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Bifurcation geometry and plaque distribution in a diseased left main artery (LM) have
the potential to drive operators’ decisions regarding treatment strategies, techniques,
and material selection. The three-dimensional (3D) geometry of the LM bifurcation typi-
cally results in specific patterns of plaque distribution. Plaque distribution may, in turn,
significantly affect the procedural and long-term clinical and angiographic outcomes of
LM percutaneous coronary intervention. Each LM bifurcation must be treated accord-
ing to its unique anatomic and pathologic characteristics. Novel classification schemes
of plaque distribution and 3D assessment may be valuable aids to obtaining a working
picture of the bifurcation geometry.
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Left main bifurcation e Percutaneous coronary intervention ® Angles w

arises from the corresponding aortic sinus at

a length of 1 to 25 mm, and then bifurcates
into the left anterior descending (LAD) and the
left circumflex (LCX) arteries. Beyond this clas-
sic presentation, a substantial unpredictability
exists in the normal and pathologic presentation
of the LM, including interindividual variations in

The left main coronary artery (LM) normally

take-off, course, length, diameter, and angle." The
bifurcation geometry is known to significantly
affect the approach to LM percutaneous coronary
intervention (PCI).>* The distribution of plaque in
a diseased LM is also recognized as a significant
determinant of the operator’s preferences on strate-
gies, techniques, and material selection.>’ This arti-
cle reviews the growing evidence surrounding the
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3D Angle Assessment and Plaque Distribution Classification in Left Main Disease continued

Figure 1. Two-stent techniques for new carina: (A) crush, minicrush, and variants; (B) crush, minicrush, and variants reverse techniques;
(C) culotte; (D) reverse culotte; (E) simultaneous kissing stenting. Adapted from Tamburino C, Di Salvo ME."?

presumptive link among LM bifur-
cation geometry, plaque distribu-
tion, and clinical outcomes of LM
PCI. A literature review of focused
PubMed searches, online databases,
and reference lists of recent publica-
tions was performed, and included
the following key words: left main,
three-dimensional quantitative coro-
nary analysis, bifurcation angles,
coronary angioplasty, and percuta-
neous coronary intervention.

Left Main Bifurcation:
Angles, Procedural

Techniques, and Outcomes
The bifurcation angles (BAs) pose
important and unique techni-
cal challenges to the operator. For
example, in patients with LM dis-
easelocated at the distal bifurcation,
the angle between the LM and the
LCX (proximal angle A) is known

B as a predictor of procedural suc-
cess and long-term clinical out-
comes.”” In the SYNTAX score,
a well-established and validated
angiographic tool for stratifying
the angiographic risk of patients
referred to complex PCI, one addi-
tive lesion characteristic added to
the bifurcation lesion classifica-
tion is the presence of a = 70° angle
B.'*"" Although this feature may
represent a less technical challenge
in wiring and stenting, a = 70°
angle B is regarded as an adverse
lesion characteristic due to the
anticipated difficulty in covering
the ostium of the side branch when
a stent is implanted. When the stent
is placed to cover the distal rim of
the ostium, the proximal rim will
remain uncovered. If the stent is
placed to cover the proximal rim, it
will protrude into the main vessel.
Therefore, bifurcations with a wide

A consistent body of literature supports the role of the distal
angle B as a predictor of procedural success and long-term clinical

outcomes.

to impact the accessibility of the
side branch.>* Conversely, the angle
between the LAD and LCX (distal
angle B) has been consistently asso-
ciated with the likelihood of side
branch occlusion during and after
stenting of the main branch.>* The
European Bifurcation Club has
consistently advocated the impor-
tance of BA measurements for the
prediction of procedural outcome.?

A consistent body of literature
supports the role of the distal angle

angulation between the daughter
vessels should be approached with
single stent strategies whenever
possible.’* This applies equally to
the LM bifurcation, which is less
likely to have a narrow distal B
angle than non-LM bifurcations.!
When a second stent is needed to
treat the side branch after stent-
ing the main vessel (bailout stent-
ing), the distal angle B typically
influences the strategy of choice.
In case of a near 90° distal angle B,
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T-stenting is generally preferred.”
When both branches are of near
equal size and the angle is narrow,
the culotte or internal crush tech-
niques are feasible options. Finally,
when the LCX is smaller than the
LM and LAD and the angle is nar-
row, T and small protrusion (TAP)
or internal crush techniques should
be considered.” When a planned
two-stent strategy is elected, T-,
modified T-, or TAP techniques are
preferred for a 75°- to 90°-angled
LCX." For Y-shaped bifurcations,
the mini-crush (in cases with
LAD/LCX diameter mismatch)
or culotte (in cases with matched
LAD/LCX diameters) techniques
are usually selected (Figure 1)."

The Left Main Is a
Different Animal:
the Issue of Plaque

Distribution

Despite the availability of drug-
eluting stents and the clinical
equipoise of PCI versus CABG in
patients with low angiographic
complexity,'* stenting on LM bifur-
cation remains challenging and
provides suboptimal outcomes
compared with nondistal LM stent-
ing.>*"*1% A meta-analysis of 1278
patients undergoing PCI with
drug-eluting stents for unprotected
LM disease demonstrated that the
distal LM location of disease signif-
icantly predicted major adverse car-
diovascular events and target vessel
revascularization, whereas death
was predicted from the presence of
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LM

LAD

Figure 2. Possible plaque locations at LM bifurcation and distribution patterns. The whole bifurcation involvement is represented by plaque
locations 6, 9, and 12 (A), and by the three angiograms at the top (B). The partial bifurcation involvement is represented by plaque locations
1-5, 7, 8, 10, and 11 (A), and by the three angiograms at the bottom (B). LAD, left anterior descending artery; LCX, left circumflex artery; LM,
left main artery. Adapted from Tamburino C et al.?”

high-risk features."” Consequently,
based on data from major random-
ized trials**** and some registries,
PCI as a means of revasculariza-
tion for ostial and/or shaft LM ste-
nosis has been upgraded to a class
ITa recommendation, whereas LM
bifurcation PCI was assigned to a
class IIb recommendation, being
considered at significant higher
risk for adverse clinical outcomes
compared with surgery.*>* As pre-
viously noted, possible explana-
tions include inherent anatomic
and hemodynamic characteris-
tics, along with technical issues.
However, the lack of appreciation
of the true extent and morphology
and the distribution of the athero-
sclerotic plaque, embracing a broad
pattern of localizations in the dif-
ferent segments of the bifurcation,
may represent further crucial con-
tributing factors.

In a previous study, Tamburino
and colleagues” investigated the
independent association between a

specific plaque distribution pattern
within the LM bifurcation area and
the long-term outcomes of LM PCIL.
A total of 329 patients undergoing
LM bifurcation PCI were evalu-
ated and their angiograms system-
atically reviewed. Two transversal
planes, the first crossing the take-
off of LCX and the second cross-
ing the point of bifurcation, were
considered to define the bifurca-
tion as the area included between
2 mm above and below the first
and the second plane, respectively
(Figure 2). Following this approach,
three areas were identified: one
above the first plane, one included
between the first and second
planes, and the third below the sec-
ond plane (Figure 2). Within these
three regions, several different
plaque distribution patterns were
identified. These were collapsed
into two specific groups: the group
in which the plaque was exten-
sively located at all three bifur-
cation regions, defined as whole

bifurcation involvement (WB), and
the group encompassing all the
other plaque distribution scenar-
ios, defined as partial bifurcation
involvement (non-WB) (Figure 2).
Importantly, differently from the
well-established Medina classifica-
tion,*® the presence of the plaque
at each side was attributed regard-
less of the stenosis degree, but the
overall narrowing was > 50% in at
least one point of the entire bifur-
cation area. Interestingly, the WB
plaque distribution pattern was
associated with higher risk of target
lesion revascularization through-
out 3 years of follow-up compared
with the non-WB pattern (24.9%
vs 8.3%; P < .001; adjusted hazard
ratio: 2.84; 95% confidence interval,
1.43-5.64; P < .003), independently
of other angiographic character-
istics, including stenosis degree,
vessels, lesions treated, and stent
technique (Figure 3). Therefore,
within the potential plaque distri-
bution patterns, a specific high-risk
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Figure 3. Impact of stent technique and plaque distribution in the study by Tamburino and colleagues.?” The
impact of plaque distribution on the incidence of 3-year target lesion revascularization is independent from
the stenting technique (P for interaction = NS). NS, nonsignificant; WB, whole bifurcation involvement; non-

WB, partial bifurcation involvement.

LM bifurcation type was identified,
in which a greater burden of plaque
extensively occupying all the main
components of the bifurcation
might be responsible for hemody-
namic alterations of flow patterns
favoring neointimal hyperplasia
after stent implantation. Further,

distal LM into the proximal LAD
and LCX. These results under-
score the peculiarity of the LM
bifurcation, where the blood flow
is slow, and it changes direction
with the cardiac cycle, resulting in
a weak hemodynamic shear stress.
Because atherosclerosis has a pre-

... IVUS is a well-established tool to improve long-term clinical W
outcomes in patients undergoing PCl for bifurcation lesions...

a WB patterns might represent a
specific anatomic condition ham-
pering correct stent deployment,
thus potentially favoring disease
progression in a type of plaque
that also might have an enhanced
intrinsic tendency to progress.

The issue of the location and
impact of plaque distribution in
the LM bifurcation has been fur-
ther explored using intravascu-
lar wultrasound (IVUS) imaging
by Oviedo and colleagues,” add-
ing meaningfully to the current
understanding of the actual spatial
distribution of plaque atheroma
at the LM bifurcation. In particu-
lar, both the LAD and LCX sides
of the carina were confirmed to
be free from disease, and the most
common IVUS pattern involved
continuous axial plaque from the

dilection for areas with low shear
stress and turbulent blood flow,
the involvement of the flow divider
is generally minimal or absent.’**
Notably, IVUS is a well-established
tool to improve long-term clinical
outcomes in patients undergoing
PCI for bifurcation lesions,’” not
only for post-stent assessment, but
also to elucidate the LM anatomy,
plaque distribution, and severity of
disease.* In patients with distal LM
lesions, the use of IVUS is strongly
recommended because it is a useful
tool to plan the LM bifurcation PCI
strategy and, in turn, to optimize
the outcome of these complex pro-
cedures.”” Kang and colleagues™
demonstrated that lumen loss
at the LCX ostium frequently
occurred after crossover stenting
from the distal LM to the LAD

134 ¢ \ol. 16 No. 2 ® 2015 e Reviews in Cardiovascular Medicine

due to carina shift that was associ-
ated with a narrow angle between
the LAD and LCX.** Hence, the
assessment of the LCX ostium by
direct IVUS LCX pullback is rec-
ommended to evaluate accurately
the mechanisms of lumen loss dur-
ing stent implantation and choose
the best revascularization strategy.’
However, IVUS requires additional
steps and catheters for the proce-
dure, in addition to expertise and
major costs. Spoon and colleagues™
compared three-dimensional (3D)
quantitative  coronary analysis
(QCA) reconstruction with IVUS
for LM disease, demonstrating a
fair agreement of the two tech-
niques in LM measurements (mini-
mal luminal diameter and minimal
luminal area [MLA]), but failing in
demonstrating an equally adequate
concordance in the estimation of
plaque burden; notably, this was a
single, retrospective, small study
conducted in only 55 patients.*

A crucial role of plaque distribu-
tion and morphology in the LM
bifurcation has also been demon-
strated by Yoshitaka Goto and asso-
ciates, who analyzed 80 patients
with multidetector row computed
tomography underlining the poten-
tial for this technique to provide
useful information that can predict
the eventual side branch compro-
mise during and after LM PCL

Another  concept  typically
applicable to the LM bifurcation
addresses the polygon of confluence
(POC), namely the confluent zone
of the LAD and LCX arteries just
proximal to the carina and the dis-
tal LM over the carina® (Figure 4).
The preprocedural MLA within the
POC appears to be a surrogate for
the overall severity and complex-
ity of LM bifurcation disease. In a
study by Kang and coworkers,* the
MLA and the post-stenting mini-
mum stent area were mainly located
within the POC, and the preproce-
dural MLA within the POC was
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Figure 4. Polygon of confluence in the left main cor-
onary artery. LAD, left anterior descending artery;
LCX, left circumflex artery; LM, left main artery.
Adapted from Ramcharitar S et al.*’

associated with disease severity in
the distal LM and in the LAD and
LCX ostia. In addition, the prepro-
cedural MLA within the POC sig-
nificantly correlated with the risk
of stent underexpansion and major

branches can be efficiently recon-
structed through the acquisition of
two-dimensional (2D) angiograms
from different views. However,
the 2D QCA of a bifurcation seg-
ment suffers from important limi-
tations including foreshortening
and vessel overlap. These caveats
may result in errors when assessing
the actual length of the coronary
artery branches, their dimension,
and the presence and severity of
luminal narrowing. In addition,
2D images hamper the ability to
tully appreciate the vessel curva-
ture and the take-off angles at the
carina, which are key in the study
of hemodynamic factors associated
with atherosclerosis and for choos-
ing the interventional approach
to treat a bifurcation lesion. In the
LM, the drawbacks of 2D QCA

... accurate preprocedural analysis of LM bifurcation and plaque w
distribution play a crucial role in the planning of PCl strategy.

adverse cardiovascular events at
3-year follow-up. Together, these
data support the abovementioned
recommendation that an accu-
rate preprocedural analysis of LM
bifurcation and plaque distribution
play a crucial role in the planning
of PCI strategy.

Characterizing the
Bifurcation Angle: Shifting
From Two-Dimensional

to Three-Dimensional

Assessment

Despite the remarkable progresses
made in recent years in noninva-
sive cardiovascular imaging with
powerful instruments, such as mul-
tislice computed tomography and
cardiac magnetic resonance imag-
ing, coronary angiography remains
the gold standard for the assessment
of epicardial coronary arteries. The
geometry of the coronary tree and
the complex relationship among its

are magnified for several reasons,
including its direct origin from the
aorta, shortness, variable course,
plaque distribution, the conceal-
ment of diffuse atherosclerosis due
to arterial remodeling, the distinct
lack of a reference segment, issues
of catheter placement, and contrast
streaming in the case of ostial dis-
ease. To further make LM angio-

also confirmed in vivo through the
use of IVUS*" and the analysis of
experienced interventionalists, and
showed poor agreement and high
interobserver variability.”

Moreover, it should also be con-
sidered that to obtain the optimal
views, interventionalists will inter-
actively adjust the rotation angle
(left anterior oblique/right ante-
rior oblique) and the angulation
angle (cranial/caudal) guided by
the radiographic images. However,
this approach could significantly
increase contrast medium vol-
ume used and radiation exposure.
Furthermore, due to variable anat-
omy and variable heart orientation
in the thorax, the chosen angle can
be quite different from the true
optimal viewing angle.

Initial ~ experience  studying
the expansion and deformity
of the stents after crush stent-
ing in a silicon tube 3D model of
LM bifurcation—with a view to
determine the impact of the 3D
structure on the outcome of crush
stenting—demonstrated that
overlap of the LAD stent over (as
opposed to under) the LCX stent
was associated with close apposi-
tion of the stent to the vessel on the
myocardial side, at the ostium of
the LCX artery, where atheroscle-
rotic plaques are likely to be pres-

... the spatial plaque burden and BA should be closely examined
before crush stenting, and segments should not be left unstented

over large plaques.

graphic evaluation unique and
complex, the possibility of the LM
to exhibit reverse tapering should
be considered—that the LM ostium
has a smaller caliper compared with
its distal segment in the absence of
atherosclerosis.”” Interestingly, in
support of this hypothesis, initial
experiences indicated significant
discrepancies between angiographic
estimates of stenosis severity and
findings at autopsy,”® which was

ent. This evidence led the author
to conclude that the spatial plaque
burden and BA should be closely
examined before crush stenting,
and segments should not be left
unstented over large plaques.’
Recently, Onumaand colleagues**
and Girasis and colleagues* vali-
dated the 3D reconstruction and
QCA for bifurcation lesions; they
reported accurate, precise, and
reproducible measures of diameter,
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Figure 5. Angiographic images of distal severe left main stenosis involving the left anterior descending and left circumflex arteries with corre-
sponding three-dimensional reconstructions from the integration of two single-plane angiographic images taken from different angles. CAUD,
caudal; CRAN, cranial; LAO, left anterior oblique; Prox, proximal; RAO, right anterior oblique.

length, and BA. Importantly, the
impact of BA on immediate post-
procedural and long-term outcomes
has been evaluated in non-LM
bifurcations.”” Also the role of this
technique in evaluating post-PCI
results of bifurcation PCI has been
proven.**** Therefore, 3D QCA is
of great interest and has the poten-
tial to overcome the limitations of
2D assessment of the LM by accu-
rately defining the extent, com-
plexity, and length of the lesion, the
degree of stenosis, and the reference
vessel diameter, thereby allowing a
thorough and appropriate assess-
ment of the indication for PCI,
and offering guidance in the mate-
rial selection.** The 3D-rendered
images of the LM bifurcation can
be freely rotated in space, allow-
ing for a precise analysis of the
vessels from different viewpoints,

and for the assessment of the LM
and its side branches, as well as the
take-off angles (Figure 5).**° Dvir
and associates®® demonstrated that
3D reconstructions significantly
improved morphologic analysis of
LM disease, particularly for ostial
and bifurcation lesions.

In a 3D QCA study by
Rubinshtein and coworkers,’ 133
patients with no angiographically
detected coronary artery disease
and 70 patients with LM disease
were analyzed; 3D QCA was first
performed on patients with no cor-
onary artery disease to characterize
the normal LM anatomy. The prox-
imal A and distal B BAs had mean
values of 116° = 22° and 74° * 25°,
respectively. Conversely, in patients
with LM disease, the proximal and
distal BAs were 107° = 25° and 84°
*+ 24°, respectively. The magnitude
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of the distal angle was found to
be associated with several clinical
and anatomic factors, including
the presence of distal LM disease.
Therefore, this study supports the
understanding that the distal angle
B may be increased in patients with
bifurcation LM disease. Indeed,
whether this difference is the cause
of the plaque location at the LM
bifurcation, or rather the conse-
quence, remains unclear.

In a study from Godino and asso-
ciates,”” the correlation between
BAs and procedural outcomes of
PCI was further investigated. In 75
LM bifurcations, the baseline mean
values of the proximal A and distal
B angles were 131° = 32° and 78°
+ 28° respectively. In LM bifurca-
tions treated with two stents the dis-
tal angle B significantly decreased
by a mean of 10° (P = .003) and
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the proximal angle A increased by
10° (P = .006). The greatest varia-
tion in the A and B angles was
found following a two-stent tech-
niques performed in T-shaped
(= 70°) bifurcations. The crush
technique was associated with the
largest decrease of the distal angle
B, particularly in nontrue bifurca-
tions. These findings underscore
that especially in LM bifurcations
treated with two stents, the distal
B angle became narrower mainly at
the expense of the proximal angle
A, which became wider.

The feasibility of assessing the
LM BA with a 3D QCA algorithm
has been further explored by
Girasis and colleagues* in 354 LM
patients enrolled in the Synergy
Between PCI With TAXUS and
Cardiac Surgery (SYNTAX) trial.
For the purposes of the analysis,
the LCX was designated as the side
branch and the LM bifurcation was
defined as Y-shaped when the dis-
tal angle B was < 70°. The 3D QCA
analysis was feasible in a relatively
high (75.1%) proportion of patients.
Suboptimal analyses were due to
inadequate cineangiography or dif-
ficult anatomy, lacking a proper
demarcation of the bifurcation. In
patients with completely analyz-
able rendered images (N = 266),
the distal and proximal BAs were
inversely correlated and followed
a normal distribution with a high
grade of interindividual variability.
The proximal angle A and the dis-
tal angle B had mean pre-PCI end-
diastolic values of 106° = 22° and
96° & 24°, respectively, and pre-PCI
end-systolic mean values of 114°
*+ 20° and 87° * 23° respectively.
This finding underscores that car-
diac motion significantly affects
the LM BAs, including an increase
of the proximal angle A and a
decrease of the distal angle B. After
PCI, the proximal angle A and dis-
tal angle B were found to slightly
increase and decrease, respectively,

consistently with the findings of
Godino and colleagues.”> However,
in analyses restricted to Y-shaped
LM bifurcations, the opposite phe-
nomenon was observed.
Interestingly, the authors ana-
lyzed the 12-month freedom from
major adverse cardiac or cerebro-
vascular events (MACCE) after
stratification by tertiles of the distal
angle B. Theoretically, in LM bifur-
cations treated with the crush tech-
nique, a wide distal angle B may be
associated with less optimal expan-
sion and apposition of the side
branch stent, especially at the site
of the ostium. Conversely, a nar-
row distal angle B could negatively
affect the outcome of the culotte
technique due to the increased
stent cell size necessary to span
an oblique ostium. However, no
differences in clinical outcomes
were noted across different groups,
regardless of whether diastolic or
systolic values were analyzed or
whether one or two stents were
used. Given the small sample size
and the retrospective nature of
their study, the authors concluded
that the potential long-term pre-
dictive value of BA assessment and
its prospective applicability during
PCI deserve further investigation.
Recently, the same authors reported
on the 5-year outcomes of the 266
patients eligible for the analysis and
confirmed that stratification across
pre-PCI diastolic distal BA tertiles
(< 82°, 82°-106° = 107°) failed to
show any difference in MACCE
rates.”” Interestingly, patients with
bifurcation disease and post-PCI
systolic-diastolic range < 10° had
significantly higher MACCE rates
(50.8% vs 22.7%; P < .001), and a
post-PCI  systolic-diastolic range
< 10° was an independent predic-
tor of MACCE, demonstrating
the crucial role of the unprotected
LM post-PCI 3D reconstruction
of the bifurcation geometry on
the patient’s prognosis. However,

despite this latter study, which did
not identify 3D-QCA pre-PCI as a
significant predictor, based on its
retrospective analysis, it cannot
be excluded that a LM bifurcation
PCI guided from the 3D analy-
sis could lead to different results;
thus, to date whether pre-PCI 3D
QCA is able to significantly impact
on prognosis remains still unclear,
but there can be yet hypothesized
a potential role of this imaging on
guiding distal LM PCI and amelio-
rating outcomes. Further studies to
address this issue are needed.

Conclusions

Compared with non-LM bifurca-
tions, the LM bifurcation has pecu-
liar ~ anatomic  characteristics,
including a wider carina and a
larger distal angle. The 3D geome-
try of the LM bifurcation typically
results in specific patterns of plaque
distribution. Plaque distribution
may in turn significantly affect the
procedural and long-term clinical
and angiographic outcomes of LM
PCI. Therefore, each LM bifurca-
tion must be approached and
treated according to its unique ana-
tomic and pathologic characteris-
tics. Novel classification schemes of
plaque distribution and 3D assess-
ment may be valuable aids to get a
working picture of the bifurcation
geometry. u
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