
unobstructed conduit artery but also on the resistance in the vascular bed
downstream. Even if PCI improves flow along an epicardial artery, it may not
necessarily restore normal perfusion if the downstream microcirculatory
48

resistance is high. This phenomenon is evident in a subgroup of patients who
retain a persistently low coronary flow reserve (CFR) despite successful
percutaneous treatment of their stenosis125. This phenomenon can happen through
a number of mechanisms120. Firstly, structural remodelling of the microcirculatory
network distal to a stenotic artery can occur causing a rise in microcirculatory
resistance121. In this case, PCI relieves coronary obstruction but has no effect on
the underlying microcirculation. Secondly, the PCI procedure itself may damage
the microvessels due to distal embolization of atherosclerotic debris during the
procedure126. This is often manifested as a post-procedural rise in cardiac enzymes
in the absence of overt complications. The status of the microcirculation within
the treated territory determines the coronary flow reserve available and influences
the extent of myocardial necrosis. A high baseline resistance has been linked to a
higher incidence of peri-procedural MI127. Thirdly, microvascular dysfunction
may co-exist independently with epicardial disease and simply be unmasked once
the epicardial narrowing has been dealt with.

1.5.4

Physiological Parameters

1.5.4.1 Fractional Flow Reserve (FFR)
Conceptually, fractional flow reserve is the ratio of hyperaemic blood flow in the
presence of an epicardial stenosis to hyperaemic flow in the theoretical absence of
the stenosis. Given the flow-pressure relationship at hyperaemia illustrated in
Figure 6, this ratio can be re-expressed as a ratio of distal to aortic pressures (with
certain assumptions)128. This ratio is known as FFR and provides a surrogate
measure of myocardial blood flow based on the pressure drop across the stenosis
at hyperaemia. This parameter has been extensively validated in clinical studies. It
is recommended in clinical practice guidelines as the method of identifying
physiologically relevant coronary stenosis129,130. A FFR cut off of 0.8 is currently
taken as the threshold above which revascularisation of the stenosis can be
deferred in patients with stable angina131.
1.5.4.2 Coronary Flow Reserve (CFR)
Coronary Flow Reserve is defined as the ratio between blood flow at hyperaemia
and blood flow at rest at the same perfusion pressure in a given coronary artery. It
reflects the ability of a vessel to increase blood supply in response to an increase
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in metabolic demand within the myocardial territory that it supplies. In the
presence of an intact autoregulatory mechanism and absent epicardial disease,
coronary flow can increase up to four times during exercise. Several variables
such as heart rate, left ventricular pressure and left ventricular function affect
CFR132. The variability of basal blood flow not only between patients but also
within the same patient depending on the physiological conditions at the time of
measurement makes it difficult to obtain a standard reference range for the general
population. Nevertheless, clinical studies generally use a CFR level of 2 as the
threshold below which a stenosis should be treated133. The difference between
FFR and CFR in a stenotic artery is illustrated in Figure 8128.

Figure 8: Graph of flow against pressure illustrating the difference between CFR
and FFR. Coronary pressure-flow relation at maximal hyperaemia is indicated for
both a normal artery and one with a stenosis. Resting pressure-flow relation is
shown by the horizontal line. (Left) CFR is defined as ratio of hyperaemic to resting
blood flow (a/b). A change in blood pressure will change the value (aʹ/bʹ). Similarly,
a change in resting flow conditions will affect CFR (a/bʹʹ). Therefore no uniform
value of CFR can be defined. (Right) FFR is defined at the ratio of maximal flow in
the presence of a stenosis to that of normal hyperaemic flow (a/c). This ratio is
unaffected by changes in blood pressure (a/c = aʹ/cʹ) or by variations in resting flow.
(Reproduced from Pijls et al.)128

1.5.4.3 Index of Microvascular Resistance (IMR)
IMR is a surrogate measure of the microcirculatory resistance distal to the artery
being studied. It is derived using the principles of thermodilution. In the presence
of an epicardial stenosis, the accurate determination of IMR requires knowledge
of the coronary wedge pressure (Pw) which reflects the contribution of collateral
flow. How accurately coronary wedge pressure reflects collateral flow is a matter
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of debate. Animal and experimental data suggest that the relationship between Pw
and collateral flow is not linear due to the dependence of Pw on other factors such
as venous pressure, heart rate and end-diastolic left ventricular pressure134.
Aarnoudse et al. showed that for mild to moderate epicardial stenosis, wedge
pressure correction was not generally required135. However the contribution of
collateral flow cannot be ignored with more severe stenosis. In this setting, IMR is
given by:
𝐼𝑀𝑅 = 𝑃𝑎 𝑥 𝑇𝑚𝑛 𝑥 (𝑃𝑑 – 𝑃𝑤)/ (𝑃𝑎 – 𝑃𝑤)
where Pa is the aortic pressure, Pd is the distal coronary pressure, Pw is the
coronary wedge pressure and Tmn is the thermodilution-derived mean transit
time.
In the absence of significant epicardial disease, IMR is simply defined as the
product of distal pressure and transit time at hyperaemia.
𝐼𝑀𝑅 = 𝑃𝑑 𝑥 𝑇𝑚𝑛
This parameter has been validated both in animal and human studies136,137. While
no standardised reference level is used, it is generally considered that values under
25 are normal138.
1.5.4.4 Integration of physiological indices:
Impairment of myocardial blood flow occurs as a result of both obstructive and
non-obstructive coronary disease. The physiological parameters described in the
earlier sections assess different parts of the vasculature and their integration
provides a more comprehensive assessment of the coronary circulation. FFR and
IMR interrogate the epicardial and microcirculation respectively while CFR
provides an overall assessment of the entire circulation of that artery. Figure 9
summarises the relationship between FFR, CFR and IMR139. It is important to
note that CFR is affected not only by epicardial stenosis and microcirculatory
dysfunction but also by the presence of diffuse atherosclerotic disease.
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Figure 9: Relationship among FFR, IMR and CFR (Reproduced from De Bruyne et
al.)139

1.6 Wall shear stress and Biomechanical modelling
Blood is a viscous fluid and exerts a force along the inner surface of the vessel as
it flows. This frictional force known as wall shear stress (WSS) is sensed by
endothelial cells. WSS plays an important role in pathological states such as
atherosclerosis and in stent restenosis particularly in bifurcations. WSS cannot be
experimentally measured. Instead it is derived using the principles of
computational fluid dynamics (CFD). Historically the application of CFD to
coronary haemodynamics has been used to study stent-vessel interaction in order
to improve stent design. More recently, this technique has been used to investigate
the effect of bifurcation treatment strategies on WSS distribution. The
haemodynamic characteristics after stent deployment have a significant effect on
the long term success of this procedure. While this relationship has been explored
in arteries treated with the ABSORB BVS, analysis has been confined to
relatively straight arteries. Extension of this technique to bifurcation stenting with
the ABSORB BVS can help compare the haemodynamic impact of different
techniques in the percutaneous treatment of coronary bifurcations.
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1.7 Aims of thesis
This aims of the present work are the following:
•

To investigate the procedural and clinical outcomes in patients treated with
BVS for coronary bifurcation lesions based on distal versus proximal sizing of
the scaffold.

•

To investigate the effect of BVS on coronary microvascular resistance
immediately after PCI and at 9 month follow up.

•

To investigate the effects of BVS on inflammatory mediators and to assess
whether levels of biomarkers correlate with neointimal coverage at 9 month
follow up.

•

To review the use of WSS and biomechanical modelling in bifurcations and
assess the feasibility of using a CFD model in bifurcations treated with the
ABSORB BVS.
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2 Methods
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2.1 Study overview
2.1.1

Study design

The Absorb in Bifurcation Coronary (ABC-1) trial was a single centre,
randomized comparison of two sizing strategies when using bioresorbable
scaffolds for the treatment of bifurcation disease. The trial included patients who
had stable angina secondary to coronary bifurcation disease and required elective
percutaneous coronary intervention. The pattern of bifurcation disease involved
the main vessel but not the side branch. We used the Medina classification of
bifurcation disease in selecting our patients28. For our study, we recruited patients
with Medina type 1,1,0, or 0,1,0 or 1,0,0.
Patients who fulfilled the inclusion and exclusion criteria and consented to the
study were randomised in randomly permutated blocks of randomly varying
lengths (2, 4, and 6). This ensured roughly equal number of patients in each arm at
any point in time. The randomisation sequence was generated electronically. The
randomised allocation for each case was stored in sealed envelopes by an
independent party not involved with the trial. The outside of the envelope was
labelled with the allocated number of the case. On the day of the procedure, I
opened the envelope and informed the operator of the randomisation strategy after
OCT imaging of the prepared lesion. This ensured that the person doing the
procedure was blinded to the sizing strategy until the moment of scaffold
selection.

2.1.2

Recruitment

Patients were recruited from two sources. The first group consisted of patients
referred from cardiology clinic for elective angiography and found to have denovo
bifurcation disease. The second group comprised patients who initially presented
with an acute STEMI at our institution and were found to have significant
bifurcation disease in a non-culprit artery. To qualify for the study, the lesions
needed to be stable enough to be dealt with in an elective setting.
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All elective angiograms performed at the Royal Sussex County Hospital were
screened by me to assess eligibility. I contacted patients who fulfilled the
inclusion criteria via telephone and offered them the option of discussing the
study in person. A copy of the patient information sheet was posted or emailed to
the patient depending on their preference. If the patient was willing to participate
but did not wish to undertake an additional visit, then consent was taken on the
day of the procedure.

2.1.3

Inclusion and exclusion criteria

Patients were prospectively enrolled if they met all of the following inclusion
criteria:
•

Bifurcation disease with >70% stenosis in the main vessel on angiographic
assessment and
•

Ischaemic symptoms, or

•

Positive non-invasive imaging for ischaemia, or

•

Positive FFR

•

Bifurcation lesion Medina type 1,1,0 or 1,0,0 or 0,1,0

•

Side branch diameter >2.0mm

•

Patient ≥18 years old
Exclusion criteria were:

•

ACS or STEMI patients

•

Chronic total occlusion of either main or side branch

•

3 vessel coronary disease

•

Bifurcation disease involving the LMS

•

Platelet count ≤50 x 109/mm3

•

Left ventricular ejection fraction ≤20%

•

Patient life expectancy less than 24 months

•

Participation in another investigational drug or device study

•

Female of child-bearing potential unless negative pregnancy test or surgical
contraception

•

Patient unable to undergo required follow-up visits

•

Patient unable to give informed consent
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2.1.4

Ethics

The clinical investigational plan, consent form and all amendments to the study
documents were reviewed and approved by the South East Coast (Brighton and
Sussex) Research Ethics Committee.

2.1.5

Trial endpoints and definitions

2.1.5.1 Primary endpoint
The primary endpoint was a composite of death, myocardial infarction, scaffold
thrombosis and target vessel revascularisation at a median of 9 months after
randomisation.
2.1.5.2 Secondary endpoints
The secondary endpoints of our study included
•

Imaging characteristics of the scaffolded segment after BVS insertion
including degree of malappostion and dissection

•

Imaging characteristics of the scaffolded segment at 9 months including
degree of neointimal proliferation

•

Death, MI, ST and TVR rates at 9 months

•

Change in IMR post BVS insertion and at 9 months compared to baseline

•

Change in the levels of CRP, IL-6, MCP-1 and sCD40L at 9 months compared
to baseline and correlation with neointimal burden on OCT

2.1.5.3 Definition of clinical outcomes
Procedure success: The procedure was deemed successful if all the criteria below
were met:
•

Successful placement of BVS

•

TIMI 3 flow and <50% stenosis in the stented segment

•

TIMI 3 flow in any unstented vessel.

Device success: This was defined as a final diameter stenosis of <50% in the
stented segment at the end of the procedure.
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Death: In cases of death, information on the cause of death would be obtained
from the patient’s GP and recorded.
Myocardial Infarction: The expert consensus definition of PCI-related MI was
used in this study140. For a diagnosis of PCI-related MI, the troponin measured
post-PCI needed to rise by 5x local laboratory upper limit of normal or >20% if
baseline values were elevated.
Target Vessel Revascularisation: Target Vessel Revascularisation was deemed to
have occurred at follow-up if either the previously treated main vessel or the side
vessel underwent attempted repeat revascularisation with balloon angioplasty,
stenting, or coronary artery bypass grafting.
Scaffold thrombosis: Any case of scaffold thrombosis (ST) was to be assessed
according to the Academic Research Consortium (ARC) criteria, both by virtue of
timing and probability141:
•

Timing - Acute ST: 0 to 24 hours after scaffold implantation; subacute ST: >
24 hours to 30 days after scaffold implantation; late ST: >30 days to 1 year
after scaffold implantation; Very late ST: >1 year after scaffold implantation.

•

Probability - Definite ST, Probable ST, Possible ST, as per the ARC
definition.

Side branch compromise: This was defined as:
•

<TIMI 3 flow in the side-vessel

•

Severe ostial pinching of the SB (>90%)

•

Threatened SB vessel closure defined as narrowing >50% with evidence of
acute ischaemia (chest pain or ECG changes)

•

Dissection of the SB (>type A)

2.1.6

Follow up visit

All patients were required to have repeat coronary imaging and pressure study at 9
months +/- 30 days after BVS implantation. Clinical endpoints were assessed and
documented at that stage. Patients admitted to hospital during the follow-up
period with either a troponin positive ACS or an ST elevation myocardial
infarction were expected to undergo angiographic assessment during that
admission, both for clinical purposes, and to establish involvement or otherwise of
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the treated bifurcation vessel in the acute presentation. During follow-up, the
ESC/ACC definition of myocardial infarction was used140.

2.1.7

Adverse event reporting

All major adverse cardiac events and all endpoint related events were recorded in
the case report form (CRF). All patients who had these events were followed up
until the event was resolved. For all these events, the causal relationship with the
procedure was established by the principal investigator, Dr James Cockburn.
These were classified as:
•

Unrelated: the event is definitely not associated with the procedure.

•

Possible: the temporal sequence between the procedure and the event is such
that the relationship is likely or patient’s condition or concomitant therapy
could have caused the adverse event.

•

Probable: the temporal sequence between the procedure and the event is
relevant or the event abates upon procedure completion or the event cannot be
reasonably explained by the patient’s condition

•

Definite: the temporal sequence is relevant and the event abates upon
completion of the procedure.

The information for any event included the date of onset and resolution, the action
taken, the corrective treatment and whether the subject recovered with or without
sequelae. Serious Adverse Events (SAE) were reported to the sponsor and Health
Research Authority (HRA).

2.2 Protocol for PCI with BVS
Figure 10 shows a schematic outline of the PCI protocol
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Figure 10: Outline of PCI protocol

2.2.1.1 Preparation
All patients had dual antiplatelet treatment prior to the procedure. If a patient was
already established on 75mg aspirin i.e. been taking it for more than 3 days, the
medication was continued at the same dose. If not, aspirin 300mg was given >3
hours prior to PCI. Similarly in patients established on 75mg Clopidogrel, the
medication was continued and if not, Clopidogrel 600mg was given >3 hours prior
to PCI. Prasugrel, Ticagrelor or other preferred antiplatelet agents were used in
appropriate cases if preferred.
Peripheral intravenous access was secured preferably via the antecubital fossa or
femoral vein. An infusion of adenosine was prepared at a dose of 140
micrograms/kg/min.
2.2.1.2 Blood sample collection pre PCI
PCI was undertaken via the access site of choice of the operator. 10 mls of blood
was collected from the arterial sheath into EDTA-tubes at the start of the
procedure. Intravenous unfractionated heparin (70 IU/kg) was administered
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aiming for a target ACT ≥250 seconds. The operator’s workhorse wire of choice
was then inserted into the target vessel.
2.2.1.3 IMR measurement before BVS insertion
A 0.014-inch pressure guidewire (St Jude Medical Inc., Minnesota, USA) was
calibrated outside the body and advanced into the guidecatheter until the pressure
sensor was positioned at the ostium of the coronary artery. Aortic and guidewire
pressures were equalised at that point following which the pressure wire was
advanced so that the distal sensor was 2-3cm beyond the lesion and at least 6cm
from the coronary ostium. The position of the pressure wire was stored on
fluoroscopy. A bolus of 500 micrograms of intracoronary nitrate was administered
into the vessel to obviate potential coronary spasm. Simultaneous distal pressure
(Pd) and aortic pressures (Pa) were recorded. 5mls boluses of normal saline at
room temperature were briskly injected into the coronary artery to obtain
thermodilution curves. On average, 3 measurements were done and the mean
baseline transit time (Tmn) recorded. Measurements that deviated by more than
30% were repeated. Intravenous adenosine (140 μg/kg/min) was then infused
peripherally via a volume controlled infusion pump. Hyperaemia was usually
heralded by either the development of symptoms or by a dip in blood pressure.
Thermodilution derived measurements were repeated once stable hyperaemia was
achieved.
2.2.1.4 Lesion preparation
The decision to insert a wire in the side branch was left at the discretion of the
operator. Lesion preparation was undertaken using the predilatation guidelines for
BVS including the use of adjuncts such as cutting balloons. A 1:1 balloon to
artery ratio was used whenever possible preferably with a non-compliant balloon.
The aim was to achieve a residual stenosis between 20-40% after predilatation.
2.2.1.5 Coronary wedge pressure measurement
The coronary wedge pressure was recorded during predilatation of the culprit
lesion by keeping the balloon inflated for 30 seconds. This ensured total occlusion
of antegrade flow. Before removing the pressure wire, the pressure at the tip of the
guidecatheter was noted to ensure that there was no significant drift.
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2.2.1.6 OCT measurement before BVS implantation
OCT was then performed to obtain the diameter of the proximal and distal main
vessel. Autocalibration or Z-offset was first performed with the OCT catheter in
the holder tube. The OCT catheter was then carefully advanced over a guidewire
beyond the target lesion. While contrast was continuously injected at a rate of
4ml/s, OCT images of the main vessel were acquired at a rate of 160
frames/second with a pullback speed of 20mm/s. The diameters of the vessel were
measured in the least diseased segment before and after to the bifurcation.
2.2.1.7 BVS implantation
The sealed envelope containing the randomisation strategy was opened. The
operator was informed of the randomisation strategy and the appropriate size of
BVS was chosen. The scaffold was deployed progressively at a balloon inflation
rate of 2 atmospheres every 5 seconds until nominal pressure was achieved. The
target deployment pressure was maintained for 30 seconds unless this caused
chest pain or haemodynamic compromise. The Proximal Optimisation Technique
(POT) was then performed with a non-compliant (NC) balloon. Post dilatation of
the distal portion of the scaffold was performed with a NC balloon of the same
diameter as the distal vessel. If the side branch was not compromised, this marked
the end of the stenting procedure. In case of SB compromise after POT, the first
line strategy was to open the cell at the ostium of the side branch using an
undersized NC balloon (<2.5mm). POT was then repeated with a larger balloon in
the proximal main vessel. Routine Final Kissing Balloon Inflation (FKBI) was not
recommended but mini-FKBI (‘snuggle balloon dilatation’) with minimal overlap
was performed if deemed necessary. In the latter case, the proximal marker of the
SB balloon was positioned in the main vessel immediately proximal to the SB
ostium and the balloon inflated to low pressure (5atm typically). Stenting of the
side branch or conversion to complex 2 scaffold strategies were to be utilised only
as bail-out.
2.2.1.8 OCT post BVS implantation
An OCT pullback was performed in the main vessel to confirm adequate strut
apposition and exclude major dissections. In case of significant malapposition,
further inflation with either larger balloons and/or higher pressures was
performed. Significant edge dissections were sealed with stents/scaffolds. Any
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correction was followed by another OCT run to confirm satisfactory resolution of
complications.
2.2.1.9 IMR measurement post BVS insertion
The St Jude Certus wire was reinserted into the guidecatheter and pressure
equalised at the ostium of the coronary artery. The distal sensor was advanced to
the same location recorded on fluoroscopy before insertion of the BVS.
Thermodilution curves and transit times were recorded in triplicate at baseline and
hyperaemia as previously described.
2.2.1.10 Final angiography
The stented artery was imaged in at least two orthogonal angiographic views.
2.2.1.11 Post PCI
Haemostatic technique and use of vascular closure devices was at the discretion of
the operator. Aspirin 75mg daily was continued long-term. Clopidogrel 75mg
daily was continued for a minimum of 24 months (or appropriate dose of
Prasugrel or Ticagrelor). Discontinuation of antiplatelet agents for soft indications
was strongly discouraged.

2.3 Protocol at follow up
2.3.1.1 Patient preparation
IV access was secured via antecubital fossa or femoral vein. An infusion of
adenosine at a dose of 140microg/kg/min was prepared.
2.3.1.2 Blood sampling
At the start of the procedure, 10 mls of blood was collected into EDTA-tubes from
the peripheral arterial sheath.
2.3.1.3 IMR measurement
The dual pressure/temperature wire was calibrated and pressures equalised as
previously described. The wire was advanced so that the sensor was positioned at
the same location as in the baseline procedure. Thermodilution curves and transit
times were recorded at rest and during hyperaemia.
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2.3.1.4 OCT imaging
The OCT catheter was inserted over the pressure wire and positioned distal to the
scaffold. Image acquisition was performed in a similar manner to baseline.
2.3.1.5 Final angiography
Fluoroscopic images were acquired in at least two views where the bifurcation
segment was adequately visualised.

2.4 Invasive coronary physiological assessment
2.4.1

Guidewire

The commercially available Certus wire (St Jude Medical Inc., Minnesota, USA)
contains a dual pressure/thermistor sensor located 3 cm from the tip. This allows
simultaneous recording of pressure and temperature with an accuracy of 0.02ºC.
The proximal shaft of the wire acts as a second thermistor sensing the injection of
saline at the coronary ostium. Signals are displayed on the RADI analyzer
interface. Pressure and temperature are sampled at a frequency of 500 Hz.

2.4.2

Protocol

Haemodynamic measurements were obtained before and after BVS implantation
as well as at 9 month follow up as described in the PCI and follow up protocols.

2.4.3

Analysis

Off-line analysis was performed using a dedicated software and interface provided
by St Jude (RADI analyzer). An example of a recording performed after PCI is
shown in Figure 11.
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Figure 11: Thermodilution curves at baseline and hyperaemia with simultaneous
aortic and distal pressure waveforms.

2.4.3.1 Index of Microcirculatory Resistance (IMR)
Two different equations were used to calculate IMR depending on the presence or
absence of epicardial stenosis. Since all our cases had angiographically severe
stenosis, we corrected for coronary wedge pressure when calculating IMR before
PCI142 (below)
(𝑃𝑟𝑒 𝑃𝐶𝐼)

𝐼𝑀𝑅 = 𝑃𝑎 𝑥 𝑇𝑚𝑛 𝑥 (𝑃𝑑 – 𝑃𝑤)/ (𝑃𝑎 – 𝑃𝑤)

where Pa is the aortic pressure, Pd is the distal coronary pressure, Pw is the
coronary wedge pressure and Tmn is the thermodilution-derived mean transit
time, all measured at hyperaemia.
We used the equation below to calculate IMR after BVS insertion and at follow
up.
𝑃𝑜𝑠𝑡 𝑃𝐶𝐼 𝑜𝑟 𝐹𝑢𝑝

𝐼𝑀𝑅 = 𝑃𝑑 𝑥 𝑇𝑚𝑛

2.4.3.2 Coronary Flow Reserve (CFR)
CFR was calculated as the ratio of the mean transit time at rest to the one at
hyperaemia as shown below.
𝐶𝐹𝑅 = 𝑇𝑚𝑛 (𝑟𝑒𝑠𝑡) / 𝑇𝑚𝑛 (ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎)
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2.4.3.3 Fractional Flow Reserve (FFR)
FFR was calculated as the ratio of distal coronary pressure (Pd) recorded by the
pressure wire to the aortic pressure (Pa) measured by the guiding catheter at
maximal hyperaemia induced by peripheral adenosine infusion.
𝐹𝐹𝑅 = 𝑃𝑑/ 𝑃𝑎

2.5 Quantitative angiographic analysis
QCA analysis was performed offline using software integrated within the cardiac
catheterisation workflow in Centricity Cardiology CA 1000 (version 1.0).
Calibration was done using the 6Fr guide catheter size as reference.
Measurements were done in end-diastolic frames. Manual correction of the
contour line was performed if the automated result was incorrect.
The scaffolded segment was analysed in matched angiographic views at baseline,
post procedure and at 9 month follow up. The following parameters were
computed:
1. Proximal and distal main reference vessel diameter (RVD) on either side of
the bifurcation segment.
2. Lesion length
3. Minimum luminal diameter (MLD)
4. Diameter stenosis - defined as the ratio of MLD to the RVD of the segment
where the lesion was located.
5. Ostial diameter, RVD and diameter stenosis of the side branch (SB)
Binary angiographic restenosis was defined as >50% luminal loss on follow up.
Late luminal loss was defined as the difference between MLD immediately after
stenting and at angiographic follow-up.
Three dimensional reconstruction of the bifurcation was performed using the
Cardiovascular Angiography Analysis System (CASS; Pie Medical Imaging,
Maastricht, Netherlands) in order to assess bifurcation angle. The three segments
of a bifurcation generate three angles (Figure 12) – A: between the proximal
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segment and SB, B- between the SB and distal segment and C – between the
proximal and distal main vessel. We reported angle B in our findings.

Figure 12: Illustration of bifurcation angles in a stented LAD/Diagonal system.

2.6 Optical Coherence Tomography analysis
2.6.1

Characteristics of the ABSORB BVS on OCT

OCT generates an image using the reflection of near-infrared light (wavelength of
approximately 1300 nm) off the internal microstructures within biological
tissue143. Red blood cells interfere with the light source causing scattering and
signal attenuation. During image acquisition, blood is cleared from the system
through the continuous injection of contrast material. The interaction of light of
the OCT machine differs significantly with polymeric struts compared to metal
ones. Metal structures do not allow light to penetrate beyond. On the other hand,
light is transmitted through the polymeric struts of the ABSORB BVS with a
degree of reflection occurring at the strut borders. The end result is that a strut is
seen as a black box on OCT surrounded by a bright reflective frame. The shape of
a strut in a cross-sectional OCT image varies according to its position along the
scaffold (Figure 13). The vessel wall distal to the strut is also easily visualised.
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Figure 13: Appearance of the ABSORB BVS on OCT. The appearance of struts is
determined by the position along the scaffold at which the image is taken (Modified
from Serruys et al.)70

2.6.2

OCT acquisition

OCT imaging was performed using the FastView catheter R and the Lunawave
coronary imaging console (Terumo Corporation, Tokyo, Japan). The OCT
catheter was carefully advanced over a guidewire beyond the target area. While
contrast was continuously injected at a rate of 4ml/s, OCT images of the main
vessel were acquired at a rate of 160 frames/second with a pullback speed of
20mm/s.

2.6.3

OCT analysis

OCT analysis was performed offline using software provided by Terumo (Terumo
Corporation, Toyko, Japan). At the set pullback speed for the trial, frames were
acquired at 0.125mm intervals (8 frames per mm). The scaffold and edge
segments (5mm on either side of the scaffold) were analysed at 1mm intervals. All
struts visible in the slices containing the side branch were evaluated. Frame-byframe analysis was carried within this area.
2.6.3.1 Definitions
Scaffold edge: The edge of the scaffold was defined as the first cross-section in
which struts were present in at least three quadrants. Regions of overlap with
another scaffold or stent were disregarded for edge analysis.
Proximal segment: This was defined as the portion of the artery before the origin
of the side branch.
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Side branch segment: This was identified as the interval between the most
proximal and distal frames where the side branch was visible.
Distal segment: This was defined as the part of artery after the most distal slice
containing the side branch.
Lumen: The lumen was defined as the continuous boundary between blood and
the vessel wall. We excluded intraluminal masses that were not adherent to the
vessel wall. The lumen contour was traced around the endoluminal side of struts
apposed to the vessel wall (Figure 14).
Scaffold: The scaffold contour was delineated at the abluminal contour of the
struts (Figure 14).

Figure 14: Implanted scaffold at baseline. The lumen is enclosed by the yellow line
while the scaffold is bounded in green.

Scaffold Eccentricity Index (EI): EI was defined as the ratio of the minimal and
maximal diameter of the scaffold. Both measurements were derived from the
same cross-section144.
Strut: Using a linear interpolation algorithm, the strut area was traced around the
bright reflective frame after PCI and around the black box in the follow up OCT
images.
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Plaque morphology: The characteristics of the tissue in atherosclerotic plaque
affect its brightness (intensity) and the ability to visualise structures behind it
(attenuation). Three main types of plaque have been characterised in stable
coronary disease depending on the dominant tissue composition145 (Figure 15).
•

Fibroatheroma composed of a lipid pool ± necrotic core – This causes low
intensity, high attenuation signal.

•

Fibrocalcific composed of predominantly calcified plaque – this is
characterised by a low intensity and low attenuation signal giving it an
appearance of a well delineated dark region with sharp borders.

•

Fibrotic composed of smooth muscle cells and extracellular matrix - this is
characterised as a high intensity homogenous low attenuation area. The higher
the amount of proteoglycan within the lesion, the lower is the intensity of the
signal. Conversely, a higher smooth muscle cell or collagen content increases
signal intensity.

We categorised plaque composition according to the recommendations above.

Figure 15: Plaque composition on OCT. Arrows show the location of each type of
plaque.

Strut embedment: A curvi-linear interpolated contour was drawn in the lumen
using the two edges of strut as reference points. The embedment depth was
measured as the distance between the midpoint of the abluminal strut surface and
the interpolated lumen contour146 (Figure 16). Struts across a side branch were
excluded from this analysis.
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Figure 16: Assessment of strut embedment. The interpolated lumen contour is
drawn using the edges of the strut as reference points. The embedment depth is 81
μm in this example.

Prolapse area: Protrusion of plaque between and on top of the struts after PCI
was calculated as Scaffold area – (Lumen area + Strut area)
Neointimal tissue: Neointima was defined as tissue present between the abluminal
scaffold contour and the vessel lumen excluding the space occupied by the struts
on follow up OCT image. In line with expert recommendations, we used the
abluminal scaffold contour as a surrogate for the internal elastic membrane after
PCI146. Quantitative measurements were performed at 1mm intervals starting from
the first image where at the scaffold was visible in at least 3 quadrants. In each
slice, the lumen contour, abluminal scaffold contour and each strut core were
traced (Figure 17). The abluminal scaffold area, total strut area and luminal area
were recorded.
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Figure 17: Follow up OCT image of scaffolded segment. Each strut is traced using a
linear interpolation algorithm. Neointimal area is obtained by subtracting the
luminal area (in yellow) and the total strut area from the scaffolded area (in green).

Neointimal area was calculated using the formula:
𝑁𝑒𝑜𝑖𝑛𝑡𝑖𝑚𝑎𝑙 𝑎𝑟𝑒𝑎 =
𝐴𝑏𝑙𝑢𝑚𝑖𝑛𝑎𝑙 𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑 𝑎𝑟𝑒𝑎 – 𝑙𝑢𝑚𝑒𝑛 𝑎𝑟𝑒𝑎 + 𝑡𝑜𝑡𝑎𝑙 𝑠𝑡𝑟𝑢𝑡 𝑎𝑟𝑒𝑎
Using this methodology, the neointimal tissue both above and in between the
struts was quantified while the area occupied by the scaffold was excluded. From
the equation above, it is apparent that the length of the scaffold affects the
neointimal area with longer scaffolds generally having more tissue regardless of
the degree of neointimal response. In order to circumvent this problem, we
computed the neointimal burden using the equation below:
𝑁𝑒𝑜𝑖𝑛𝑡𝑖𝑚𝑎𝑙 𝑏𝑢𝑟𝑑𝑒𝑛 = (𝑁𝑒𝑜𝑖𝑛𝑡𝑖𝑚𝑎𝑙 𝑎𝑟𝑒𝑎/ 𝑆𝑐𝑎𝑓𝑓𝑜𝑙𝑑 𝑎𝑟𝑒𝑎 )𝑥100 %
This parameter allowed direct comparison of the neointimal response between
different patients.
Strut coverage: The region of interest was the scaffolded segment containing the
side branch and the adjacent 5mm of vessel on either side. Measurements were
done at 1 mm intervals on either side of the side branch and on every single frame
where the side branch was visible. Neointimal coverage on top of the struts was
assessed by the neointimal thickness (NIT). This was measured along the
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centreline of the strut and defined as the distance between the endoluminal border
of the black box and the lumen contour (Figure 18). From previous studies, the
thickness of the frame has been found to be approximately 30 μm. Since it is not
possible to distinguish between the frame and neointimal on follow up images, a
strut was classed as uncovered if the NIT was <30microns147.

Figure 18: Measurement of NIT - A line perpendicular to the addluminal strut
surface is joined from the midpoint of the strut to the lumen contour. In this
example, the neointimal thickness is 195 μm.

Complications: Both the post implantation and follow up OCT recordings were
scanned in their entirety to look for complications such as strut malapposition and
edge dissection.
Malapposition: A strut was considered to be malapposed if the abluminal edge
was not in contact with the vessel wall. Every single frame of the scaffold was
analysed for evidence of malapposition. Malapposition distance was defined as
the distance between the abluminal strut edge and vessel wall. We defined a
malapposition distance of >300 µm as being significant. Struts opposite a side
branch were analysed separately as non apposed side branch struts (NASB) 148.
Edge Dissection: Edge dissections were defined as a breach of luminal surface
present within 5mm of the scaffold edge. The maximal depth into plaque,
circumferential extent (in degrees using a protractor centred on the lumen) and
73

length were calculated in each case. A dissection was considered severe if it
extended to the medial layer, had a circumferential luminal involvement of >60°
and was at least 2mm in length149.
Thrombus: Thrombus was identified as an intraluminal mass either floating within
the lumen or adherent to the vessel wall.
Coronary evagination: This was identified as a bulge of the lumen in between
well apposed struts.

2.7 Processing of blood samples
2.7.1

Sample collection and processing

Two sets of 10 ml blood samples were taken from the arterial sheath from each
patient – first before scaffold implantation and again at 9 months after
implantation. Blood was collected in EDTA-tubes (BD Vacutainers, purple cap)
and centrifuged at 1500 rpm for 10 min. The resulting plasma was collected and
aliquoted into 5 samples of 500 µl each. All samples were processed and frozen
within 3 hours of collection. Samples were stored at -80˚C at the Royal Sussex
County Hospital.

2.7.2

Analysis

Samples were transferred on dry ice to Brighton and Sussex Medical School for
analysis. The ELISA kits used for each marker are outlined in Table 2

74

Substance
analysed

Test

Minimum
detectable
level

Intraassay CV
(%)

Inter-assay
CV (%)

CRP

HsCRP ELISA, DRG
instruments GmbH

0.02 ug/ml

4.2

4.1

IL-6

Hs-huIL6 Quantikine,
R&D systems

0.039 pg/ml

6.9

9.6

MCP-1

HuMCP1 Quantikine,
R&D systems

1.7 pg/ml

4.2

5.9

sCD40L

HuCD40L Quantikine,
R&D systems

4.2 pg/ml

5.1

6.4

Table 2: Description of kits used to test inflammatory mediators. Both the intraassay and inter-assay precisions are reported using the Coefficient of Variability
(CV) relevant to the range of results found in our study.

The principle of ELISA testing to detect a particular antigen is described below.
Each assay consists of an array of wells coated with a monoclonal anti-antigen
antibody. Patient samples are diluted in accordance with manufacturer’s
instructions and incubated in wells for a specified period of time. During this
process, the antigen from the patient’s plasma specifically binds to the
immobilized antibody. Unbound plasma proteins are then washed away to leave
antigen-antibody complexes in each well. Specific enzyme-linked polyclonal
antibodies are then added to detect the complex for another specified incubation
period. The washing procedure is repeated to remove any unbound antibodyenzyme reagent. Finally a chromogen/substrate solution is added to each well.
This substrate turns to a particular colour in contact with the enzyme complex and
the intensity of the colour is proportional to the amount of antigen present. After a
prescribed amount of time, a stopping solution is added to halt the enzymatic
reaction. The plate is then inserted in a plate reader which measures the
absorbance of light at a wavelength of 450nm in each well. A standard curve is
obtained by plotting absorbance values against the standard antigen concentrations
supplied by the manufacturer. The concentration of the antigen in each well is
obtained by interpolation from this curve. The standard curves for each of the
markers utilised are shown in Figure 21.
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Figure 19: Standard curves were obtained by plotting absorbance values against
standard antigen concentrations supplied by the manufacturer - A: CRP, B: IL-6,
C: MCP-1 and D: sCD40L

2.8 Computational Flow modelling
2.8.1

CFD methodology

In collaboration with biomedical engineers in Politecnico di Milano (Italy), we
developed a method of simulating blood flow across the scaffold. The lumen
contour and scaffold structure were first separately extracted from the OCT
imaging data. A shape recognition algorithm was created in MATLAB to detect
the luminal contour using the edge based technique. This technique is based on
the fact that at an edge, there is a rapid change in intensity in neighbouring pixels.
Pixels are classified as either edge where there is a rapid change in value or nonedge where pixels have similar intensities within the vicinity. Using the algorithm,
pixels representing the luminal contour and scaffold struts were identified and
selected. This yielded a series of concentric points for the luminal contour and
discrete points at the location of the struts at each cross-sectional image of the
OCT known as point clouds as shown in Figure 21.
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Figure 20: 3D reconstruction algorithm

The vessel curvature was obtained from the angiographic data. A dedicated
software (Pie Imaging) was used to obtain the 3-D centreline through the lumen
using two different radiographic projections. The luminal point clouds were
stacked onto the centreline creating a 3D skeleton of the artery. The vessel wall
was added to the frame using Rhinoceros software. The scaffold data was
processed in a similar manner. First the three dimensional structure of the scaffold
was created by superimposing the extracted point clouds of the struts from the
OCT data onto the known stent configuration using the Hypermesh software.
Next, the reconstructed stent frame was aligned along the luminal centreline to
complete the model of the scaffolded artery (Figure 21).
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Figure 21: Fusion of OCT and angiographic data to reconstruct the scaffolded
artery.

The computational fluid domain was then created by subtracting the strut
geometry from the 3D model. Blood was modelled as a non-Newtonian fluid with
shear thinning properties (Carreau Model)150 and a density of 1060 kg/m3. Blood
flow was assumed to be laminar and incompressible. The walls were considered to
be rigid with no-slip boundary condition applied at the surface. At the inlet of the
artery, a pulsatile velocity waveform was imposed from previously published
data151. At the outlet, blood flow was assumed to be split between the two
daughter branches using the relationship described by VanderGissen152. Blood
flow rate at the inlet was derived from the time taken for contrast agent to pass
through two points in an arterial segment devoid of significant side branches using
the known cine frame rate as reference and the volume of that segment on
QCA153. The flow rate across the vessel was estimated with a relation from the
work of Sakamoto et al.154A mesh composed of tetrahedral components was
generated within the region. The mesh density was increased within the scaffolded
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area to obtain a more detailed picture of the haemodynamic microenvironment at
the boundaries. The maximal diameter of the cell in that region was equal to
approximately ¼ of the BVS strut thickness (i.e. 40microns).
The CFD simulation was run on the Ansys Fluent to solve the Navier-Stokes
equations using the finite volume method. The mean value over a cardiac cycle
was calculated to give the time averaged wall shear stress (TAWSS) distribution.

2.9 Statistical analysis
The ABC-1 trial was a pilot study designed to provide preliminary information on
the performance of the ABSORB BVS in bifurcations. As such, it was not
powered to detect differences in outcomes. Instead, the aim of this feasibility
study was to generate hypothesis and provide information to allow sample size
calculation for future adequately powered randomised controlled trials. The
sample size was chosen based on an estimate of the number of patients likely to fit
the inclusion criteria with a recruitment course of 1 year. Categorical outcomes
are presented in frequency and absolute numbers. Continuous data is presented
either as mean with standard deviation or as median with interquartile range. 95%
confidence intervals for continuous data were calculated using the t-distribution
method. Analysis was performed with the SPSS software (version 24, SPSS Inc.,
Chicago, Illinois). The statistical tests for data analysis are outlined in the
‘statistical analysis’ section in each chapter. Since no formal hypothesis testing
was planned in this feasibility study, the p values presented are exploratory and
should be cautiously interpreted.
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3 A randomised trial comparing two
stent sizing strategies in the
treatment of coronary bifurcation
lesions with the ABSORB BVS:
Immediate procedural and imaging
outcomes

80

3.1 Introduction
Bifurcation lesions are present in 15-20% of patients undergoing PCI54. Despite
their fairly common frequency, clinical outcomes remain unsatisfactory. Major
adverse event rates range between 3-15%155. A wide array of classifications and
therapeutic techniques largely fuelled by the creativity of interventionalists has
been proposed over the last couple of decades but a definite treatment strategy
remains elusive156. The emergence of bioresorbable technology has added a new
treatment option to our armamentarium. The use of a resorbable scaffold as an
alternative to metal stents is particularly attractive in this subset of disease.
Potential benefits include late unjailing of the side branch and restoration of the
bifurcation anatomy after complete resorption. Choosing the right size of BVS for
a bifurcation is crucial to avoid complications. With metal stents, it is generally
recommended to choose the stent size according to the distal vessel diameter and
to perform the proximal optimisation technique to ensure good apposition at the
proximal end157. The ABSORB BVS is a more delicate device. Aggressive
dilatation beyond the recommended limits can easily fracture hoops and
connectors. This is particularly relevant for bifurcations where there can be a
sizeable discrepancy between the proximal and distal diameters. This limits the
extent to which proximal optimisation (POT) can be performed in the proximal
main vessel (MV). In suitable anatomies, another strategy is to select the scaffold
according to proximal MV diameter and to deploy at low pressure in order to
avoid damaging the distal vessel, followed by adequate postdilatation of the
proximal segment. Which of these two strategies is better with the ABSORB
BVS is currently unknown.

3.2 Aim
•

To compare the procedural, imaging and acute clinical outcomes of two sizing
strategies when using the ABSORB BVS to treat coronary bifurcations.
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3.3 Methods
3.3.1

Study population

Patients were recruited at the Royal Sussex County Hospital between February
2016 and March 2017. A total of 1148 coronary angiograms were reviewed to
assess eligibility based on lesion characteristics. The clinical details of potential
cases were then examined against the exclusion criteria. Each prospective case
was discussed with both the patient’s cardiologist and the principal investigator of
the trial to determine suitability for participation in the study. Figure 22 charts the
progress of patients through the phases of the randomised trial.

Figure 22: Patient flow diagram

3.3.2

BVS implantation procedure

As described in chapter 2.
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3.3.3

Angiographic analysis

As described in chapter 2.

3.3.4

OCT imaging and analysis

As described in chapter 2.

3.3.5

Statistical analysis

Test for normality was performed using the Shapiro-Wilk test. Comparison
between the two treatment arms was done using Mann-Whitney test for
continuous data and Chi-squared test for categorical variables.

3.4 Results
3.4.1

Baseline characteristics of cohort

Thirty-seven patients were enrolled. The baseline characteristics of the cohort are
presented in Table 3. The mean age of patients was 62.8 years and 76% were
male. All patients had stable angina. Over 80% of treated lesions involved the
LAD/D1 bifurcation. B2/C lesions were present in 65% of cases. Mean BMI,
baseline creatinine and the proportion of patients with CCS angina class III/IV
were higher in the proximal group.
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Demographics
Age [mean (sd)]
Gender (male) [%(n)]
BMI [mean (sd)]
Clinical characteristics
Hypertension [%(n)]
Hyperlipidaemia [%(n)]
Current smoker [%(n)]
Diabetes Mellitus [%(n)]
Family History [%(n)]
Creatinine (µmol/l) [mean
(sd)]
Previous MI [%(n)]
Previous PCI [%(n)]
Previous CABG [%(n)]
Previous Stroke/TIA [%(n)]
Stable angina [%(n)]
CCS 3/4 [%(n)]
LVEF >50% [%(n)]
Bifurcation Site
LAD [%(n)]
LCx [%(n)]
RCA [%(n)]
Medina
0,1,0 [%(n)]
1,0,0 [%(n)]
1,1,0 [%(n)]
AHA classification
A [%(n)]
B1 [%(n)]
B2 [%(n)]
C [%(n)]
Mod/severe calcification
[%(n)]

Prox
(n=19)

Distal
(n=18)

p value

64.2 (± 4.4)
73.7 (14)
31.6 (± 2.8)

61.3 (± 5.2)
77.8 (14)
25.7 (± 1.8)

0.43
0.77
0.001

42.1 (8)
47.4 (9)
10.5 (2)
10.5 (2)
26.3 (5)

55.6 (10)
55.6 (10)
22.2 (4)
27.8 (5)
44.4 (8)

0.41
0.62
0.34
0.18
0.25

87.3 (± 6.7)
21.1 (4)
26.3 (5)
0
5.3 (1)
100 (19)
36.8 (7)
73.7 (14)

78.9 (± 7.8)
38.9 (7)
38.9 (7)
0
0
100 (19)
5.6 (1)
83.3 (15)

0.026
0.24
0.41

84.2 (16)
15.8 (3)
0

83.3 (15)
5.6 (1)
11.1 (2)

0.94
0.32
0.14

47.4 (9)
5.3 (1)
47.3 (9)

44.4 (8)
11.1 (2)
44.4 (8)

0.86
0.52
0.86

10.5 (2)
15.8 (3)
31.6 (6)
42.1 (8)

5.6 (1)
38.9 (7)
16.7 (3)
38.9 (7)

0.58
0.11
0.29
0.36

31.6 (6)

27.8 (5)

0.8

0.32
0.021
0.48

BMI-Body Mass Index; MI-Myocardial Infarction; PCI-Percutaneous
Coronary Intervention; TIA-Transient Ischaemic Attack; CCS-Canadian
Cardiovascular Society; LVEF-Left ventricular ejection fraction; LADLeft Anterior Descending Artery; LCx-Left Circumflex Artery; RCARight Coronary Artery; AHA-American Heart Association

Table 3: Patient demographics and clinical features
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3.4.2

Procedural characteristics

Table 4 shows the procedural characteristics of the trial. Predilatation was
performed in all cases. The average vessel diameter measured on OCT was similar
in both sizing groups. Postdilatation was performed in all proximal segments and
in 59% of distal ones. The distal bifurcation segment was postdilated more often
in the proximal sizing group than the distal group (p=0.031). Proximal
Optimisation Technique using a 0.5mm or larger balloon than the BVS diameter
was done in half the cases assigned to proximal sizing and three quarters of cases
in the distal sizing group. Three patients had BVS expansion beyond the
recommended 0.5mm above the BVS diameter with no adverse sequelae. The
difference between the proximal and distal vessel diameters exceeded 0.5mm in
those three cases. Significant proximal malapposition was present after
performing POT with a balloon ≤0.5mm the BVS diameter thus necessitating
more aggressive post dilatation. OCT imaging was done before BVS implantation
in all cases and in 95% of cases at the end of the procedure. A single stent strategy
was used in 100% of cases. SB dilatation was performed in 2 cases – the first due
to angiographic pinching of the SB ostium and the second to improve flow after
SB dissection.
Overall procedural success rate was 92%. There were two cases of periprocedural
MI in the proximal arm. The first case was due to dissection of the side branch
during manipulation of the pressure wire after BVS deployment. TIMI III flow in
the SB was restored after dilatation of the BVS cell across the side branch. In the
second case, the culprit was not identified. The patient had an uneventful
procedure but complained of chest pain an hour after the procedure. There were
no ischaemic changes on the ECG changes and the patient’s symptoms settled
with IV opiates. The following day, highly sensitive Troponin T was significantly
elevated at 4500. The patient remained pain free and was discharged. An
echocardiogram done 3 months later showed good left ventricular function. In the
distal arm, there was one case of periprocedural MI due to side branch occlusion
and distal main vessel dissection after scaffold deployment. TIMI III flow was
achieved in the main vessel after the successful insertion of three metal stents
distal to the BVS. Flow along the occluded side branch could not be restored.
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Lesion preparation
Predilatation
Max balloon diameter
Max balloon length
OFDI measurements
Proximal RVD (mm)
Distal RVD (mm)
Proximal-distal RVD
diameter (mm)
BVS
Diameter (mm)
Length (mm)
Inflation Pressure (atm)
Post dilatation
Proximal post dilatation
POT
Balloon diameter for POT BVS diameter
Maximal diameter (mm)
Maximal length (mm)
NC balloon
Distal postdilatation
Maximal diameter (mm)
Maximal length (mm)
NC balloon
Bifurcation technique
MV stent only
BVS SB fenestration
KBI
Conversion to Double
Strategy
Intravascular imaging
Preimplant OCT
Postimplant OCT
Procedural outcome
Device success
Procedural success
TIMI III flow in MV
TIMI III flow in SB
SBO (end of procedure)

Proximal
sizing

Distal sizing

p value

100 (19)
2.6 (± 0.2)
14.9 (± 2.8)

100 (18)
2.6 (± 0.3)
14.1 (± 3.7)

0.94
0.34

3.50 (± 0.53)
2.76 (± 0.44)

3.30 (± 0.37)
2.76 (± 0.55)

0.36
1

0.74 (± 0.59)

0.54 (± 0.49)

0.36

3.2 (± 0.3)
23.3 (± 4.8)
13.4 (± 3.0)

2.89 (± 0.39)
21.8 (± 5.5)
13.4 (± 2.6)

0.007
0.48
0.99

100 (19)
84.2 (16)

100 (18)
94.4 (17)

0.32

0.3 (± 0.2)

0.5 (± 0.2)

0.026

3.6 (± 0.3)
7.8 (± 2.4)
100 (19)
78.9 (15)
3.3 (± 0.9)
6.9 (± 1.5)
100 (19)

3.4 (± 0.4)
8.8 (± 3.1)
100 (18)
38.9 (7)
2.9 (± 1.2)
10.7 (± 3.9)
100 (18)

0.2
0.39

100 (19)
5.2 (1)
0

100 (18)
0
5.6 (1)

0

0

100 (19)
89.4 (17)

100 (18)
100 (18)

100 (19)
89.4 (17)
100 (19)
100
0

100 (18)
94.4 (17)
100 (18)
88.9 (16)
5.6 (1)

0.031
0.45
0.03

0.32
0.3

0.16

0.58
0.14
0.3

NC- Non Compliant; RVD-Reference Vessel Diameter; POT-Proximal Optimisation
Technique; MV-Main Vessel; SB-Side Branch; KBI-Kissing Balloon Inflation; SBO-Side
branch occlusion
Data is presented as mean (SD) or frequency (n)

Table 4: Procedural characteristics
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3.4.3

Angiographic results

Table 5 shows the results of the QCA analysis. Mean side branch diameter in the
cohort was 2.24 (±0.13) mm. The diameter of the ostium of the side branch was
larger in the proximal group (1.85 v 1.54 p=0.02). Comparable acute luminal
gains were achieved in the proximal arm (1mm) and distal arm (1.02mm). In
general, luminal size was underestimated on QCA when compared to OCT
measurements. The side branch ostium was narrower after the PCI procedure
irrespective of the sizing strategy (average SB ostial stenosis of 44% post PCI
versus 24% pre PCI. p=0.007).
Prox (n=19)

Distal (n=17)

p value

PrePCI
Proximal RVD (mm)
Distal RVD (mm)
MLD (mm)
DS (%)
Lesion length (mm)
SB ostial diameter (mm)
SB RVD (mm)
SB stenosis (%)
Bifurcation angle (◦)

3.18 (± 0.49)
2.58 (± 0.36)
1.24 (± 0.37)
57 (± 12)
18.90 (± 9.28)
1.85 (± 0.45)
2.30 (± 0.46)
20 (± 15)
67 (± 24)#

2.98 (± 0.51)
2.43 (± 0.51)
1.14 (± 0.39)
56 (± 13)
15.87 (± 7.29)
1.54 (± 0.31)
2.17 (± 0.25)
28 (± 16)
57 (± 23)$

0.23
0.29
0.51
0.62
0.36
0.02
0.35
0.05
0.25

Post PCI
Proximal RVD (mm)
Distal RVD (mm)
In device MLD (mm)
In device DS(%)
SB ostial diameter (mm)
SB RVD (mm)
SB stenosis (%)
*Bifurcation angle (◦)

3.23 (± 0.38)
2.77 (± 0.33)
2.24 (± 0.39)
20 (± 18)
1.40 (± 0.53)
2.31 (±0.41)
38 (± 21)
61 (± 24)#

3.09 (± 0.35)
2.54 (± 0.39)
2.16 (± 0.40)
16 (± 8)
1.07 (± 0.43)
1.81 (± 0.76)
51 (± 23)
58 (± 25)$

0.3
0.05
0.62
0.27
0.09
0.14
0.09
0.66

*n=26, #n=13, $n=13; RVD-Reference Vessel Diameter; SB- Side Branch; DSDiameter Stenosis; MLD-Minimum Luminal Diameter
Data is presented as mean (SD) or frequency (n)

Table 5: Angiographic characteristics before and after PCI

We were able to reconstruct the 3-dimensional geometry of the bifurcation in 72%
of angiographic images. We were unable to do so in the remaining cases due to
poor angiographic delineation of the bifurcation segment. Figure 23 illustrates one
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of the cases. There was no significant change in bifurcation angle after PCI with a
BVS compared to baseline.

Figure 23: Example of 3D reconstruction of bifurcation anatomy in a patient
randomised to proximal sizing. The letters P, M and S correspond to the proximal
main vessel, distal main vessel and side branch respectively. The artery is visualised
in the AP cranial radiographic projection (36 degrees angulation cranially). The
prePCI image (left) demonstrates a tight stenosis within the distal segment of the
main vessel. The post PCI image (right) shows an improvement in luminal size
following PCI with the ABSORB BVS. Bifurcation angle (angle between the distal
main vessel and the side branch) was 42º before and 36º after BVS insertion.

3.4.4

OCT analysis post implantation

Figure 24 illustrates a typical example of the OCT findings after bifurcation
stenting with the ABSORB BVS.
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Figure 24: OCT image of bifurcation stenting of the LAD/D1 system with the
ABSORB BVS. The top panel shows the cross-sectional image at each of the three
bifurcation segments (distal, carina and proximal). The bottom panel shows the
longitudinal view of the artery

Table 6 outlines the intracoronary characteristics in each group. Mean flow and
scaffold areas were comparable in both arms.
Proximal
sizing
(n=16)

Distal sizing
(n=17)

p value

6.3 (1)
31.3 (5)
62.5 (10)

0
47.1 (8)
52.9 (9)

0.3
0.35
0.58

7.09 (± 1.71)

6.70 (± 1.54)

0.56

4.32 (± 1.33)

4.41 (± 1.50)

0.86

7.97 (± 1.80)

7.43 (± 1.65)

0.56

min scaffold area (mm )
mean luminal diameter (mm)
min luminal diameter (mm)
mean overall EI
mean embedment depth (µm)
Proximal segment

6.04 (± 1.38)
2.96 (± 0.35)
2.32 (± 0.37)
0.88 (± 0.04)
43 (± 24)

5.68 (± 1.31)
2.88 (± 0.34)
2.30 (± 0.43)
0.87 (± 0.05)
32 (± 14)

0.47
0.56
0.48
0.48
0.11

mean flow area (mm2)

8.19 (± 2.39)

7.85 (± 1.62)

0.9

7.20 (± 2.22)

6.92 (± 1.60)

0.96

Scaffold level analysis
Plaque composition
Fibrous (%)
Fibroatheroma (%)
Fibrocalcific (%)
Segment analysis
Overall
mean flow area (mm2)
2

min flow area (mm )
2

mean scaffold area (mm )
2

2

min flow area (mm )
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mean scaffold area (mm2)

8.71 (± 2.36)

8.32 (± 1.65)

0.96

min scaffold area (mm )

7.73 (± 2.11)

7.33 (± 1.67)

0.9

mean luminal diameter (mm)
min luminal diameter (mm)
mean prox EI
prox embedment depth (µm)

3.20 (± 0.46)
3.00 (± 0.45)
0.88 (± 0.05)
31 (± 33)

3.15 (± 0.32)
2.95 (± 0.34)
0.89 (± 0.05)
24 (± 17)

0.90
0.93
0.81
0.3

Distal segment
mean flow area (mm2)

6.58 (± 1.58)

6.16 (± 1.72)

0.42

5.50 (± 1.60)

5.01 (± 1.25)

0.33

7.40 (± 1.65)

6.87 (± 1.79)

0.35

min scaffold area (mm )

6.24 (± 1.76)

5.68 (± 1.31)

0.4

mean luminal diameter (mm)
min luminal diameter (mm)
mean distal EI
distal embedment depth (µm)
Scaffold disruption
Edge Dissection
Proximal
Distal
Post implant OFDI changing
management
Malapposition needed dilatation
Dissection needed stent

2.87 (± 0.34)
2.62 (± 0.38)
0.87 (± 0.04)
52 (± 32)
0

2.77 (± 0.38)
2.51 (± 0.31)
0.87 (± 0.05)
40 (± 18)
6 (1%)

0.44
0.3
0.69
0.15
0.33

6.3 (1)
31.3 (5)

11.8 (2)
11.8 (2)

0.58
0.17

29 (5/17)
24 (4/17)
6 (1/7)

24 (4/17)
18 (3/7)
6 (1/7)

0.62
0.61
0.97

2

2

min flow area (mm )
2

mean scaffold area (mm )
2

Strut level analysis
Total No. of struts analysed
17835
19367
Total no of malapposed struts
whole segment
4.8 (858)
6.4 (1231)
Proximal segment
3.1 (552)
4.5 (862)
Distal segment
1.7 (306)
1.9 (369)
Total no of significantly malapposed struts (>300 microns)
whole segment
0.8 (142)
2.3 (451)
proximal segment
0.8 (142)
2.3 (451)
distal segment
0
0

0.18
0.23
0.29
0.023
0.023

Data expressed as Frequency (number) or Mean (± sd)

Table 6: OCT measurements after BVS insertion

Performing an OCT after scaffold implantation changed management in a quarter
of cases. In seven cases (20%), significant malapposition was evident after POT
and further postdilatation with a bigger balloon was necessary. In two cases (6%),
OCT identified significant distal dissections which were successfully treated with
further stenting.
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Sizing strategy did not have a significant impact on the overall scaffold geometry
as assessed by the Eccentricity Index (p=0.48). Strut embedment was similar in
both arms (p=0.11).
Figure 25 shows a typical example of proximal malapposition associated with a
distal sizing strategy.

Figure 25: Image of malapposition on OCT: A 2.5x18mm ABSORB BVS was
deployed in a bifurcation with a proximal RVD of 3.46mm and distal RVD of
2.26mm. POT was done using a 3.0x6mm NC balloon inflated to 20 atm. OCT
imaging after POT showed significant proximal malapposition. Further proximal
dilatation was done using a 3.25x6mm NC balloon inflated to 10 atm. Repeat OCT
(shown above) revealed residual malapposition. We elected not to perform
additional postdilatation so as not to incur the risk of scaffold fracture.

Analysis at a strut level showed that there were numerically more malapposed
struts in the distal arm but this was not statistically significant (p=0.18). However,
there was a higher incidence of significant proximal edge malapposition (defined
as >300 microns) in the distal arm (2.3% v 0.8%, p=0.023). Even though there
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was a trend towards more distal edge dissections in the proximal arm (31.3% vs
11.8%) with one patient requiring additional PCI to seal the dissection flap
(Figure 26), this increased incidence did not reach statistical significance
(p=0.17)..

Figure 26: Image of dissection on OCT: A 3.5x18mm BVS was deployed at 16atm in
a patient randomised to proximal sizing. RVD was 3.88mm proximally and 2.49mm
distally. POT was done with a 4x6mm NC balloon inflated to 10atm. The image on
the left shows a distal edge dissection after postdilatation. A 3.0x8mm BVS was
inserted distally to seal the dissection as shown in the image on the right.

There was one case of strut fracture in the distal arm. A 2.5x23mm BVS was
deployed in an artery with a proximal RVD of 2.92mm and distal RVD of
2.35mm at 16atms. POT was carried out with 3.0x6mm NC balloon inflated to
16atms. There was significant angiographic pinching of the SB ostium after POT.
A 2.0x12mm balloon was inflated through the cells of the scaffold into the SB
followed by KBI with the same 2.0x12mm balloon in the SB and a 3.0x6mm
balloon in the main vessel. Final OCT showed a single strut fracture at the ostium
of the side branch presumably due to the balloon inflation through the cell of the
BVS (Figure 27).
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Figure 27: Image of acute scaffold fracture on OCT. The arrows shows a single strut
protruding into the lumen of the side branch which is likely due to a break in the
scaffold.

3.5 Discussion
The main findings of our study are: 1) Treating bifurcations with the ABSORB
BVS using a provisional strategy is feasible and associated with good procedural
outcomes. 2) A distal sizing strategy is associated with more significant proximal
malapposition on intravascular imaging but both approaches have similar clinical
complication rates. To our knowledge, this is the first prospective trial of two
sizing strategies using the ABSORB BVS in coronary bifurcation.
Procedural issues
Our high rate of intracoronary imaging, predilatation and postdilatation may
explain our low rates of clinical complications. We adjusted the PSP implantation
protocol for use in a bifurcation anatomy. Predilatation was performed in all cases
using a similar sized balloon as the distal reference vessel in order to avoid
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excessive wall injury prior to scaffold deployment. Post dilatation was performed
in all proximal segments. However this was not necessary in all distal segments
due to the tapering nature of the bifurcation anatomy. Since the implanted scaffold
was imaged at the end of the procedure, we determined the need for distal post
dilatation based on the final OCT image. We demonstrated that the adoption of a
PSP protocol tailored to bifurcation disease is feasible and associated with low
complication rates. The comparable rates of peri-procedural complications
between treatment arms is perhaps unsurprising since the methods of implantation
except for BVS size were broadly similar. We originally intended to perform POT
only in the distal arm as in theory, choosing a larger BVS similar based on the
proximal vessel diameter would obviate the need for postdilatation. However, we
found that even with proximal sizing, strut malapposition in the proximal segment
was sometimes present on OCT and needed correction with POT. Part of the issue
arose due to the limited sizes of scaffold commercially available. This was
particularly problematic when the proximal RVD was above 3.5mm since the
largest available ABSORB device was 3.5mm. Adherence to our original aim
would probably have allowed us to observe a larger difference in treatment effect
between the two groups but we felt that it was ethically unacceptable to leave a
suboptimally deployed BVS untreated.
Abnormalities detected on OCT after scaffold deployment led to a change in
management in approximately one in four cases. Other studies have confirmed the
importance of intracoronary imaging even after satisfactory angiographic
appearance when using the ABSORB BVS158,159.
Embedment
Ensuring that struts are well apposed and embedded following implantation is
essential to avoid complications. Firstly, the more a strut protrudes above the
luminal surface, the more it can disrupt blood flow causing areas of low shear
stress and higher thrombogenicity. Secondly, strut coverage is easier if the strut
surface is close to the intimal layer160. The BVS strut has a larger surface area or
‘footprint’ than current metallic stents70. Thus the same force from balloon
dilatation generates less pressure on the vessel wall with a BVS strut as opposed
to a metal one resulting in less embedment. In our study, strut embedment into the
arterial wall was unaffected by sizing strategy. In a subgroup analysis of the
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ABSORB Japan study, plaque morphology was found to be a greater determinant
of strut embedment than implantation technique160 which may explain our result.
Geometry
The final geometry of a metal stent or scaffold exerts an influence on clinical
outcomes. In a subset analysis of the ABSORB II trial, post procedural scaffold
eccentricity was related to higher event rates161. In our study, we did not find a
difference in scaffold eccentricity index between the two sizing strategies. This is
perhaps not surprising. While bigger BVS were chosen in the proximal arm, the
eccentricity index is a ratio of diameters and therefore less dependent on absolute
scaffold dimensions. Plaque composition (in particular calcific content) affects the
final geometry of a scaffold and these were similar in both arms. Finally, the
method of lesion preparation with respect to balloon inflation size and pressures
was comparable in both arms. One would thus expect equivalent plaque
modification and consequently, the scaffold to be accommodated in a similar
manner within a stenotic lesion.
Bifurcation PCI can change the 3-dimensional structure of the bifurcation
segment162. Bifurcation with metal stents ‘stiffens’ the artery and typically
decreases the angle between the distal main vessel and side branch. This
phenomenon has been observed after both single and complex stenting163. The
resulting artificial configuration may adversely affect local haemodynamics
leading to restenosis long term. In contrast to studies with metal stents, we did not
observe any significant change in bifurcation angle before and after PCI with
BVS164. This may be due to the more conformable nature of BVS allowing the
natural architecture of the bifurcation to be better preserved particularly in a
provisional strategy165.
Edge dissections
Contrary to our expectations, we did not observe a statistically significant increase
in distal edge dissections when using a bigger scaffold in a proximal sizing
strategy. In both groups, the balloon size and inflation pressures used for post
dilatation of the distal bifurcation segment were similar. This may be more
important than actual scaffold size in determining the risk of damage to the distal
vessel. Interestingly, more post dilatation was performed within the distal segment
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in the proximal sizing group. The fact that post dilatation was guided by OCT may
explain that unusual occurrence. Our reported dissection rate of 30.3% is
comparable to the 36.5% rate reported in the ABSORB B OCT substudy166. The
image resolution of OCT imaging allows visualisation of the intracoronary
environment to an unprecedented level of detail. One of the consequences is a
greater ability to diagnose small dissection flaps, which hitherto would have gone
unnoticed on angiography or even IVUS. Indeed reported edge dissection rates
from IVUS are around 10%167 but climb up to 25-40% with OCT in similar
patient populations168. The clinical relevance of edge dissections detected on
intracoronary imaging is still unclear. In study using IVUS, there was no
difference in clinical outcomes in patients with edge dissection compared to those
without169. Conversely, other studies have found a link between the presence of
these dissections and development of subacute stent thrombosis170. Even though
the ABSORB B OCT cohort had a high dissection rate, only 1 adverse event
(periprocedural MI) was directly attributed to a dissection. As intravascular
imaging especially OCT is increasingly utilised in the future, the exact clinical
significance and optimal management of small edge dissections should become
clearer.
Malapposition:
In a study with drug eluting stents in patients with stable angina, a malapposition
distance of >300 μm showed the highest likelihood of delayed strut healing and
persistence on follow up imaging171. Conversely, another study with metal stents
found that struts with a malapposition distance of <270 μm are more likely to be
apposed at 9 months172. Based on these observations, we chose a cut off of 300
μm to define a significantly malapposed strut. The greater malapposition burden
observed with the smaller BVS in the distal arm is not unexpected. The same
effect occurs in metal stents. However in the latter case, the discrepancy in main
vessel size can be overcome by liberal post dilatation proximally. On the other
hand, the safe expansion limit of the ABSORB BVS restricts the magnitude of
postdilatation and by proxy the ability to correct proximal malappostion. The
significance of ISA is still contentious. Acute ISA has been linked to delayed or
absent strut coverage at follow-up9, both of which are known risk factors for stent
thrombosis. Other studies have failed to show a significant relationship between
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either ISA after DES implantation or at follow up and adverse outcomes173. The
small rate of adverse events with current generation of stents makes it difficult to
precisely quantify the risk of ISA. The answer should become clearer with more
widespread use of intravascular imaging.
Side branch stenosis:
Our side branch occlusion rate of 2.7% is similar to reported rates in studies using
the ABSORB BVS in bifurcations42-44. Given their large strut width (190.5 μm for
the 3.0mm and 215.9 μm for the 3.5mm BVS), there is concern that BVS use in
bifurcations can lead to a higher rate of side branch occlusion than conventional
metal stents. The largest analysis of small side branch occlusion was performed in
a cohort from the ABSORB-Extend registry174. An analysis of 1209 side branches
with a mean diameter of 1.18mm revealed an occlusion rate of 6%. Larger side
branches (>2mm) seem to have a lower risk of impairment with reported rates of
occlusion ranging from 0% to 3.7%42,175,176. Whether side branch occlusion (SBO)
due to BVS is associated with significant myocardial injury is less clear. In our
study, only 2 cases of periprocedural MI (5.4%) were directly attributable to side
branch compromise. However we did not routinely measure cardiac enzymes after
PCI and the degree of perprocedural MI may have been underestimated in our
study. Two studies have investigated the prevalence of periprocedural MI (PMI)
due to side branch occlusion in the context of BVS implantation. Tanaka et al.
analysed 729 jailed side branches (of which 14.4% were >2mm) and found a PMI
rate of 18.8% due to SBO175. Muramatsu et al. found that small side branches
were more likely to occlude causing a periprocedural cardiac enzyme rise if jailed
by the thicker ABSORB scaffold174.
In our study, ostial side branch narrowing was worse after BVS deployment. With
metal stents, plaque shift and carina shift following MV stenting have been
implicated in side branch compromise177. Stent implantation redistributes plaque
both axially and longitudinally within the vessel wall. There is a greater tendency
for plaque to shift away from the lesion towards the distal segment than
proximally178. This is particularly relevant to bifurcations as plaque will move into
the side branch more easily if the side branch is located distal to the lesion. Plaque
morphology also influences the degree of SB stenosis. Lipid rich plaques
especially in the proximal main vessel have been associated with a higher rate of
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SBO179. One plausible explanation is that softer lipid plaques are more easily
displaced than hard calcific plaques during stent insertion. The same mechanisms
outlined above are likely to be responsible for the deterioration in SB stenosis
observed after BVS implantation. However, the clinical significance of this
finding is unclear. An angiographically tight lesion is less likely to be
physiologically significant if present at the ostium of the side branch compared to
the main vessel. In cases where the narrowing is <75%, almost all SBs will have
negative pressure wire studies180. Possible explanations include the reshaping of
the circular ostium into a slit like configuration which when visualised in a
particular angiographic angle shows it in the worst possible light, slow flow after
PCI, generation of turbulent flow impeding contrast filling and border artefact55.
Scaffold fracture:
Our single case of scaffold fracture was most likely caused by our attempt to
dilate the scaffold across the side branch in order to improve flow. Reported
incidences of acute scaffold disruption range from 3.9 to 5.8%69. They have been
linked to the occurrence of scaffold thrombosis. The safe limit to which the cell of
a BVS can be dilated has been investigated in bench studies38. Strut fracture did
not occur when a 2.0mm balloon is inflated up to 14atm through the cells of a 3.0
and a 3.5mm BVS. When mini-Final Kissing Balloon Inflation (mini-FKBI) was
performed using two 3.0mm NC balloons in scaffolds of the same size, fractures
occurred beyond an inflation pressure of only 5atm. One study has specifically
analysed the effect of side branch dilatation in BVS in vivo181. It involved a
retrospective analysis of a cohort of 49 patients in whom SB dilatation was done
after BVS implantation in the MV because of either compromise in SB flow or
visually severe SB stenosis. Strut fractures were observed on OCT in 6% of the
cases and occurred with the inflation of a 2.5mm balloon to 9-10atm. The
diameter of the implanted BVS had no bearing on the likelihood of scaffold
damage. At a mean follow up of 14 months, the overall TLR and ST rate in the
group were 4% and 2% respectively but interestingly none of the cases with
scaffold damage were involved.
Our case highlights the undesirable situation where the methods needed to
optimise flow, overlap with those that can fracture the scaffold. The threshold for
damage appears to be lower in vivo than predicted by bench studies. Caution must
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be exercised when dilating through a BVS strut and we would recommend doing
it only if there is significant compromise of blood flow in the daughter vessel.

3.6 Limitations
Since this was a pilot study, it was not powered to detect statistically significant
differences.

Cardiac

enzymes

were

not

routinely

measured

and

thus

periprocedural MI may have been underdiagnosed in our cohort. As previously
mentioned, we did not adhere to our original plan of performing POT only in the
distal sizing arm as we were guided by the intracoronary scaffold appearance
during each case for optimal expansion and apposition. This may have mitigated
treatment effects between the two arms. The limited availability of BVS sizes
(2.5, 3.0 and 3.5) restricted their usefulness in our trial. In 4 cases randomised to
distal sizing, the largest BVS available (3.5mm) was similar to the diameter of the
distal vessel. In 8 cases, the difference between stent diameter and proximal and
distal diameters were the same. Thus scaffold choice was independent of
randomisation in the aforementioned cases.

3.7 Conclusion
We examined the effect of sizing strategy on immediate imaging and procedural
outcomes in coronary bifurcations using the ABSORB BVS. The provisional
approach with a modified ‘PSP’ strategy is safe and feasible when using the
ABSORB BVS in bifurcations. While procedural complication rates from the two
sizing strategies are comparable, the proximal sizing strategy results in less
significant malapposition and may be more advantageous. The risk of
underdeployment with scaffold malapposition in distal sizing needs be carefully
weighed against the risk of overdeployment with scaffold damage in proximal
sizing. Larger studies are needed to corroborate our findings.
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4 9-month clinical and imaging
outcomes of the Absorb in
Bifurcation Coronary (ABC-1) study
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4.1 Introduction
The long term performance of the ABSORB BVS in bifurcations has not been
assessed in the context of a trial. Using a resorbable scaffold to treat bifurcation
lesions has theoretical benefits in the long term. Firstly, the obstruction due to
struts at the orifice of the side branch (SB) may only be a temporary issue and
blood flow into the SB could improve over time. Secondly, the hypothetically
higher thrombogenic risk posed by uncovered struts over a side branch orifice is
potentially curtailed following resorption of the scaffold. However whether these
putative advantages translate into better clinical outcomes is uncertain. The
bulkier struts may impede blood flow across the side branch leading to SB
restenosis. Similarly re-endothelialisation and neointimal coverage over the SB
ostium may be impaired thereby increasing the risk of thrombus formation. In
addition, the more aggressive implantation technique warranted in bifurcation
lesions may have a negative effect on long term scaffold integrity and vascular
healing. Appropriate scaffold size selection may mitigate some of these adverse
effects.

4.2 Aim
•

To compare the nine month clinical and imaging outcomes between two sizing
strategies using the ABSORB BVS to treat coronary bifurcations.

4.3 Methods
4.3.1

Study population

The cohort consisted of seventeen patients recruited in the ABC-1 trial on whom
nine month follow up data was available by June 2017. The clinical and imaging
endpoints at follow up have been described in chapter 2.

4.3.2

Angiographic assessment

QCA analysis was performed on the treated segments post procedure and at
follow up in matching angiographic frames. The details of the analysis are
outlined in chapter 2.
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4.3.3

Optical Coherence Tomography

All patients had intravascular OCT imaging at 9 month follow up. Analysis was
performed offline using proprietary software (Terumo Corporation, Toyko,
Japan). The main quantitative measurements have been described in chapter 2.

4.3.4

Statistical analysis

Test for normality, using the Shapiro-Wilk test, revealed that neither angiographic
nor OCT parameters had a Gaussian distribution. Comparison between the two
treatment arms was done using Mann-Whitney test for continuous data and Chisquared test for categorical variables. Overall comparison of serial angiographic
measurements and paired OCT parameters was made using the Wilcoxon signedrank test.

4.4 Results
4.4.1

Clinical outcome

Table 7 shows the primary and secondary clinical endpoints at 9 months.

Endpoint
Primary
Composite (Death, MI, ST and
TVR)
Secondary
Death
MI
ST
TVR

Total (n=17)

Proximal (n=9)

Distal (n=8)

2 (11.8)

2 (22.2)

0

0
2 (11.8)
0
0

0
2 (22.2)
0
0

0
0
0
0

MI-Myocardial Infarction, ST-Scaffold Thrombosis, TVR-Target Vessel Revascularisation
Data expressed in number of patients (%)

Table 7: Primary and secondary clinical endpoints at 9 months

All patients were on dual antiplatelet treatment at follow up. There were no cases
of scaffold thrombosis. Our MACE rate was driven solely by two cases of
periprocedural myocardial infarction (PMI) in the proximal arm. These two cases
have been described in detail in chapter 3. In brief, PMI was caused by SB
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dissection in one case while no obvious culprit was identified in the other. Figure
28 shows the post procedural and follow up angiographic image in the case of side
branch dissection.

Figure 28: Comparison of post procedural (left) and follow up (right) angiographic
images of a case with side branch dissection. The side branch is shown by the arrow.
At follow up, the false lumen was sealed with minimal residual flow. Ostial side
branch stenosis was 55% on QCA.

4.4.2

Quantitative Coronary Angiography

Table 8 shows the results of QCA analysis. There were no cases of instent
restenosis. Average late luminal loss for the cohort was 0.16 (±0.16) mm. All side
branches were patent with TIMI III flow at follow up. The percentage of side
branches with binary stenosis decreased from 35% post BVS implantation to 24%
at 9 months in the study population.
On follow up, the degree of ostial SB narrowing remained similar compared to
postprocedural values in the both groups. Sizing strategy had no effect on the
degree of residual stenosis within the main vessel.
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Post PCI
Proximal RVD (mm)
Distal RVD (mm)
In device MLD (mm)
In device DS(%)
SB ostial diameter (mm)
SB RVD (mm)
SB stenosis (%)
Follow up
Proximal RVD (mm)
Distal RVD (mm)
In device MLD (mm)
In device DS(%)
SB ostial diameter (mm)
SB RVD (mm)
SB stenosis (%)
Δ (postPCI - fup)
Proximal RVD (mm)
Distal RVD (mm)
In device MLD (mm)
In device DS(%)
SB ostial diameter (mm)
SB RVD (mm)
SB stenosis (%)

Prox (n=9)

Distal (n=8)

p value

3.27 (± 0.41)
2.73 (± 0.31)
2.26 (± 0.38)
19 (± 12)
1.42 (± 0.59)
2.37 (± 0.45)
40 (± 19)

3.13 (± 0.30)
2.65 (± 0.45)
2.21 (± 0.42)
17 (± 10)
1.14 (± 0.27)
2.09 (± 0.25)
46 (± 14)

0.54
0.96
0.42
0.09
0.89
0.23
0.89

3.07 (± 0.42)
2.66 (± 0.36)
2.28 (± 0.48)
19 (± 12)
1.33 (± 0.32)
2.30 (± 0.44)
40 (± 22)

2.79 (± 0.31)
2.37 (± 0.41)
1.85 (± 0.33)
23 (± 11)
1.38 (± 0.45)
1.95 (± 0.39)
29 (± 18)

0.28
0.24
0.37
0.14
0.54
0.17
0.82

0.20 (± 0.32)
0.07 (± 0.23)
-0.02 (± 0.20)
0 (± 6.46)
0.09 (± 0.64)
0.07 (± 0.26)
0 (± 21)

0.33 (± 0.31)
0.28 (± 0.36)
0.36 (± 0.28)
-6 (± 11)
-0.24 (± 0.51)
-0.39 (± 1.17)
17 (± 19)

0.17
0.05
0.37
0.82
1
0.89
0.61

*n=8, #n=3, $n=5, RVD-Reference Vessel Diameter, MLD-Minimum Luminal Diameter, DSDiameter Stenosis, SB-Side Branch#
Data expressed as Mean (± sd)

Table 8: QCA analysis post PCI and at follow up. The change between procedural
and follow up values is shown as Δ

4.4.3

Optical Coherence Tomography

4.4.3.1 General
Paired post procedural and follow up OCT imaging was available in 14 patients.
In the proximal arm, two patients did not have post procedural OCT. In the first
case, the OCT catheter would not go past the BVS. The second case was
complicated by SB dissection and OCT was not performed in order to minimise
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injection of contrast. At follow up, one patient had suboptimal OCT image
quality. These three cases were excluded from analysis.
Quantitative measurements of device and lumen dimensions in the overall group
are presented in Table 9. In line with the angiographic findings, mean lumen size
in the main vessel was generally smaller on follow up.

In segment MLD (mm)
In segment MLA (mm2)
In segment MeLD (mm)
In segment MeLA (mm2)
Mean SA (mm2)
Minimum SA (mm2)
NIA per frame (mm2)
Neointimal burden (%) *

Baseline
2.29 (± 0.32)
4.38 (± 1.19)
2.94 (± 0.32)
6.99 (± 1.63)
7.84 (± 2.02)
5.85 (± 1.42)

Fup
2.26 (± 0.37)
4.10 (± 1.42)
2.75 (± 0.34)
6.11 (± 1.57)
7.73 (± 1.90)
5.97 (± 1.96)
1.50 (± 0.52)
19.5 (± 6.1)

p value
0.58
0.25
0.005
0.004
0.22
0.62

*MLD-Minimum Luminal Diameter, MLA-Minimum Luminal Area, MeLD-Mean
Luminal Diameter, MeLA-Mean Luminal Area, SA-Scaffold Area, NIA-Neointimal
Area
Data expressed as mean (± sd)

Table 9: Comparison of OCT characteristics at baseline and follow up.

4.4.3.2 Strut coverage
Strut coverage was assessed at 1mm interval over 5mm on either side of the side
branch. At the bifurcation level, each frame where the side branch was visible was
analysed. Table 10 shows the neointimal coverage along the three segments.
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Proximal segment
No of struts analysed
NIT (µm)
% uncovered struts (n)
SB segment
No. of struts analysed
Average NIT per strut (µm)
Average NIT per NASB strut (µm)
Average NIT per strut opp SB (µm)
% of NASB struts with bridge (n)
% of uncovered struts (n)
Distal segment
No of struts analysed
Distal segment NIT (µm)
% uncovered struts (n)

Proximal
sizing

Distal sizing

p value

250
72 (± 25)
3.2 (8)

275
96 (± 63)
0.7 (2)

0.07
0.001

700
71 (± 14)
65 (± 16)
73 (± 17)
50 (350)
7.2 (50)

754
98 (± 42)
86 (± 56)
102 (± 46)
40 (302)
1.1 (8)

0.06
0.12
0.05
0.16
0.001

327
96 (± 30)
2.4 (8)

315
100 (± 39)
0.6 (2)

0.67
0.02

NIT-Neointimal Thickness, NASB-Non Apposed SB strut, opp- opposite
Data expressed as mean (± sd), % (n) or number

Table 10: Comparison of strut coverage according to sizing.

There were more uncovered struts with a proximal sizing strategy. This was
observed in all three sections of the bifurcation segment. Struts in the bifurcation
segment were separated into two groups for further analysis– those lying across
the SB ostium termed non opposed SB struts (NASB) and those along the arterial
wall. NASB struts had lesser intimal coverage independent of the sizing strategy
(p=0.04) (Figure 29).
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Figure 29: Neointimal coverage of struts in the segment containing the side branch.
NIT is less for NASB strut (23 μm) compared to the strut opposite the SB (69 μm).

Approximately half of the NASB struts were connected to the main vessel with a
tissue bridge as shown in Figure 30.
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Figure 30: OCT image of a connecting bridge linking a NASB strut to the main
vessel wall.

4.4.3.3 Malapposition
Strut apposition was assessed in 16 patients on follow up OCT. Malapposed struts
were present in 50% of cases in the proximal group (4/8 cases) and in 37.5% (3/8
cases) in the distal arm at follow up. Analysis of paired post procedural and follow
up OCT images was performed in 13 cases (Table 11).
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Baseline
Patient level analysis
No of lesions with >1 malapposed strut
Strut level analysis
Total no. of malapp struts
Average no. of malapp struts per case
No. of malapp struts that become apposed at fup
Fup
Patient level analysis
No of lesions with >1 malapposed strut
No of lesions with persistent ISA
No of lesions with late ISA
Strut level analysis
Total no. of malapposed struts
No. of struts with late malapposition
No. of struts that were malapposed at baseline

Proximal (n=5)

Distal (n=8)

100%

100%

223
45
212 (95%)

699
87
664 (95%)

2 (40%)
1 (20%)
2 (40%)

3 (38%)
2 (25%)
2 (25%)

55
44 (80%)
11 (20%)

208
173 (83%)
35 (17%)

ISA: Incomplete stent apposition
Data expressed as number (%)

Table 11: Comparison of malapposition between sizing strategies

95% of struts that were malapposed after the procedure were apposed by 9
months. At a patient level, the incidence of late acquired ISA (LAISA) and
persistent ISA in the whole group was 31% and 23% respectively. The
contribution of late ISA to overall malapposition burden was much higher at a
strut level analysis due to a significant LAISA in one patient. Positive vessel
remodelling with luminal enlargement caused late malapposition in 3 cases while
1 case of LAISA was due to late scaffold recoil. Given the small numbers in each
sizing arm, we could not determine the influence of sizing strategy on
malapposition. Figure 31 shows a typical case with late malapposition caused by
adaptive vessel remodelling.
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Figure 31: Post procedural (left) and fup (right) OCT images with LAISA- The
postprocedural luminal and scaffold areas were 3.14 mm2 and 3.20mm2
respectively. On follow up imaging, strut malappostion was evident (12 to 6 o’clock).
The follow up luminal and scaffold areas were 3.55mm2 and 3.25mm2 respectively
i.e the scaffold area was comparable to the postprocedural value while the lumen
area had increased. Thus in this case, LAISA was caused by positive vessel
remodelling

4.4.3.4 Scaffold discontinuity
Overhanging or stacked struts were seen in 23.5% of cases (2 patients in each
group) at 9 months. Most of the struts involved were covered with neointimal
tissue (Table 12). Only 4 out of 47 discontinuous struts were both uncovered and
malapposed. Comparison with post procedural images did not reveal any scaffold
damage after implantation at the site of the subsequent discontinuity.

No. of cases
Strut level analysis
Total number
Covered/apposed (%)
Covered/malapposed (%)
Uncovered/apposed (%)
Uncovered/malapposed (%)
Data expressed as n (%)

Table 12: Coverage of discontinuous struts
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Proximal
2 (22)

Distal
2 (25)

17
2 (11.8)
11 (64.7)
1 (5.9)
3 (17.6)

39
25 (64.1)
13 (33.3)
0
1 (2.6)

Figure 32 illustrates one of the cases with marked protrusion of the strut within
the lumen along with the corresponding image immediately after BVS
implantation.

Figure 32: Paired postprocedural (left) and follow up (right) OCT images with late
scaffold discontinuity. There is no apparent fracture or abnormality on the
postprocedural image.

Scaffold discontinuity was sometimes accompanied by late scaffold recoil causing
concomitant malapposition as shown in Figure 33.

Figure 33: Paired OCT images illustrating the co-existence of LAISA and scaffold
discontinuity. Post procedural scaffold area was 4.06mm2 compared to 3.67mm2 at
follow up showing late scaffold recoil to be the mechanism of LAISA and possibly
scaffold disruption.
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4.4.3.5 Evaginations
Coronary evaginations were seen in about half the follow up cases (4 cases in
each arm). Figure 34 illustrates one such example. There were no cases of
coronary aneurysm.

Figure 34: Multiple coronary evaginations at 9 months

Rarely, intraluminal masses were present within coronary evaginations as shown
in Figure 35.
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Figure 35: Paired OCT images with coronary evagination and thrombus. The image
on the left was obtained immediately after the procedure while the one on the right
was obtained at 9 months. There is an outward bulge at 7 o'clock at follow up with
an intraluminal mass abutting a strut. The latter could represent an organised
thrombus.

4.5 Discussion
4.5.1

Clinical outcomes

Our clinical event rates are comparable with previously published data. The
ABSORB trials reported 1 year event rates between 3.4-7.8%182-184. MACE rates
of up 16.1% at 1 year have been reported in registries where the ABSORB BVS
has been used in bifurcations45. To date, the largest report on the use of BVS in
bifurcations comes from a subset analysis of the European multi-centre GHOST
EU registry46. 27% of patients from the registry (totalling 302 bifurcations) had
treatment of a bifurcation lesion involving a side branch>2.25mm on visual
assessment. The provisional approach of main vessel stenting was used in 86% of
bifurcations with intravascular imaging use in under a quarter of cases. At 1 year,
the MACE and TLR rates were 9.0% and 2.5% respectively.
We did not have any case of scaffold thrombosis despite using the scaffold in a
higher risk group than other RCTs have traditionally addressed. Most trials have
confined the use of BVS to relatively simple lesions and in particular have
excluded bifurcations. Registry data show that scaffold thrombosis rates in
bifurcations reside between 1.1% and 2.5% at 1 year which are comparable to
metal stents in bifurcation treatment42,43. Firm adherence to dual antiplatelet
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treatment (DAPT) appears to be critical in reducing the risk of ST as illustrated by
the results of the Giessen registry, where an inordinately high rate of ST (8.1%)
was due to premature discontinuation of DAPT in all cases45. Although MACE
and TLR rates are higher compared to metallic DES, outcomes can be improved
with a meticulous implantation protocol with appropriate pre-dilatation, sizing and
post-dilatation27. Correct deployment strategy and liberal use of intracoronary
imaging may be the key in curbing the ST rates185. Seth et al. recently presented
the long term clinical follow up of patients with B2/C complex lesions treated
with PSP implantation technique and reported a 0.6% incidence of scaffold
thrombosis at 3 years186. The blinded, pooled interim outcomes of ABSORB IV
were presented at ACC earlier this year187. When compared to ABSORB III, more
post dilatation was done (83% versus 66%) while fewer BVS were implanted in
small vessels of <2.25mm diameter on QCA (4% versus 19%). Pooled ST rates at
1 year reflect this more careful approach with a reduction to 0.5% from 1.1% in
ABSORB IV. To our knowledge, we have the one of the highest rates of
intravascular imaging use and adherence to PSP technique published in the
literature which may explain our ST result.

4.5.2

Neointimal response

4.5.2.1 Side branch
Our observation of poorer neointimal coverage in NASB compared to those
opposite the side branch is consistent with previously published data from the
ABSORB B cohort148. In a post hoc analysis, the percentage of uncovered struts
across jailed SB was 4.8% compared to 0.4% on the opposite wall 1 year after
BVS implantation. This difference was even more pronounced when large side
branches were considered (8.7% v 0.3%). Over half of the NASB struts in our
study had a connecting tissue bridge to the main vessel. Imaging studies using
OCT have shown that tissue can grow across the struts overlying side branches
leading to the formation of a ‘neocarina’188. As the struts resorb, this ‘neo carina’
assumes the configuration of a network of thin tissue bridges determined by the
size of the SB orifice. In an OCT analysis of 24 jailed orifices from the ABSORB
B trial, Onuma et al. found that the ostial area decreased between 1 and 2 years
but increased therafter189. The 5 year followup data was recently presented at the
European Bifurcation Club conference190. Small compartments delineated by the
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struts across the SB were fully incorporated within the neointima. Interestingly,
these areas were associated with a regression of neointimal tissue leading to an
overall increase in the ostial area. However neointimal bridges across large
compartments remained despite resorption of the struts. This effect could be
exploited when dealing with large side branches by routinely performing low
pressure side branch dilatation in order to create one large and a few small
compartments. It will be worth investigating this strategy in future trials.
4.5.2.2 Main vessel
The influence of sizing strategy on strut coverage in the main vessel is an
interesting finding. The use of a larger BVS in the proximal group may have
resulted in under-deployment or over-expansion since the vessel diameters in both
groups were comparable. The association between these mechanical factors and
scaffold thrombosis has previously been discussed and may in part be related to a
delay in neointimal coverage69. Another plausible hypothesis is the occurrence of
higher flow disturbance and lower WSS with proximal sizing. The thicker
rectangular struts of the ABSORB BVS typically generate more flow disturbance
creating a lower wall shear stress area within the scaffold191. An underdeployed
scaffold is likely to induce greater reduction in WSS. A low WSS microenvironment can inhibit endothelial cell proliferation thus delaying reendothelialisation of the strut surface. Biomechanical modelling of a provisional
strategy using the ABSORB BVS would be useful to confirm our hypothesis.

4.5.3

Complications

4.5.3.1 Malapposition
Our incidence of malapposition is larger than those in previous studies. The
incidence at 6 months was 0.8% (strut level) in the ABSORB B OCT substudy148
and 7.8% (patient level) at 2 years in the ABSORB Japan trial192. Our larger rate
of malapposition is most likely due to the fact that BVS were used in bifurcations
in our study. In line with published data148, we observed that most of the
malapposed struts at baseline became well apposed at follow up.
The contribution of late ISA to the overall malapposition load at follow up was
relatively high in our study with late ISA accounting for 57% of total ISA at a
patient level and ~80% at a strut level. In contrast, malapposition at follow up in
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ABSORB B was more often due to persistent ISA (81%) 148. The ABSORB Japan
study had a relatively higher proportion of LAISA (40%) but persistent ISA was
still the main cause of malapposition192. Various mechanisms have been
implicated in the generation of late ISA including positive vascular remodelling
with luminal enlargement, dissolution of thrombus behind the struts after
implantation, cytotoxic drug-induced vessel wall retraction and chronic recoil of
the stent193. While it is not clear why the incidence of late ISA is higher in our
study, we can propose a few hypotheses. The difference in implantation technique
in bifurcations compared to relatively straight coronary segments may be
important. Bifurcation stenting imparts different levels of wall stress in the
proximal and distal segments which influence adaptive remodelling194. The
different mechanical pressures experienced by the scaffold in bifurcations may
also increase their likelihood of late recoil hence late ISA. The fate of late
acquired scaffold malappostion is not clear. IVUS imaging at 3 years in the
ABSORB B substudy showed that cases of late ISA detected at 1 year had
resolved195. However, three new cases (6%) developed in between 1 and 3 years.
The clinical significance of LAISA is currently unknown and requires long term
imaging and clinical follow up.
4.5.3.2 Scaffold discontinuity
During the second phase of hydrolytic degradation, structural discontinuities are
expected as the amorphous tie chains binding the crystalline domains are
broken22. The orientation of crystallites during polymer processing determines the
degree of radial or axial strength. Circumferentially oriented crystallites give
radial strength to the hoops while axially oriented ones convey strength to the
connectors. As radial strength is a key design feature, priority is usually given to
circumferential orientation so that the connectors are usually more susceptible to
cracks. The location of structural discontinuities is also dependent on the external
stresses imparted by the surrounding tissue at that point. Scaffold discontinuities
may have an iatrogenic cause. As resorption lowers the mechanical integrity of the
BVS, any instrumentation within the coronary artery such as that needed for
intracoronary imaging may damage the scaffold196.
The ABSORB Japan trial reported an incidence of scaffold discontinuity of 25%
at 2 years192 while the ABSORB B reported an incidence of 42% by 3 years18.
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Even though our cohort had more complex lesions and a more aggressive
implantation procedure, our incidence of late discontinuity was below that
reported in the ABSORB studies. This may partly be due to our shorter follow up.
Even so, it is encouraging to see that the use of the ABSORB BVS in bifurcations
is not associated with excessive scaffold disruption.
While well-apposed, covered discontinuous struts are likely to be benign,
uncovered struts protruding into the lumen can potentially have a nefarious effect.
Intraluminal dismantling has been linked to the occurrence of VLST69. More data
is needed to assess the clinical implications of late discontinuities in the ABSORB
BVS scaffold.
4.5.3.3 Evagination and aneurysm:
Coronary evaginations were frequently observed after implantation of first
generation DES. Procedural factors such as aggressive post dilatation, chronic
inflammation and hypersensitivity reactions to a component of the stent (drug,
polymer, metal) have been implicated though no particular culprit has been
identified197,198. Newer iterations of metallic DES resulted in a significant
reduction in the incidence of aneurysmal dilatation199. However this finding
appears to have resurfaced with BVS implantation. In an analysis of 90 patients,
Gori et al. found that 56% of patients had at least one evagination 1 year after
BVS implantation200.The need for high pressure post dilatation causing larger
dissections and deeper arterial wall injury has been postulated as a possible
explanation201. In our study, the high rate of pre and post dilatation did not confer
a greater risk for the development of evaginations or aneurysms.
Coronary aneurysms have been associated with an increased risk of stent
thrombosis202. The altered geometry of the vessel adversely alters the blood flow
profile especially in the presence of malapposed struts. Disruption of the laminar
blood flow in addition with ongoing vascular inflammation can lead to thrombus
deposit203. Our finding of an intraluminal mass which is possibly thrombotic in
origin at the site of a luminal protruberance would support this observation. The
long term effect of these findings after BVS implantation needs further
investigation.
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4.6 Limitations
The following limitations have to be taken into consideration when interpreting
the results of our follow up data. Firstly, the number of patients on whom follow
up data was available was relatively small compared to the baseline group.
Secondly, all the analysis was performed by a single investigator and not in a core
laboratory. Since the investigator was not blinded to randomisation, this
introduces a potential source of bias. Thirdly, our patient group had relatively
‘simpler’ bifurcation disease in that the side branch was free of significant
stenosis. Our findings may not apply to the whole spectrum of bifurcation disease.

4.7 Conclusion
The provisional strategy with the ABSORB BVS has an acceptable MACE rate at
9 months. A distal sizing strategy is associated with fewer uncovered struts at
follow up. Despite using the ABSORB BVS in more complex lesions, we
observed similar rates of scaffold discontinuity and evaginations as trials
involving simpler lesions.

118

5 The effect of elective implantation of
the ABSORB BVS on coronary
microvasculature
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5.1 Introduction
Coronary disease represents a spectrum of conditions including epicardial
stenosis,

diffuse

atherosclerotic

disease

and

microvascular

dysfunction.

Percutaneous coronary intervention (PCI) has revolutionised the treatment of
epicardial disease. While PCI successfully restores blood flow within the conduit
artery, it can also affect the distal microvasculature. The technique of implantation
plays an important role on post procedural coronary microvascular resistance
(CMVR). Several studies have investigated the effect of coronary stenting with
metal stents on the microcirculation127,204,205. Implanting an ABSORB BVS may
not have the same impact on CMVR. The degree of wall damage and distal
embolization of atherosclerotic debris is likely to differ between a polymer and
metal platform. This may occur not only because of the different structural
properties between the two materials but also due to the differing techniques of
implantation. Appropriate implantation of the ABSORB BVS requires aggressive
pre dilatation, post dilatation and additional instrumentation with intravascular
probes for appropriate sizing (so called PSP protocol27), all of which may affect
the integrity of the microcirculation. The impact of a BVS specific implantation
protocol on downstream vasculature is currently unknown.
The interim 1 year report of the randomised ABSORB II trial reported that
patients receiving BVS reported less angina and lower use of nitrates than those
receiving Xience DES182. Restoration of vasomotion, better vascular compliance
and better conformability165 of the scaffold were initially postulated as possible
explanations. It is now known that BVS implantation does not result in superior
coronary vasoreactivity compared to metal stents even up to 3 years after
insertion76. Similarly, while compliance mismatch and a poorly conformable
device can cause excessive neointimal growth, BVS implantation has been found
to have elicit a larger neointimal response than metal stents75. The improvement in
angina observed in the ABSORB II trial may be mediated through its effect on the
microvascular network.
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5.2 Aim
1. To assess the impact of a bifurcation-specific BVS implantation protocol on
coronary microcirculation.
2. To assess the influence of elective implantation of the ABSORB BVS on long
term microvascular physiology.

5.3 Methods
5.3.1

Study population

The study population included patients from the ABC-1 trial undergoing elective
implantation of a BVS for the treatment of bifurcation disease as described in
chapter 2. Patients who had PCI with both metal stent and BVS during their index
procedure were excluded.

5.3.2

Cardiac catheterization and haemodynamic

measurements
The bifurcation specific implantation technique has been described in detail in
chapter 2. Epicardial stenoses were evaluated using Fractional Flow Reserve
(FFR) while the microcirculation was assessed using the index of microvascular
resistance (IMR). Pre procedural IMR was corrected for collateral flow using the
coronary wedge pressure (Pw). Overall coronary flow was assessed using
Coronary Flow Reserve (CFR). Physiological parameters were measured before
and after BVS insertion. In a smaller subset of patients, 9 month follow up
haemodynamic data was available.

5.3.3

Data analysis

As described in chapter 2.

5.3.4

Statistical analysis

Categorical data are expressed at percentage (number of patients) while
continuous variables are expressed as either mean (±standard deviation). Test for
normality was carried out using the Shapiro-Wilk test. The IMR and CFR data
were not normally distributed and thus overall comparison of serial measurements
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was made using the Wilcoxon signed-rank test with a significance level set at
p<0.05

5.4 Results
5.4.1

Patient characteristics

From February 2016 to June 2017, 38 patients were enrolled in the ABC-1 study.
The patient flow diagram is outlined in Figure 36. Paired pre and post
implantation IMR were available in 31 patients. We compared pre and post
implantation haemodynamic data in this cohort. Nine-month physiology data was
available in 14 patients by the time data collection was halted for the purpose of
this thesis. We compared pre-PCI, post-PCI and follow up data in the latter
cohort.

Figure 36: Patient flow diagram for haemodynamic assessment

The clinical and procedural characteristics of the 31 patients are presented in
Table 13. The mean age was 62 years and 77% of patients were male. The culprit
lesion was predominantly located in the LAD/diagonal system. Predilatation and
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postdilatation rates were both 100%. All patients had intravascular imaging with
OCT. There were no major complications during BVS implantation. One case did
not meet the criteria for procedural success due to the presence of TIMI II flow in
the side branch at the end of the procedure.

Patient characteristics
Age
Gender (male)
BMI
Hypertension
Hyperlipidaemia
Current smoker
Diabetes Mellitus
Family History
Renal Impairment
eGFR
Previous MI
Previous PCI
Previous CABG
Previous Stroke/TIA
Stable angina
CCS 3/4
Lesion characteristics
LAD
LCx
RCA
B2/C
mod/severe calcification
Procedural characteristics
Predilatation
BVS Diameter (mm)
BVS Length (mm)
BVS Inflation Pressure (atm)
Post dilatation
Procedural success
TIMI III flow in MV
TIMI III flow in SB

62.3 (± 10.3)
77.4 (24)
28.9 (± 5.8)
48 (15)
55 (17)
16 (5)
19 (6)
32 (10)
6.5 (2)
84 (± 18)
32 (10)
32 (10)
0
3.2 (1)
100 (31)
16 (5)
87 (27)
10 (3)
3 (1)
65 (20)
29 (9)
100 (31)
3.1 (± 0.36)
23 (± 5)
13 (± 2)
100% (31)
97 (30)
100 (31)
97 (30)

Data expressed as Frequency (no of patients) or Mean (± sd)

Table 13: Patient and procedural characteristics of cohort undergoing
haemodynamic assessment
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5.4.2

Physiological parameters pre and post BVS insertion

Table 14 shows the physiological parameters measured before and after scaffold
insertion. Our patient cohort had on average a higher IMR value at baseline
compared to previously published reference levels206. PCI was accompanied by an
average IMR reduction of 8.6 [95% CI: 1.6 - 15.6, p=0.02]. FFR improved after
stenting by 0.16 (95% CI: 0.12-0.2, p<0.0001]. Mean CFR improved by 0.9 [95%
CI: 0.2-1.6, p=0.02].

Non hyperaemic Pa (mmHg)
Non hyperaemic Pd (mmHg)
Non hyperaemic Tmn (s)
Hyperaemic Pa (mmHg)
Hyperaemic Pd (mmHg)
FFR
Hyperaemic Tmn (s)
CFR
IMR

Pre BVS (n=31)
89 (± 14)
79 (± 17)
1.05 (± 0.46)
84 (± 19)
64 (± 17)
0.77 (± 0.11)
0.55 (± 0.36)
2.3 (± 1.1)
30.7 (± 18.4)

Post BVS (n=31)
90 (± 17)
85 (± 17)
0.89 (± 0.52)
81 (± 19)
75 (± 17)
0.92 (± 0.04)
0.30 (± 0.16)
3.2 (± 1.8)
22.1 (± 12.2)

p value
0.69
0.02
0.15
0.32
<0.0001
<0.0001
0.001
0.02
0.02

Pa- Aortic pressure; Pd- Distal pressure; Tmn- Transit time; FFR-Fractional Flow Reserve; CFRCoronary Flow Reserve; IMR- Index of Microcirculatory Resistance
Data expressed as mean (± sd)

Table 14: Comparison of haemodynamic parameters before and after BVS
insertion.

5.4.3

Physiological parameters prePCI and at follow up

The haemodynamic conditions at pre implantation and follow up in the 14 patients
are presented in Table 15. The mean follow up period was 273 (±11) days.
Inscaffold restenosis (ISR) did not occur in any of the cases. Similarly, there was
no significant progression of native coronary disease in any of the cases.
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Non hyperaemic Pa (mmHg)
Non hyperaemic Pd (mmHg)
Non hyperaemic Tmn (s)
Hyperaemic Pa (mmHg)
Hyperamic Pd (mmHg)
FFR
Hyperaemic Tmn (s)
CFR
IMR

Pre BVS (n=14)
90 (± 11)
82 (± 11)
1.07 (± 0.58)
84 (± 12)
66 (± 13)
0.78 (± 0.06)
0.52 (± 0.36)
2.4 (± 1.0)
33.1 (± 22.2)

Fup (n=14)
98 (± 13)
92 (± 13)
0.79 (± 0.39)
87 (± 12)
80 (± 12)
0.92 (± 0.05)
0.33 (± 0.17)
2.5 (± 1.0)
27.2 (± 16.8)

p value
0.07
0.02
0.05
0.48
0.01
0.001
0.04
0.58
0.3

Pa- Aortic pressure; Pd- Distal pressure; Tmn- Transit time; FFR-Fractional Flow Reserve; CFRCoronary Flow Reserve; IMR- Index of Microcirculatory Resistance
Data expressed as mean (± sd)

Table 15: Comparison of physiological parameters prePCI, postPCI and follow up.

FFR remained significant lower at follow up compared to pre-procedural values (p
=0.001). In contrast, neither CFR nor IMR showed a significant difference
between pre-procedural and follow-up levels (p=0.58 and p 0.30 respectively).
Serial IMR changes of each 14 patients from pre-procedure, post-procedure and
follow up are `illustrated in Figure 37.
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Change of IMR with time
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Figure 37: Serial IMR data for each of the 14 patients before PCI, after PCI and at
follow up. Each specific colour traces the change in IMR for an individual patient at
those three timepoints.

5.5 Discussion
Our findings can be summarised as follows 1) Both coronary microvascular
resistance and coronary flow reserve improve immediately after PCI with the
ABSORB BVS 2) The improvement in microcirculatory resistance is not
sustained at follow up.
Our study is the first to compare invasive assessment of the coronary
microvasculature before and after elective BVS implantation and at 9 month
follow up. Data on the effect of BVS on coronary physiology is limited. In a study
using positron emission tomography, patients treated electively with BVS had a
lower coronary flow reserve at 1 month follow up than those treated with DES207.
However in this study pre procedural CFR was not available and pre-exisiting
differences in coronary resistance between the two groups may have been
responsible for this finding. In a study of 15 patients undergoing elective PCI,
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BVS implantation improved both IMR and CFR compared to baseline208.
Comparison of physiological data with a propensity-matched metal stent cohort
showed that IMR improved with BVS but deteriorated with metal stents.
Elective ABSORB BVS implantation causes an immediate reduction in
microcirculatory resistance
In

the

setting

of

elective

PCI,

stent

implantation

technique

affects

microcirculatory resistance. Patients who have direct stenting have been found to
have a lower IMR compared to those who had predilatation209. This is presumably
due to a smaller amount of atherosclerotic plaque embolization with direct
stenting compared to the combination of predilatation and stenting. Compared to
metal stents, more extensive lesion preparation and post dilatation is required with
BVS27. Our study shows that the more aggressive implantation technique does not
adversely affect the distal microvasculature. Despite performing predilatation and
postdilatation in all our cases, we did not observe a deterioration in
microcirculatory resistance. In fact, IMR improved immediately after scaffold
deployment. More extensive lesion preparation may paradoxically exert a
protective effect on microcirculation by inducing a degree of ischaemic
preconditioning. Another plausible explanation is that the larger width or
‘footprint’ of the BVS scaffold effectively shields atherosclerotic debris thereby
reducing micro-embolization. Finally, the reduction in microvascular resistance
may be due to the restoration of coronary perfusion pressure after successful
treatment of epicardial stenosis. Myocardial perfusion downstream of a severe
stenosis is markedly heterogeneous with blood being diverted to particular regions
in place of others210. This is an adaptive mechanism aimed at preserving the
transmicrocirculatory pressure gradient to allow normal metabolic exchange to
occur in some regions despite ischaemia. Removal of a stenosis floods dormant
vascular units with blood. If those units are set in a parallel configuration, the
overall resistance in the network decreases211. This reduction in microvascular
resistance coupled with the increase in blood flow within the conductance vessels
would also improve coronary flow reserve.
The improvement in microvascular function is not preserved long term
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The lack of a sustained improvement in microvascular resistance may be
explained by a number of mechanisms. Firstly it is possible that the immediate
improvement in resistance was only a transient effect mediated by passive
distension of the microcirculation in response to a rise in perfusion pressure. In
such a case, flow reserve would temporarily improve but once the circulation had
acclimatised to this new ‘normal’, the vasodilatory capacity could come back
down212. Secondly, it could be that microvascular function was restored after the
procedure but microvascular disease progressed in the time interval between PCI
and follow up. Although theoretically possible, this is less likely. The interval
between the procedure and follow up was only 9 months. In addition, all patients
were on secondary prevention therapy. These included treatment with statins and
angiotensin enzyme inhibitors both of which exert a protective effect on the
microvascular bed213,214. Therefore an aggressive progression of microvascular
disease in patients in a short time interval is doubtful. Thirdly, restoration of blood
flow may have exposed underlying microvascular disease which was concealed in
the presence of epicardial disease.
Finally with regards to our original hypothesis, our results do not explain the
improvement in angina reported in the ABSORB II trial. However this
symptomatic improvement has not been replicated in subsequent larger trials
suggesting that the improvement in angina in the BVS arm was a chance
occurence76.

5.6 Limitations
There are some important limitations which need to be mentioned. The relatively
small number of patients in whom follow up data was available limits the
interpretation of physiology data at that time point. Thermodilution curves were
acquired after injections of 5mls of normal saline as opposed to 3mls which is
conventionally used in most studies. We were unable to obtain an interpretable
trace using boluses of 3mls in cases of very severe stenosis. This is possibly due
to too small a volume of fluid being transmitted to the sensor distal to the
narrowing. In animal studies, bolus injections of up to 5mls of saline have been
shown not to affect coronary blood flow. Thus using a higher volume of injectate
is unlikely to have adversely affected our measurements215. While we corrected
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the pre-PCI IMR values for collateral supply by factoring the coronary wedge
pressure in our calculation, we did not repeat wedge pressures after scaffold
deployment. Periprocedural cardiac biomarker levels were not routinely collected
in our study. Therefore we cannot overlook the influence of periprocedural MIs on
our results. A comparator arm with a metal stent would have been useful. In its
absence, direct comparison of our results with physiology studies using metallic
stents has to be done with caution.

Finally, it is possible that CFR was

overestimated in our cohort due to the bifurcation anatomy especially when the
side branch originated proximal to the stenosis. While this could have an effect on
absolute values of haemodynamic parameters, it would not affect comparison in
the same patient at different time points.

5.7 Conclusions
BVS implantation in an elective setting is accompanied by an immediate
improvement in microvascular function but this effect is not sustained on long
term follow up. The more aggressive lesion preparation mandated for optimal
implantation does not have a deleterious effect on the microvasculature.
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6 The effect of ABSORB BVS on
inflammation following elective
implantation
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6.1 Introduction
Randomised controlled trials and registry data have shown that the ABSORB
BVS is associated with a higher rate of thrombosis and late luminal loss27,75.
Contributing factors such as malapposition, late scaffold dismantling and
underdeployment69 have been identified but the influence of inflammation on the
restenotic/thrombotic response has not been investigated. Metal stents can induce
a persistent inflammatory response causing a more potent neointimal response and
a higher rate of in-stent restenosis (ISR)216. Histopathological analyses of
restenotic tissue have shown a higher preponderance of inflammatory cells and
fibrinoid tissue indicating an incomplete healing response217. Numerous
mechanisms have been implicated in the development of a pathological
inflammatory response after stenting. Biological factors include hypersensitivity
reactions either to the metallic platform or to the polymer jacket and resistance to
the anti-proliferative drug9,218. In contrast, healthy porcine coronary arteries
treated with the ABSORB BVS have shown a relatively benign vessel response
compared to first generation drug eluting stents60. Whether the lower levels of
inflammation seen in these pre-clinical studies can be extrapolated to diseased
human arteries is unknown.
The inflammatory response after PCI is influenced not only by the vascular injury
induced by the procedure but also by the pre-existing inflammatory environment.
In clinical settings, the baseline inflammatory status has been assessed with a wide
variety of markers including CRP, IL-6, MCP-1 and sCD40L. In general, patients
with high pre-interventional inflammatory activation seem to be at a greater risk
of ISR. This observation has been consistently observed with bare metal stents
(BMS) though the relationship in drug eluting stents (DES) is less clear
cut103,112,219-221. So far, no study has investigated the effect of pre-procedural
inflammatory state on subsequent neointimal growth after treatment with BVS.

6.2 Aim
•

To assess whether routine implantation of the ABSORB BVS elicits a
persistent systemic inflammatory response as assessed by circulating
inflammatory markers.
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•

To assess whether the underlying inflammatory environment, as gauged by
plasma levels of biomarkers, influences the neointimal hyperplastic response.

6.3 Methods
6.3.1

Study population

The study population consisted of patients from the ABC-1 trial who had follow
up imaging data by June 2017. Patients with a history of PCI with metal stents
were excluded. Patients had peripheral arterial blood sampling before PCI
(baseline) and 9 months after the procedure (follow up). All patients underwent
OCT imaging at follow up.

6.3.2

OCT measurements

Baseline and follow up measurements were performed according to the definitions
and protocols outlined in chapter 2. Only scaffolds implanted within the
bifurcation segment were considered. Neointimal burden was used as a measure
of neointimal growth.

6.3.3

Inflammatory markers protocol

This has been described in chapter 2. In brief, we used four markers of
inflammation – CRP, IL-6, MCP-1 and sCD40L. Baseline and follow up samples
were examined using the same ELISA kit for each biomarker.

6.3.4

Data analysis

Neointimal burden was correlated with three parameters namely:
1. Levels of inflammatory mediators at baseline
2. Levels of inflammatory mediators at follow up
3. Difference between follow up and baseline levels of inflammatory markers.
Levels of biomarkers at baseline and follow up were also compared.

6.3.5

Statistical analysis

Continuous variables are presented as mean (± standard deviation) if normally
distributed and median (interquartile range [IQR]) when not normally distributed.
Discrete data is presented as percentage (count). Test for normality was performed
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with the Shapiro-Wilk test. The distribution of inflammatory biomarker levels was
non-normal and thus comparison between baseline and follow up levels were
made using the Wilcoxon signed rank test. Correlation between levels of
inflammatory markers and neointimal burden was made using the Spearman rank
correlation coefficient.

6.4 Results
6.4.1

Population characteristics

Our study population consisted of 12 patients who had paired baseline and follow
up data by June 2017. Table 16 summarises the patient and procedural
characteristics at baseline. 9 patients (75%) were male and mean age was 64.8
years. All patients had stable angina. None of the patients had a pre-existing
inflammatory condition, renal or liver dysfunction. Procedural success was 92%
with one case of periprocedural MI. Mean follow up period was 269 days. One
patient had early angiography and blood sampling (6 months after PCI) for
investigation of atypical chest pain. No significant issue was identified on
coronary angiogram and his symptom was deemed to be unrelated to the PCI
procedure. In view of this, we included his data in our analysis.
Patient characteristics
Age
Gender (male)
BMI
Hypertension
Hyperlipidaemia
Current smoker
Diabetes Mellitus
Family History
Renal Impairment
Creatinine (µmol/l)
Previous PCI
Previous CABG
Inflammatory condition
Stable angina
CCS 3/4
B2/C lesion
Mod/severe calcification
Procedural characteristics

64.8 (± 6.4)
75 (9)
28.9 (± 5.5)
41.7 (5)
41.7 (5)
8.3 (1)
8.3 (1)
58.3 (7)
0
84 (± 13.1)
0
0
0
100 (12)
8.3 (1)
66.7 (8)
41.7 (5)
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BVS Diameter (mm)
BVS Length (mm)
Number of BVS
Procedural success
TIMI III flow in MV
TIMI III flow in SB

3.1 (± 0.4)
23 (± 5.8)
1.2 (± 0.4)
91.7 (11)
100 (12)
100 (12)

Data expressed as Frequency (no of patients) or Mean (± sd)

Table 16: Clinical and procedural characteristics of patients in the ABC-1 substudy
on inflammation.

6.4.2

Imaging results at 9 months

There were no cases of either inscaffold restenosis or inscaffold thrombosis. The
mean inscaffold diameter stenosis on follow up was essentially unchanged
compared to post procedural levels on QCA (18% on follow up versus 17% post
PCI). All stented main vessels and side branches were widely patent.
Table 17 compares OCT parameters post BVS implantation and at follow up. Two
patients did not have OCT imaging after their BVS insertion due to difficulty in
getting the imaging probe past the scaffold. Vascular response was fairly benign
with an average neointimal burden of 18%.
OCT parameters

p
value
0.58

Post PCI

Fup

2.19 (± 0.29)

2.17 (± 0.38)

In segment Min luminal area (mm )

3.83 (± 1.01)

3.78 (± 1.34)

In segment Mean luminal diameter (mm)

2.85 (± 0.29)

2.69 (± 0.32)

In segment Mean luminal area (mm2)

6.58 (± 1.41)

5.86 (± 1.42)

In scaffold Min luminal diameter (mm)

2.44 (± 0.31)

2.25 (± 0.36)

In scaffold Min luminal area (mm2)

4.75 (± 1.30)

4.08 (± 1.27)

In scaffold Mean luminal diameter (mm)

2.88 (± 0.34)

2.67 (± 0.32)

0.03
0.02

6.69 (± 1.68)

5.75 (± 1.39)

0.01

7.47 (± 1.70)

7.35 (± 1.60)

0.29

2

Minimum scaffold area (mm )

5.45 (± 1.17)

5.61 (± 1.62)

0.61

2

9.16 (± 2.46)

9.01 (± 2.12)

Neointimal area per frame (mm )

n/a

1.29 (± 0.52)

0.26
n/a

Neointimal burden (%) *

n/a

18 (± 6)

n/a

In segment Min luminal diameter (mm)
2

2

In scaffold Mean luminal area (mm )
2

Mean scaffold area (mm )
Maximum scaffold area (mm )
2

0.65
0.03
0.02
0.03

Data expressed as mean (± sd)

Table 17: Comparison of measurements on OCT post BVS implantation and at
follow up in the ABC-1 substudy on inflammation.
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6.4.3

Relationship between baseline and fup levels of

inflammatory markers
Table 18 compares the baseline and follow up levels of each marker. None of the
inflammatory markers showed a significant change in serum level from baseline
to follow up.
Biomarker
CRP (µg/ml)

median
IQ range

Baseline
1
0.6-2.5

Fup
2.1
1.3-2.9

p value

IL-6 (pg/ml)

median
IQ range

1.1
0.6-1.5

1
0.6-1.5

0.81

MCP-1 (pg/ml)

median
IQ range

47.2
39.1-53.5

36.4
30.0-40.3

0.06

sCD40l (pg/ml)

median
IQ range

82.6
74.1-158.2

80.6
64.9-103.9

0.53

0.53

Table 18: Levels of inflammatory markers at baseline and follow up.

6.4.4

Relationship between inflammatory markers and

neointimal growth
Table 19 summarises the spearman correlation between each marker and
neointimal burden on follow up OCT. We investigated levels at baseline, follow
up as well as the difference in levels between the two time points (∆). None of
these parameters showed a significant association with the degree of neointimal
growth at 9 months.
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Marker
CRP baseline
CRP fup
∆CRP

Spearman correlation coefficient
0.30
0.41
0.14

p value
0.34
0.19
0.67

IL-6 baseline
IL-6 fup
∆IL-6

0.49
0.52
0.29

0.10
0.08
0.37

MCP-1 baseline
MCP-1 fup
∆MCP-1

-0.22
-0.77
0.27

0.48
0.81
0.39

sCD40L baseline
sCD40L fup
∆Scd40l

0
-0.06
-0.27

0.99
0.86
0.39

Table 19: Correlation between levels of markers and neointimal burden.

One patient had a significantly elevated sCD40L baseline level of 2421 pg/ml
compared to the cohort median of 83 pg/ml. The patient’s clinical and procedural
characteristics were not significantly different from those in the group. He was
referred from cardiology clinic with CCS class II angina. Risk factors were
hypertension and tablet controlled diabetes mellitus. Interestingly, there was a
large amount of intracoronary thrombus evident on OCT shortly after BVS
deployment despite pre-existing dual antiplatelet treatment (Figure 38). By 9
months, the sCD40L level had reduced to 71 pg/ml. OCT imaging at that timepoint did not reveal an excessive hyperplasia with a neointimal burden of 19%.
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Figure 38: OCT image demonstrating multiple thrombi after deployment of BVS.

6.5 Discussion
Our study is the first to look at the influence of serum markers of inflammation in
the context of PCI with the ABSORB BVS. The findings of our study can be
summarised as such: 1) BVS implantation in an elective setting does not cause
persistent inflammation at 9 months 2) The extent of neointimal tissue growth is
independent of the inflammatory status at baseline and follow up.
BVS implantation in an elective setting does not cause a persistent rise in systemic
markers of inflammation at 9 months
Based on our study, the polymer and its degradation products do not seem to
evoke a systemic inflammatory response at medium term after the ABSORB BVS
is implanted in an elective setting. Despite extensive published literature on the
ABSORB BVS, the inflammatory response in humans is still poorly understood.
Chronic low grade inflammation induced by either the polymer or its degradation
products has been postulated as one possible cause for the high thrombotic rate69.
However both PLLA13 and PDLLA222 polymers have used in the human coronary
artery without major safety concerns. The final degradation products of the
scaffold are D-lactic acid and L-lactic acid both of which naturally occur in the
body. The amount of these products dispersed into the body as a result of scaffold
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disintegration is far below the normal reference levels in the body 22. It does not
appear that the intermediate oligomers elicit a toxic tissue response either at least
in animal studies. In swine models implanted with BVS, the inflammation score
decreases progressively over 18 months60. This period coincides with the highest
rate of mass loss and formation of degradation products. Thus, if the latter were
particularly pro-inflammatory, one would expect the inflammation scores to be at
their highest during that time. While the scaffold causes more inflammation than
the metal stent in healthy swine arteries, giant cells suggestive of a foreign body
reaction are uncommon beyond 3 months62. Our findings are supported by the
comparable incidence of binary restenosis at 1 year between BVS and Xience
DES seen in ABSORB China223 and Japan184.
The extent of neointimal tissue growth at 9 months is independent of the
inflammatory status at baseline and follow up
The biologic response to the ABSORB BVS is probably closer to that following
PCI with DES than with BMS62. While the predictive role of preprocedural
inflammation in the development of BMS restenosis is well established, its
significance in patients receiving DES is less clear. Several studies have failed to
demonstrate an association between neointimal hyperplasia and either pre or post
interventional biomarker levels in DES restenosis220,224,225. The release of potent
antiproliferative agents in DES alters the biological response to vessel injury.
Limus analogues have anti-inflammatory properties in addition to their inhibitory
effect on the cell cycle. In particular, everolimus has been found to inhibit
neutrophil activation, mitigate pro-inflammatory TNF related pathways and
promote the release on the anti-inflammatory cytokines226,227. In addition,
inhibition of the mTOR pathway in platelets prevents platelet activation and
aggregation. This suppressive effect on inflammation may explain the lack of
correlation we observed between baseline inflammatory status and neointimal
growth.
We also did not observe any association between follow up levels of
inflammatory markers and intensity of neointimal response. It is possible that the
excessive hyperplastic response seen in restenosis is effected through mechanisms
other than inflammation. In contrast to restenosis in BMS, a heterogeneous tissue
composition is observed in most cases of BVS restenosis. In particular, restenotic
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lesions that occur more than 6 month after implantation show signs suggestive of
neoatherosclerosis79. Such systemic processes may play a more important role
than locally induced inflammation in the pathology of BVS restenosis.
Finally, the case of very high preprocedural sCD40L level deserves special
mention. sCD40L not only plays a role in inflammation but also in platelet
activation after plaque rupture. The CD40/CD40L complex increases the
expression of tissue factor while thrombomodulin expression is reduced thus
creating a procoagulant state108. Studies using IL-6 and other markers as
surrogates of inflammation have compared levels of sCD40L in both healthy
subjects and cardiac patients109. sCD40L levels appears to be more a marker of
platelet activation than inflammation in patients with coronary artery disease. The
large thrombotic burden evident on OCT in conjunction with the very high preprocedural sCD40L suggest that pre-existing thrombotic propensity may be an
important factor in the development of scaffold thrombosis. The identification of
such individuals may be key to the challenging issue of inscaffold thrombosis.
The choice of appropriate biomarkers of platelet activation for risk stratification
warrants further investigation.

6.6 Limitations
The main limitation of our study is its small sample size. This was a single centre
study and our data may not be applicable to all patients. We did not measure
biomarker level immediately after scaffold implantation. None of the patients in
our cohort had extensive neointimal proliferation on OCT or angiographic instent
restenosis. It is possible that inflammatory markers only show discriminatory
power in patients with large neointimal burden. Our study design was limited to 9
months with an OCT endpoint. Thus we cannot comment on the role of
inflammation in the advanced stages of the resorption process. The inflammation
response may well evolve as the scaffold dissolves. Very late ISR and thrombosis
may also progress through different pathological mechanisms that would not have
been identified in our study. The levels of inflammatory markers especially IL-6 is
known to be affected by the extent of adipose tissue and thus dependent on the
weight of a patient. Since we did not routinely measure patient weight at follow
up, we cannot exclude the latter as a potential confounding factor.
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6.7 Conclusions
Elective implantation of the ABSORB BVS does not elicit persistent
inflammation systemically when assessed by peripheral inflammatory biomarkers.
The neointimal response after scaffold implantation is independent of the
underlying inflammatory environment before scaffold implantation and at follow
up. Thrombotic predisposition at baseline may play a part in the development of
subsequent scaffold thrombosis. Future studies are needed to investigate this
observation.
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7 A review of wall shear stress and
computational flow modelling in
coronary bifurcation disease with
case illustrations from the ABC-1
trial
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7.1 Introduction
Atherosclerosis is a systemic disease but plaque distribution is not uniform but
rather shows a predilection for particular sites such as coronary bifurcations228.
Local perturbations to blood flow due the geometry of the vessel are responsible
for the pathological vascular response seen at these locations. This mechanism
also plays a role in the phenomenon of in-stent restenosis. Bifurcation stenting can
significantly alter the natural configuration of the coronary artery and affect blood
flow as a result.
The effect of blood flow on the vessel wall can be assessed using different
haemodynamic parameters. One of the most investigated factors is the wall shear
stress (WSS). This is caused by the frictional force blood exerts on the inner lining
of the arterial wall. WSS exerts its influence on the endothelial cell wall via
mechanotransduction mechanisms altering chemical signalling pathways,
phenotypic configuration and gene expression. Under certain blood flow
conditions, these processes can create a pro-atherogenic milieu leading to
progression of native atherosclerosis or in-stent restenosis. WSS cannot be
measured experimentally and relies on the application of computational fluid
dynamics (CFD) to model its distribution within the coronary tree. Numerical
modelling of haemodynamics in stented coronary arteries has gained much
momentum over the recent years especially in the context of bifurcation PCI.

7.2 Aim
•

To review the role of wall shear stress in the pathophysiology of native
coronary disease and in-stent restenosis.

•

To discuss the process by which computational fluid dynamics (CFD) is used
to calculate WSS distribution in coronary arteries

•

To demonstrate a novel method of assessing the haemodynamic impact of
different bifurcation stenting strategies using two case studies from the ABC-1
trial.

142

7.3 Wall shear stress
7.3.1

General principles

Blood flowing in an artery exerts a force against the vessel wall. This force can be
resolved into two orthogonal components – along the wall and perpendicular to it.
When normalised with respect to surface area, the component tangential to blood
flow is known as the wall shear stress. Wall shear stress is calculated as the
product of blood viscosity with the velocity gradient of blood perpendicular to the
wall (Figure 39). It has the dimension of force per unit area N/m2 or Pa.

Figure 39: Diagrammatic illustration of shear stress: Shear stress is the product of
velocity gradient (also known as shear rate) and viscosity of blood (Reproduced
from Wentzel et al.)229

As blood flow varies over a cardiac cycle, the shearing force exerted on the inner
wall will also fluctuate. The mean value of WSS, also known as time averaged
wall shear stress (TAWSS), is commonly used to circumvent its temporal
variation over the cardiac cycle. TAWSS at a location is affected by the way
blood flows at that point. There are two main types of blood flow profile –
laminar and disturbed flow. Laminar flow occurs when adjacent layers of blood
flow in parallel and slide next to each other without mixing. In contrast, disturbed
flow is a collective term encompassing any flow that does not have the
streamlined characteristic of laminar flow. Flow disturbance may range from
transient vortices causing flow reversal or separation to full blown turbulence
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within the arterial tree. While laminar flow typically causes high shear stress,
disturbed flow leads to areas of low shear stress or significant oscillations in WSS.
The endothelium forms the boundary between circulating blood and the
underlying tissues of the artery. As such it is subject to the greatest variation in
magnitude and direction of shearing forces. Transmission of the mechanical force
is effected through the cytoskeleton and initiates a specific biological response
depending on the direction and magnitude of the effector force. The relationship
linking the physical deformation of the cell due to the haemodynamic external
force to the resultant cellular response is known as mechanotransduction230. The
effect of WSS on the endothelial cells has been widely studied in tissue cultures
under a range of flow conditions (Figure 40).

Figure 40: Effect of flow conditions on endothelial cell orientation - The cytoskeleton
elements are triple stained with actin appearing as blue, microtubules as green and
intermediate filaments as red..Cell arrangement under static conditions mimic those
seen in disturbed flow and exhibit a more rounded configuration (top). Under
laminar conditions, cells elongate in the direction of flow (bottom). (Reproduced
from Chien)230
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Mechanical forces sensed by endothelial cells can prompt a change in their
morphology and function. In areas of high shear stress, endothelial cells are
elongated and align themselves in the direction of flow. In contrast, cells located
in regions of flow disturbance exhibit a more polygonal structure with no
preferred orientation. Cell permeability to blood borne substrates is also altered
while at the nuclear level, gene expression leads to the activation of proinflammatory pathways and molecules.

7.3.2

In atherosclerosis

Numerous studies have shown an association between regions of low or
oscillatory WSS and the initiation and development of atherosclerotic plaque228.
In contrast, exposure of endothelial cells to a normal or high shear stress confers
protection against atherosclerosis229. The effect of local WSS distribution on
plaque formation is exemplified by the distribution of plaque in coronary
bifurcations and curved arteries. The lateral walls of bifurcations are typically
exposed to lower shear forces compared to the flow divider or carina. As a result,
plaque occurs preferentially within that location231,232. In non-branching vessels,
the natural curvature of a vessel results differential shear stress distributions on
the inner and outer curve. The inner bend is subject to a lower shear stress than the
outer one and is thus more prone to atherosclerotic plaque development233.
In early atherosclerosis, positive vessel remodelling mediated by healthy
endothelium preserves the luminal size. However ongoing exposure to local areas
of low shear stress causes progression of plaque disease until vessel remodelling
can no longer compensate for the increasing luminal encroachment. Wall shear
stress remains low downstream of the stenosis maintaining the proatherogenic
environment234. Interestingly, high WSS may not have a benign effect in advanced
atherosclerosis. High shear stress has been linked thinning of the fibrous cap
through a variety of endothelial mediated processes including upregulation of
matrix metalloproteinase activity and nitric oxide expression235. The end result is
an increase in plaque vulnerability and risk of rupture precipitating an acute
myocardial infarction.
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7.3.3

PCI including bifurcation stenting

Percutaneous coronary intervention can affect blood flow in several ways. A stent
expands and straightens the vessel altering the geometry and hence wall shear
stress distribution. If the vessel is particularly curved, stenting shifts that natural
bend to the edges of the stent236. The result is the production of sharp bends just
before and after the stent. These areas are associated with low WSS. Local
perturbation to blood flow leads to the accumulation of biologically active
compounds which can exacerbate the neoinitimal hyperplastic response. This
effect is partly responsible for the edge vascular response often seen with BMS237.
More angulated vessels at baseline or larger changes in angulation following
deployment of metal stents have been shown to be associated with greater
restenosis rates and adverse clinical outcomes238.
Device/vessel mismatch can also exert a profound effect on vessel geometry. An
oversized stent causes a ‘step up’ and ‘step down’ phenomena at the proximal and
distal edges respectively. The sudden expansion of the artery at the proximal stent
edge can cause microrecirculation patterns resembling those typically seen after
native stenosis239. Blood flow pattern is disrupted in those regions causing not
only low WSS but also wall shear stress reversal. Growth factor expression is
enhanced causing an exaggerated healing response i.e an excess of neointimal
tissue. Conversely, stent underexpansion can cause malapposition. The resulting
gap between the vessel wall and stent disturbs laminar flow lowering local
WSS240. Overlapping stents are associated with a greater incidence of ISR and this
may also be in part due to the adverse haemodynamic conditions resulting from
multiple layers of stent protruding into the lumen.
In addition to the effect of stent placement on vessel geometry as a whole, the
microenvironment around stent struts has an influence on local wall shear stress.
Depending on their size and shape, struts protruding in the lumen can disrupt
blood flow. Changes in the peri-strut haemodynamic environment can influence
local platelet deposition and activation. Both low and high WSS have been shown
to increase stent thrombogenicity - the former through its adverse effect on the
endothelium and the latter through platelet activation240.
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Bifurcation stenting introduces another layer of geometrical complexity. Each of
the myriad stenting techniques can change the vessel geometry and affect blood
flow in its own unique way. For example, struts lying over the side branch ostium
can disturb blood flow in the provisional strategy. Bench studies have
demonstrated the occurrence of vortical flow structures associated with low shear
stress at the carina in stented bifurcation models241. Histopathological analysis
reveals that the carina has lower arterial healing with a greater percentage of
uncovered struts and fibrin deposit compared to the lateral wall in stented
bifurcation lesions. The delay in healing is further accentuated by antiproliferative agents in drug-eluting platforms increasing the risk of thrombosis.
Furthermore, bifurcation treatment is more commonly associated with adverse
mechanical features such as proximal malapposition, underexpansion, distorted
geometry, strut fracture following SB dilatation and distal vessel dissection. All of
these factors can adversely affect WSS distribution and increase the risk of both
instent restenosis and thrombosis.

7.3.4

BVS

The effect of BVS implantation on WSS has been investigated in a few studies. In
the ABSORB A cohort, Karanasos et al. analysed coronary segments scaffolded
with the first version of the ABSORB BVS242. The distribution of WSS two years
after BVS implantation was computed in 7 patients and the result was compared
to intracoronary tissue morphology at 5 years on OCT in order to assess the
impact of WSS on long term vessel morphology. The authors found that regions
with low shear stress were associated with thinner fibrous caps thereby
highlighting the importance of local haemodynamics on the healing response after
BVS implantation. In 12 patients from the ABSORB B cohort, Bourantas et al.
investigated the effect of WSS immediately after BVS implantation on neointimal
growth at 1 year191. Areas that were exposed to low WSS showed more intimal
thickening at follow up. Analysis of the peri-strut flow distribution showed
regions of low shear stress as well as recirculation zones adjacent to the struts and
regions of high WSS at the top. This type of flow disturbance may be responsible
for scaffold thrombosis. High WSS on top of struts can activate platelets which
are then captured in the low recirculation zones adjacent to struts causing
thrombus formation70(Figure 41). Tenekecioglu et al. investigated the effect of
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protruding struts had on WSS and found an inverse relationship highlighting the
importance of good embedment within the arterial wall to minimise adverse
haemodynamic impact243.

Figure 41: Schematic representation of the effect of strut embedment on shear stress
(ESS): G - Laminar flow after good strut embedment. H - Significant strut
protrusion causing regions of low and high shear stress generating a prothrombotic
environment (Modified from Serruys et al.)70

The ABSORB III trial has an imaging sub study (RESTORATION) where the
haemodynamic effect of the ABSORB BVS will be compared to Xience DES at 3
years244. This study will evaluate the distribution of WSS after stenting and at 3
year follow-up. The relationship between post procedural WSS levels will be
compared to long term neointimal tissue healing. This will hopefully increase our
understanding of the vascular response following scaffold implantation and its
relationship to local blood flow.

7.4 Computational Fluid Dynamics
7.4.1

Rationale for CFD in calculating WSS

Calculating wall shear stress requires knowledge of the precise variation of the
blood velocity close to the arterial wall. The small size of a coronary artery
coupled with cardiac motion makes it impossible to measure this experimentally
with any reliable degree of accuracy. Current devices used to measure blood
velocity such as the intracoronary doppler wire can only give the maximum
velocity of blood in the lumen. Since the spatial distribution of velocity cannot be
measured experimentally, we have to rely on alternate methods to establish the
velocity profile. The motion of blood can be modelled using computational fluid
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dynamics (CFD). Computer simulation of blood flow is obtained by solving the
equations of fluid flow also known as the Navier-Stokes equations. It is not
possible to obtain exact or analytical solutions to these complex partial differential
equations when modelling complex flows. Instead, we have to rely on software
packages to provide solutions that are close to the exact values. Various numerical
methods can be used to give approximate solutions to these differential equations
including finite volume method, finite difference method and finite element
analysis. All these methods essentially approximate the complicated differential
equations to a system of simple linear algebraic equations which are easier to
solve. A detailed description of these methods is outside the scope of this thesis
but essentially a CFD solver uses one of these techniques to solve the equations
governing fluid flow.

7.4.2

Principles of CFD in coronary flow modelling

To be able to conduct a CFD simulation to study intracoronary blood flow, the
vessel geometry first needs to be defined. Reconstructing the three dimensional
shape of the vessel consists of a number of steps:
1. Extraction of the luminal contour and centroids of the stent struts separately
from the intracoronary imaging data (e.g. IVUS, OCT) with an algorithm for
image segmentation.
2. Determination of the vessel orientation from 3-D imaging data (e.g.
angiography, CT or MRI) to identify the lumen centreline in space.
3. Alignment of the lumen contours and stent centroids along this centreline.
4. Reconstruction of the 3D geometry of the main branch with a surface that fits
the lumen contours (lofting).
5. Reconstruction of the stent from the extracted imaging data by morphing the
skeleton of the stent on the aligned centroids and then positioning cross sections
of the stent on the morphed skeleton and fitting a surface on these.
Once the three dimensional anatomy is available, we can then model the motion
of blood flow within that geometry. First, the domain of blood to be analysed is
divided into discrete cells or ‘meshed’. The size and shape of the elements can
vary. Common shapes include hexahedrons, tetrahedrons and prism. The
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equations of blood flow are solved in each grid. A finer mesh with more elements
will give a more accurate and detailed description of the fluid dynamics in that
region. However the finer the mesh is, the more expensive the simulation will be,
both in terms of computation time and memory. In order to find an optimised
mesh size, which ensures reliable solutions at a reasonable cost, a sensitivity study
is commonly carried out by increasing the number of elements and comparing the
results. In general, the mesh size depends on the geometry of the domain and on
the phenomenon under study. For instance, in the region of the stent the mesh is
typically finer than in the rest of the vessel lumen. This captures local flow
patterns within the vicinity of the struts.
Next, the values that the solution needs to take along the boundary of the domain
need to be specified. These boundary conditions define the behaviour of blood at
each surface of the fluid domain. For example, it is common to define the blood
velocity to be zero at the point of contact with vessel wall (the ‘no slip’
condition). Similarly, the blood velocity profile entering the artery can be defined
to be pulsatile and not to exceed a maximum value derived from experimental
data.
Finally, the characteristics of the blood are defined. The viscosity of blood can be
assumed to either obey Newton’s law of viscosity (Newtonian fluid) or not (NonNewtonian fluid).
Once all the above parameters have been prescribed, the simulation is started in a
CFD package and the algebraic equations are solved iteratively to find solutions
that satisfy the boundary conditions defining the flow domain. The output is a set
of flow variables at the mesh elements and need to be represented in a user
friendly way. All CFD packages have graphic capabilities including domain
geometry and vector plots which allow easy visualisation of the solutions.

7.4.3

Application in bifurcation PCI

Computer simulations have been used to assess coronary haemodynamics in
bifurcation procedures for over a decade. Initial studies employed simple idealised
geometries. Deplano et al. published the first CFD study on stented bifurcations
showing that in a two-stent strategy, protruding struts near the inner and outer
wall of the SB generated areas of low WSS245. Since then, several studies have
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investigated the effect of different stenting techniques on coronary blood flow.
Williams et al. investigated the effect of main vessel stenting followed by SB
dilatation and found that SB angioplasty did not significantly improve WSS
distribution246. Chiastra et al. found that performing KBI through the distal cell
across side branch led to more favourable flow characteristics supporting current
recommendations from the clinical arena247. Katritsis et al. showed that a
provisional strategy was more advantageous from a haemodynamic perspective
than a double stenting similarly confirming observations from clinical trials248.
With advances in coronary artery imaging and computational ability, there has
been an interest in the creation of patient specific bifurcation models. To allow the
creation of a patient’s bifurcation geometry, both invivo morphological data and
the spatial orientation of the bifurcation are needed. OCT or IVUS provides the
former while the 3-D configuration is obtained from CT, angiography or MRI.
Various combinations of these imaging modalities have successfully been used in
creating anatomically accurate reconstructions of the coronary bifurcations.
Mortier et al. demonstrated the feasibility of patient specific computer modelling
of bifurcation stenting in the ‘John Doe’ programme249. This project, which was
endorsed by the European Bifurcation Club, demonstrated the possibility of
performing virtual bifurcation stenting using the patient’s coronary bifurcation
anatomy and computational modelling.

7.5 Case studies from ABC1 trial
7.5.1

Methods

The wall shear stress distribution was computed using the sequence outlined in
chapter 2. Neointimal thickness (NIT) was measured at 1mm intervals for 5mm on
either side of the side branch and at 0.125mm (individual frames) in cross sections
containing the side branch.

7.5.2

Case 1 – Distal sizing

The first case was a 67 year old lady presenting with stable angina who had a
LAD/D1 bifurcation disease of Medina 0,1,0 type. The side branch was free of
disease and had a diameter was 1.82mm on QCA. OCT imaging was performed
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after balloon dilatation showed a proximal reference diameter of 2.90mm and
distal reference diameter of 2.22mm. The patient was randomized to a distal
sizing strategy. A 2.5x12mm ABSORB BVS was implanted in the main vessel at
16 atm. Proximal optimization was performed with a 3.0x8mm non-compliant
balloon inflated to 14atm. The ostium of the side branch had a residual stenosis of
24% on QCA. A further OCT run performed after deployment showed good
apposition of the scaffold with no edge dissection.
Fluid dynamic simulation was carried out to evaluate the wall shear stress
distribution and blood velocity profile after deployment of the ABSORB BVS
across the side branch. Follow-up angiogram and OCT performed 9 months after
implantation showed that the luminal narrowing across the ostium of the diagonal
remained stable at 23% on QCA. The time averaged wall shear stress distribution
with representative OCT images is shown in Figure 42.

Figure 42: Case 1 - Geographical distribution of WSS along scaffolded segment

Immediately after implant, 55.8% of the scaffolded segment had a low TAWSS of
≤ 0.4 Pa. Blood flow into the diagonal was disrupted by the presence of the
scaffold over the orifice (Figure 43) leading to microrecirculation and flow stasis.
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Figure 43: Case 1 - Blood velocity profile along scaffolded segment.

At follow up, there was a good healing response with complete coverage in 100%
of struts (Figure 44).
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Figure 44: Case 1 - NIT distribution in scaffolded bifurcation

Neointimal growth was similar in all three bifurcation segments (Figure 45)
reflecting the similar TAWSS distribution in those areas (Figure 46).

153

Figure 45: Case 1 - NIT grouped according to location.
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Figure 46: Case 1 - Distribution of TAWSS according to position along bifurcation
segment.

7.5.3

Case 2 – Proximal sizing

The second case was a 57 year old lady presenting with stable angina who had a
LAD/D1 bifurcation disease of Medina 0,1,0 type. The patient was randomised to
154

a proximal sizing strategy. A 3.0x28mm ABSORB BVS was implanted in the
main vessel at 12 atm. Proximal optimization was performed with a 3.25x8mm
non-compliant balloon inflated to 14atm. An OCT run performed after
deployment showed good apposition of the scaffold with no edge dissection. Fluid
dynamic simulation was carried out as previously described. Follow-up
angiogram and OCT performed 9 months after implantation showed widely patent
scaffold and side branch. The time averaged wall shear stress distribution is
shown in Figure 47.

Figure 47: Case 2 - Geographical distribution of WSS along scaffolded segment

On average, the wall shear stress was highest in the distal segment. Blood flow
into the diagonal was showed less blood flow disruption compared to the previous
case (Figure 48).
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Figure 48: Case 2 - Blood velocity profile along scaffolded segment.
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of struts in the bifurcation segment (Figure 49).
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Figure 49: Case 2 - NIT distribution in scaffolded bifurcation.

Figure 50 shows the neointimal coverage along the 3 segments. While the median
NIT was similar across all groups, there was a wider distribution of neointimal
thickness distal to the bifurcation. Figure 51 shows that the distal segment was
exposed to higher TAWSS compared to the proximal one.
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Figure 50: Case 2 - NIT grouped according to location.
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Figure 51: Case 2 - Distribution of TAWSS according to position along bifurcation
segment.

7.5.4

Discussion

With the two case studies, we demonstrate 1) the possibility of calculating the
WSS distribution and blood profile in bifurcation segments treated with an
ABSORB BVS and 2) the potential application of such simulations in the clinical
setting by matching the numerical methods with imaging or clinical outcomes in
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patients. In addition, our method can be used to validate different CFD models
against patient outcomes.
The effect of the ABSORB BVS on WSS has been limited to relatively straight
coronary arteries. We are currently evaluating the effect of sizing strategy on WSS
in patients from the ABC-1 trial. In addition, we will be investigating the
influence of post procedural WSS distribution on neointimal growth. Our results
will hopefully increase our understanding of the haemodynamic impact of using
the ABSORB BVS to treat bifurcations.

7.6 Conclusions
The endothelium lining the coronary artery is directly subject to shearing forces
induced by blood flow. Low wall shear stress typically promotes atherosclerosis
and restenosis after PCI. Bifurcation stenting can cause significant geometrical
changes that affect blood flow. Computational simulations can be used to evaluate
which bifurcation treatment strategies confer the most favourable haemodynamic
profile. We demonstrated the feasibility of performing numerical simulations on
the ABSORB BVS in order to better understand the differential effects of stenting
techniques on WSS. Integration of biomechanical factors in risk assessment may
help identify those cases at higher risk of restenosis or thrombosis and help guide
decision making in the interventional arena.
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8 Summary
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We assessed the use of the ABSORB BVS in coronary bifurcations and
investigated its effect on inflammation, coronary microcirculation and wall shear
stress. To the best of our knowledge, this is the first study to evaluate its effect on
vascular biology, coronary physiology and wall shear stress in a single clinical
trial. Integration of the results from each of these disciplines gave us a more
comprehensive picture of the performance of this new device.
The following conclusions can be drawn from this thesis:
1. The use of the ABSORB BVS to treat ‘false’ bifurcations is safe and feasible.
Clinical outcomes comparable to those in simpler lesions can be achieved with
meticulous implantation technique and use of intracoronary imaging. Both
proximal and distal sizing strategies have similar procedural complication rates
when the ABSORB BVS is used to treat coronary bifurcations. While a proximal
sizing strategy is associated with less significant malapposition immediately after
implantation, there are fewer uncovered struts with a distal sizing strategy at
medium term follow up. Longer imaging after complete scaffold bioresorption is
needed.
2. The implementation of a specific BVS implantation protocol does not adversely
affect the coronary microvasculature in an elective setting.
3. In patients with chronic stable angina treated with the ABSORB BVS, systemic
plasma biomarker levels are not elevated at 9 months compared to pre-procedural
values. The extent of neointimal proliferation is independent of either baseline or
follow up inflammatory status.
4. Wall shear stress (WSS) plays an important role in the aetiology and treatment of
coronary bifurcation disease. We demonstrated the application of a novel method
of assessing WSS distribution when using the ABSORB BVS in a provisional
strategy.
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9 Final remarks
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Our idea of testing the ABSORB BVS in bifurcations arose in 2014. It was a time
of unbridled enthusiasm and optimism for bioresorbable technology. Operators
were pushing the boundaries of this device using them in increasingly complex
lesions such as CTO and true bifurcations. It seemed that it was only a matter of
time before the ABSORB BVS would supplant DES and establish itself as the
new standard of care in the treatment of coronary artery disease. However, they
have not proven to be the panacea interventionalists were hoping for. Both trial
and registry data have demonstrated worse clinical and angiographic outcomes
with the ABSORB device including scaffold thrombosis. There is hope that better
patient selection, refinement of the implantation techniques and further iterations
of the device will improve outcomes. Longer term data from the currently ongoing
ABSORB III and IV trials should provide us with a clearer picture.
Deciphering the reasons behind restenosis and thrombosis is going to be key for
the future of this device. The search for a solution will require an interdisciplinary
approach. Computational flow modelling, evaluation of the vascular response to
stenting and assessment of coronary physiology are some of the tools that will be
needed in this quest. Larger trials with a similar design to our study will
significantly improve our understanding of the performance of this device.
With regards to bifurcation disease, the current iteration of the ABSORB BVS has
limitations which will need to be overcome. The following changes in design are
ideally needed:
•

A more robust backbone that will allow the BVS to be safely expanded
beyond the 0.5mm threshold that is currently advocated.

•

Thinner struts to improve deliverability, reduce the risk of side branch
occlusion and reduce the adverse effect of strut protrusion on blood flow.

The second generation of the ABSORB BVS will hopefully be available in the
near future. Preliminary information provided by the manufacturing company
(Abbott Vascular) indicates that it will have a strut thickness of 100 μm compared
to the 150 μm of the BVS 1.1. The backbone and coating will remain unchanged.
The reduction in strut thickness may improve outcomes. But it is important to
understand the interdependence that exists among the factors that determine the
final mechanical properties of the scaffold. Changing one parameter may
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adversely affect another and merely shift the problem. Thus it is possible that the
haemodynamic advantage conferred by thinner struts is offset by a lower tensile
strength resulting in more scaffold fractures. Careful evaluation of the newer
generation ABSORB BVS in the setting of large RCTs will be needed and
indiscriminate ‘off label’ use should be discouraged.
Any new technology goes through a series of phases from inception to maturity.
Amara’s ‘law’ probably sums it best and states that250:
“We tend to overestimate the effect of a technology in the short run and
underestimate the effect in the long run”
Bioresorbable technology will hopefully continue to progress mirroring the
evolution of metal stents. But there is a danger that further exploration into this
area is cut short. In the current era of third generation metal stents, it is becoming
increasingly difficult for new contenders to demonstrate meaningful improvement
in outcomes. The substantial financial investment required in return for uncertain
gains may discourage future endeavours in this promising technology.
The shortcomings of metal stents that BVS were meant to address still remain.
Late luminal loss, very late thrombosis and persistent abnormal vessel physiology
still need to be resolved. Newer generation metal devices may be the answer but
the concept of a device that disappears when it is not needed remains intuitively
attractive. The outcomes of other bioresorbable devices currently under
investigation will probably determine the fate of this technology. In the end, our
goal as clinicians is to improve patient care. Any technology that fails to meet this
goal should be abandoned. But in the pursuit of better outcomes for our patients, it
is our duty to cautiously but resolutely explore any avenue that can take us there.
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