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Bifurcations in the Left Coronary Artery: Application to

Stent Design
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Background: Improved strategies for stent-based treatment of coronary artery disease
at bifurcations require a greater understanding of artery morphology. Objective: We
developed a workflow to quantify morphology in the left main coronary (LMCA), left an-
terior descending (LAD), and left circumflex (LCX) artery bifurcations. Methods: Com-
putational models of each bifurcation were created for 55 patients using computed
tomography images in 3D segmentation software. Metrics including cross-sectional
area, length, eccentricity, taper, curvature, planarity, branching law parameters, and
bifurcation angles were assessed using open-sources software and custom applica-
tions. Geometric characterization was performed by comparison of means, correlation,
and linear discriminant analysis (LDA). Results: Differences between metrics suggest
dedicated or multistent approaches should be tailored for each bifurcation. For exam-
ple, the side branch of the LCX (i.e., obtuse marginal; OM) was longer than that of the
LMCA (i.e., LCXprox) and LAD (i.e., first diagonal; D1). Bifurcation metrics for some
locations (e.g., LMCA Finet ratio) provide results and confidence intervals agreeing
with prior findings, while revised metric values are presented for others (e.g., LAD and
LCX). LDA revealed several metrics that differentiate between artery locations (e.g.,
LMCA vs. D1, LMCA vs. OM, LADprox vs. D1, and LCXprox vs. D1). Conclusions:
These results provide a foundation for elucidating common parameters from healthy
coronary arteries and could be leveraged in the future for treating diseased arteries.
Collectively the current results may ultimately be used for design iterations that improve
outcomes following implantation of future dedicated bifurcation stents. VC 2015 Wiley

Periodicals, Inc.
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INTRODUCTION

Coronary bifurcations represent a challenging subset of
lesions treated by stents [1], especially for left main coro-
nary artery (LMCA) lesions that recently underwent a
change in classification [2,3]. There is a paucity of data
on outcomes for specific stents in the LMCA, and some
controversy as to whether coronary artery bypass surgery
should remain the standard of care for these lesions [4].
Current approaches to bifurcation stenting can generally
be characterized into multistent approaches or dedicated
devices. Regardless of approach, selection of a bare metal
stent (BMS) or drug-eluting stent (DES) references geo-
metric measurements of length and diameter (i.e., area).
A stent or multiple stents within a model platform are
then selected based on these metrics, with each stent hav-
ing been manufactured from a distinct number of circum-
ferential and axial repeating units that satisfies the
required diameter and length. While regulatory require-
ments have certainly been met for these stents, their
design attributes may not have been optimized in the
strictest sense of the word. For example, we recently
showed intrastrut hemodynamics are only optimized over
a small range of diameters for one FDA-approved stent
studied using idealized models [5]. Modifying the stent
sizing matrix could extend this finding over a greater
range of diameters and engineering metrics of interest [6].

Prior studies have shown a correlation between ar-
tery geometry and atherosclerotic plaque [7–9]. Curva-
ture of the coronary arteries impacts local blood flow
patterns and plaque distributions [10,11]. Similarly, the
geometric properties of BMS correlate with neointimal
hyperplasia (NH; the primary component of restenosis)
[12,13]. This correlation is believed to be influenced
by mechanical indices such as adverse (i.e., low magni-
tude and/or oscillatory) wall shear stress (WSS) [14]
and pronounced residual wall stress [15,16]. More
recently, reports have shown NH localized to the proxi-
mal portion of DES, and suggest that local blood flow
patterns may influence the effectiveness of DES agents
[17]. Depending on its material properties and design
features (number of repeating units and connector ele-
ments) an implanted stent can also restore or diverge
from the normal (and likely preferential) geometry and
curvature of a bifurcation region, thereby accentuating
adverse mechanical stimuli linked to NH.

With the above in mind, a number of studies have
aimed at characterizing geometric features of the coro-
nary artery tree [18–23]. Some studies use offline (i.e.,
outside the cath lab) quantification of CT morphology
data to determine the dimensions and approach for
stents used to treat bifurcation lesions [24]. The objec-
tive of the current investigation was to build on this
prior research by focusing on the LMCA and its imme-

diate branches where treatment outcomes could be
further improved, and to more comprehensively charac-
terize bifurcation morphology using a greater number
of metrics and quantification techniques. These results
are specifically interpreted relative to the current para-
digm of stent design and selection by focusing on
unique geometric attributes that may inform future siz-
ing matrices for commercial stents, and suggest differ-
ent stents/designs for each bifurcation studied here.

MATERIALS AND METHODS

Imaging Data Collection

Patients (n¼ 67) were imaged as clinically ordered
with cardiac gated 64-multislice spiral computed to-
mography (CT) at Froedert Hospital and the Medical
College of Wisconsin (Milwaukee, WI) using conven-
tional parameters and imaging data acquired during
cardiac diastasis. All subjects gave written informed
consent and Institutional Review Board approval was
obtained for the use of patient data. All patient identi-
fiers were excluded during post processing to comply
with all Health Insurance Portability and Accountabil-
ity Act regulations. Operating under the assumption
that stenting should restore morphology as close to
normal as possible, only arteries that were character-
ized as normal by the clinician who performed image
acquisition were used. Arteries with a diameter stenosis
of >50%, severe plaque burden, poor resolution rela-
tive to vessel size, or large septal branches close to the
bifurcation were therefore excluded. These criteria pro-
vided n¼ 55 data sets for modeling construction and
geometric analysis.

Model Construction

CT data sets were used to reconstruct geometrically
representative computational models of the left coro-
nary artery tree. Artery locations included the LMCA
bifurcation, the left anterior descending (LAD), and
left circumflex (LCX) arteries, as well as the first diag-
onal (D1) and the obtuse marginal (OM), the first
branches of the LAD and LCX, respectively. The 3D
segmentation was conducted with the ITK-Snap (www.
itksnap.org) open-source software using a semi-
automated process. Regions of interest (ROI) deter-
mined by image intensity homogeneity were seeded
with a series of 3D “snakes” (closed surfaces). The
segmentation algorithm allowed snakes to evolve to-
ward the artery wall according to user-defined parame-
ters (i.e., balloon, curvature, advection forces) that
acted based on the shape of the snake and the image
properties. Segmentation was performed first in the
LMCA and the larger portions of the LAD and LCX
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using image intensity thresholds and balloons for the
snake evolution. The initial segmentation was then
augmented with paintbrush snakes to seed smaller
branches for further segmentation using image edges
for preprocessing. Preprocessing and segmentation pa-
rameters were chosen to balance consistency between
patient data sets and quality data reconstruction [25],
and are provided in the Appendix. Outputs of the seg-
mentation process included a 3D solid model and a
surface mesh of the bifurcation, terminating distally at
either the next branch, or when data quality became
too poor to segment. Paraview (Kitware; Clifton Park,
NY) was used to partition the artery tree into three sep-
arate bifurcations (Fig. 1): LMCAbif including the
LMCA and the proximal portions of LAD and LCX
(i.e., LADprox and LCXprox, respectively), LADbif

including the LADprox, distal LAD (i.e., LADdist),
and D1, and the LCXbif including the LCXprox, distal
LCX (i.e., LCXdist), and OM.

Geometric Analysis

Surface meshes from the three bifurcations for each
patient were imported into VMTK (www.vmtk.org)

[26,27] and MATLAB (MathWorks, Natick, MA) to
determine centerlines, bifurcation vectors, and metrics
(Table I). Centerlines were determined in VMTK as
the shortest path between the proximal and distal ends
of each artery using the centers of maximally inscribed
spheres. A reference system for each bifurcation was
extracted in VMTK using the centerlines, and the out-
put included bifurcation vectors for each artery deter-
mined from a bifurcation plane and associated
bifurcation angles (Fig. 2). All calculations in VMTK
were performed with native scripts. Surface meshes,
centerlines, and bifurcation vectors were then queried
in MATLAB to divide each bifurcation into artery

locations designated as the proximal vessel (PV; the
parent portion of the main vessel), the distal vessel
(DV; the daughter portion of the main vessel, but also
the PV of the daughter branch), the side branch (SB),
and the ostium (OS). Thus the D1 and the OM are the
SB of the LAD and the LCX, respectively, and the PV
of the LAD is considered the DV of the LMCA (Fig.
1). The most distal orthogonal plane of the PV is deter-
mined as the point where its centerline diverges into
DV and SB centerlines. This point also serves as the
start point of the OS. The most proximal planes of the
DV and SB (i.e., the start of each bifurcation) are

determined from their respective centerlines as the first
location where the orthogonal planes do not intersect
the opposing vessel. The OS end point is calculated as
the midpoint of the line connecting the centers of these
nonoverlapping planes. The OS is comprised of orthog-
onal planes that extend downstream from the OS start
point towards the end point, with no planes overlap-
ping other vessels.

Each artery location (PV, DV, SB, and OS) was
characterized by several metrics (Table I). Length L of
each artery centerline was calculated as the sum of dis-
tances between consecutive points defining the

Fig. 1. Diagram of main branches of left coronary bifurcating
tree, with definitions of vessel locations. [Color figure can be
viewed in the online issue, which is available at wileyonlineli-
brary.com.]

TABLE I. Summary of Morphological Metrics, Locations at Which They Were Assessed, the Software Package Used to Calcu-
late the Metric, and the Calculations for the Metrics

Metric Locations Software Calculation Transformation

Planarity PV,DV,SB VMTK / (bifurcation vector� plane) None

Curvature, C PV,DV,SB VMTK 1/R(local osculating circle) C�1

PV-DV angle Bifurcation VMTK 180� (/(PVin-plane)�/(DVin-plane)) None

DV-SB angle Bifurcation VMTK /(DVin-plane)�/(SBin-plane) None

Length, L PV,DV,SB,OS Matlab
P

(centerline segments) L1/2

Cross-sectional area, A PV,DV,SB,OS Matlab [(x1þx2)(y1� y2)þ : : : þ(xnþx1)(yn� y1)]/2 A1/4

Eccentricity, E PV,DV,SB,OS Matlab (Rmax – Rmin)/Rmax E1/2

Taper, T PV,DV,SB,OS Matlab (Dprox,mean – Ddist,mean)/(0.5�L) None

Finet ratio, F Bifurcation Matlab RPV/(RDVþRSB) log(F)

k value Bifurcation Matlab Dk
PV¼Dk

DVþDk
SB (solve for k) log(k)
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centerline. OS length is calculated as the distance
between ostial start and end points. Orthogonal seg-
ments intersecting the artery lumen surface mesh were
determined at 1 mm increments along each centerline,
with the exception of the ostium or arteries <2-mm
long where segments were extracted every 0.25 or
0.5 mm. Cross-sectional area of segments As was deter-
mined with the MATLAB‘polyarea’ function, from
which mean diameter for each segment,

Ds ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
AS=p

p
, was calculated. Radii Ri, calculated as

the distance from the artery centerline to each point on
the segment, were used to calculate eccentricity index,

Es ¼ Rmax�Rmin

Rmax
, and Rs¼mean (Ri) was computed for

each segment [26]. As, Ds, and Es were then averaged
for segments in each artery location to obtain mean A,
D, and E. A taper factor for each artery location was

calculated as T ¼ Dprox;mean�Ddist;mean

0:5�L . This represents a

modification from previous studies [27,28] designed to
mitigate the impact of extreme diameters at the inlet
and outlet of each branch. Finally, curvature C was
calculated at each point along centerlines as the inverse
of the radius of the local osculating circle, and reported
as an average for each artery location.

Additional metrics were also quantified for each of
the bifurcations LMCAbif, LADbif, and LCXbif (Table
I). The angles between the DV and the SB (DV-SB)
and between the PV and the DV (PV-DV) were calcu-
lated as the difference between the projections of their
bifurcation vectors onto the bifurcation plane (Fig. 2).
Planarity of the PV, DV, and SB relative to the bifur-

cation plane was defined as the angle between the
bifurcation vector and the bifurcation plane, with a
negative planarity indicating an artery bending toward
the heart. Branching at each bifurcation was quantified
by two additional metrics based on Rs for the segment
of each artery closest to each bifurcation. Murray’s law
for branching [20] states that the radii closest to the
bifurcation of a proximal vessel and its distal and side
branches are related by Rk

PV ¼ Rk
DV þ Rk

SB, where k¼ 3.
An alternative branching law developed by Finet et al.
[18] calculated the ratio F ¼ RPV=ðRDV þ RSBÞ, found
from coronary angiography data to be 0.678. To com-
pare patient data against these branching laws, the
radii, Rs, were used to calculate F directly and k using
a nonlinear solver native to MATLAB.

Statistical Analysis

The above analyses resulted in 12 measurements per
patient of length L, mean area A, eccentricity E, and
taper T, which are measured at PV, DV, SB, and OS
locations of each bifurcation group (i.e., LMCAbif,
LADbif, LCXbif); 9 measurements per patient of planar-
ity and curvature, which are measured at PV, DV, and
SB locations of each bifurcation group; and 3 measure-
ments per patient of PV-DV angle, DV-SB angle, Finet
ratio, and k value, which are measured at each bifurca-
tion plane. Statistical analyses on the 78 measurements
were performed with MATLAB and SPSS (Version 21
IBM, Armonk, NY). Parametric statistics were used to
allow for a greater selection of statistical analyses and
reporting of results consistent with clinical research.
Therefore data for each measurement were tested for
normality across all groups and locations using both
the Lilliefors and Jarque–Bera tests and a visual
inspection of histograms. Metrics for which the major-
ity of measurements indicated non-normal distributions
underwent a metric-specific transformation to normal-
ize the data (Table I).

Means of post-transformation data were computed
across all patients (n¼ 55). Comparison of means
within and between bifurcations was conducted with
one-way ANOVA using Tukey–Kramer or Games–
Howell post-hoc analyses depending on results from a
test for homogeneity of variance. Differences were
considered statistically significant for P< 0.05.
Unequal sample sizes were allowed in order to accom-
modate patient data sets where one or more bifurca-
tions or artery locations were missing viable data. Data
was transformed back to original values for reporting
purposes, and are expressed as mean and confidence
interval. Transformed measurements were also corre-
lated with each other using Pearson’s correlation coef-
ficient, first individually resulting in a full 78 � 78

Fig. 2. Depiction of bifurcation vectors and planarity of a
representative patient LAD bifurcation. Left: Red arrows indi-
cate vectors on the bifurcation plane used to determine PV–
DV and DV–SB bifurcation angles. Right: The planarity of each
artery at a bifurcation is defined as the angle between its
bifurcation vector (gray) and the bifurcation plane (black).

4 Ellwein et al.

Catheterization and Cardiovascular Interventions DOI 10.1002/ccd.
Published on behalf of The Society for Cardiovascular Angiography and Interventions (SCAI).



correlation matrix, then by bifurcation group and artery
location as was used for comparison of means, and
finally by comparing metrics across all bifurcation
groupings and artery locations based on results from
the full correlation matrix. Based on rankings of Pear-
son’s correlation coefficients used elsewhere [29,30],
the following system was used to assess the quality of
correlation in the current investigation: very strong,
R> 0.9; strong, 0.7< R< 0.9; moderate, 0.4< R< 0.7;
low, R< 0.4. Coefficients in the strong or very strong
categories are highlighted in the Results.

Linear discriminant analysis (LDA) was used to dif-
ferentiate arteries and bifurcations based on combina-
tions of metrics. The two arteries for which there are
two names are each considered as a single artery for
the classification analyses, yielding seven unique
arteries for classification (see Fig. 1, LMCA DV and
LAD PV are both LADprox, and LMCA SB and LCX
PV are both LCXprox). LDA was first performed on
all seven arteries with the five metrics (i.e., length,
area, EI, taper, and curvature). Additional specific anal-
yses were done with selected metrics based on those
that showed statistical differences from the comparison
of means testing.

RESULTS

Comparison of Means

Lengths. For the LMCA and LCX bifurcations,
the PV was shorter than the DV and SB, but longer
than the OS (e.g., LMCAbif: LMCA¼ 6.82 mm vs.
LADprox¼ 13.4 mm, LCXprox¼ 13.8 mm and
OSLMCA¼ 3.60 mm; LCXbif: LCXprox¼ 13.8 mm,
LCXdist¼ 22.4 mm, and OM¼ 26.0 mm and
OSLCX¼ 2.70 mm). The DV and SB were also longer
than the OS in these bifurcations, but otherwise simi-
lar. In contrast, for the LAD bifurcation, there were no
differences in length between the PV (i.e., LADprox),
DV (i.e., LADdist), or SB (i.e., D1), but all were lon-
ger than the OSLAD. The PV (i.e., LMCA) and DV
(i.e., LADprox) of the LMCA bifurcation were shorter
than the respective PV and DV of the LAD and LCX.
In contrast, the OSLMCA was longer than that of the
LAD and LCX (e.g., OSLMCA¼ 3.60 mm vs.
OSLAD¼ 2.92 mm and OSLCX¼ 2.70 mm). The SB of
the LCX (i.e., OM) was longer than that of the LMCA
(i.e., LCXprox) and LAD (i.e., D1).

Areas. The area of the PV for the LMCA, LAD,
and LCX bifurcations was significantly larger than that
of the respective DV and SB, but not the OS. Addi-
tionally, the area of the DV of the LAD bifurcation
(i.e., LADdist) was also significantly larger than that
of the SB (i.e., OM). Not surprisingly, all artery loca-
tions within the LMCA have a significantly larger area

than their corresponding locations of the LAD and
LCX bifurcations. Additionally, the area of the DV of
the LAD is larger than that of the LCX, but the area of
the SB of the LAD is smaller than for the LCX.

Eccentricity. The OS was the most eccentric and sig-
nificantly different from all other artery locations within a
given bifurcation. Within the LAD bifurcation, the SB
(i.e., D1) was more eccentric than the PV (i.e., LADprox)
and DV (i.e., LADdist), (e.g., LADprox¼ 0.199,
LADdist¼ 0.197, and D1¼ 0.234). The SB (i.e., OM) of
the LCX bifurcation also had a higher eccentricity index
than the PV (i.e., LCXprox). This eccentricity of the SB
of the LAD and LCX bifurcations was significantly more
pronounced than the SB of the LMCA (i.e., the
LCXprox).

Taper. Similar to the observations of eccentricity,
the OS tapered significantly more than the other three
locations of all three bifurcations.

Planarity. Planarity for the three artery locations
(PV, DV, and SB) of the LMCA and LAD bifurcations
were all directed toward the heart and of similar magni-
tude (LMCAbif: PV¼�5.50, DV¼�5.14, SB¼�4.36;
LADbif: PV¼�1.16, DV¼�2.09, SB¼�2.34). How-
ever, for the LCX bifurcation, the PV vector (i.e.,
LCXprox) was pointed away from the heart (1.45) and
was in the opposite direction of the SB (i.e., OM;
�2.732). Planarity of the PV for the LMCAbif was
directed significantly more toward the heart than that of
the LADbif and LCXbif. Planarity of the LMCAbif DV was
also directed significantly more toward the heart than the
LCXbif, but the planarity of all SB pointed toward the
heart with similar magnitude (LMCAbif¼�4.36,
LADbif¼�2.34, LCXbif¼�2.73).

Curvature. Within the LMCA bifurcation, curva-
ture was significantly less pronounced along the DV
(i.e., LADprox), relative to the PV (i.e., LMCA), and
SB (i.e., LCXprox). In contrast, within the LAD and
LCX bifurcations, the curvature of PV (i.e., LADprox
and LCXprox, respectively) were significantly more
pronounced than their respective downstream DV loca-
tions, and their respective SB (i.e., D1 and OM,
respectively) had significantly greater curvature than
the other two artery locations within these bifurcations.
Curvature along the PV of the LAD bifurcation was
significantly less than the LMCA and LCX bifurca-
tions. The DV artery location between bifurcations
revealed significantly more curvature for the LCX
bifurcation as compared to the LMCA and LAD bifur-
cations. Similarly, the SB artery location between
bifurcations contained greater curvature for the LAD
bifurcation (i.e., D1) and LCX bifurcation (i.e., OM) as
compared to LMCA bifurcation (i.e., LCXprox). The
curvature of the D1 SB was statistically more pro-
nounced than the OM.
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Bifurcation metrics. The PV–DV angle of the

LAD bifurcation was significantly higher than for the

LMCA bifurcation and LCX bifurcation

(LADbif¼ 161.1deg vs. LMCAbif¼ 147.6deg and

LCXbif¼ 148.0deg), conversely, the DV–SB angle was

not different between bifurcations. In the LMCA bifur-

cation, the Finet ratio was significantly lower and the k
value significantly higher than in the LAD bifurcation

or LCX bifurcation (Table II).

Correlations

The full coefficient matrix indicates a high incidence
of strong and very strong positive correlations among
cross-sectional area (Table III). In particular, very
strong correlations occur in the LMCA and LCX bifur-
cations between the PV and the OS (R¼ 0.918 and
0.932, respectively). The next highest strong correla-
tion occurred in the LAD bifurcation between the PV
and the OS (R¼ 0.869). Additionally, we note that
within the LMCA bifurcation all area correlations are
strong or very strong with the exception of the moder-
ate correlation between the DV and SB (i.e., LADprox
and LCXprox, respectively). In lieu of presenting the
full 78 � 78 matrix in annotated form, we highlight
the remaining strong and very strong correlations
between individual measurements among all metrics:
LADbif OS area vs. length (R¼ 0.704); LADbif DV-SB
angle vs. length (R¼�0.714); LADbif SB area (D1)
vs. curvature (R¼ 0.761); LCXbif DV (LCXprox) area
vs. curvature (R¼ 0.736); LMCAbif k value vs. Finet
ratio (R¼�0.920); LADbif k value vs. Finet ratio
(R¼�0.954); and LCXbif k value vs. Finet ratio
(R¼�0.954).

Transformed measurements were also correlated
using the same bifurcation groups and artery locations
as for the comparison of means. In particular, there
was a very strong correlation between PV and OS
areas across all bifurcations (R¼ 0.926, Fig. 3). Strong
correlations also exist between the PV and DV
(R¼ 0.731) and DV and OS (R¼ 0.743) areas.
Between bifurcation groups, the LMCAbif area is
strongly correlated with the LADbif and LCXbif areas
(R¼ 0.703 and R¼ 0.722, respectively). All other cor-
relations for these groupings were moderate to low.

A strong correlation between area and curvature was
also noted across all artery locations in the LADbif

(R¼ 0.821). In addition, a very strong negative correla-
tion (R¼�0.945) between transformed Finet ratio and
k value was found across all data (Fig. 4, left). How-
ever, the data indicates a possible nonlinear relation-
ship between log(k) and log(F), so using Pearson’s
coefficient is likely not the most accurate measure of
dependence between the two variables. To estimate the

true relationship between k and F we solved Rk
PV

¼ Rk
DV þ Rk

SB for k with the assumption that RDV and
RSB are close enough in value such that RDV=RSB � 1.
Combining this result with the Finet ratio we deter-
mined that k ¼ log22Fð Þ�1

. When new k values were
calculated with F from the data, a curve that passes
through a majority of the data points is obtained (Fig.
4, right), thus substantiating the claims that RDV �RSB

and the relationship between the metrics is highly non-
linear.

Linear Discriminant Analysis

LDA revealed that the seven arteries as a group
could not be differentiated by the set of five metrics,
nor by removing taper and then EI from the set, with
resubstitution errors of 50.1, 49.9, and 53.6%, respec-
tively. When arteries were analyzed pairwise however,
length, area, and curvature could differentiate between
LMCA vs. D1, LMCA vs. OM, LADprox vs. D1, and
LCXprox vs. D1, with resubstitution errors <5% (Ta-
ble IV and Fig. 5, left). Resubstitution error is as high
as 13% for the cases LMCA vs. LCXdist, LADprox
vs. OM, and LCXprox vs. OM, but remaining artery
pairings could not be distinguished from one another.
LDA was also performed on the group of three bifurca-
tions with the two metrics PV-DV angle and k value.
Resubstitution error was 30.3% when comparing
LMCA, LAD, and LCX bifurcations separately, but
11.0% when considering the LAD and LCX together
as one group (Fig. 5, right).

DISCUSSION

Restenosis rates among DES remains �10% with
the current approach to stent selection, which impacts
�200,000 patients per year in the US alone [31] and is
more pronounced for bifurcation lesions [1]. Here we
build on prior research that has characterized coronary
artery bifurcation morphology by focusing on the
LMCA and its immediate branches (LAD/D1 and
LCX/OM) where treatment outcomes after stenting
could be further improved to reduce restenosis rates.
The results provide one of the most comprehensive
pictures of LMCA bifurcation morphology to date by
including metrics that are commonly reported of
length, area, bifurcation angle, Finet ratio, k value, as
well as less common metrics of eccentricity, taper, pla-
narity, and curvature. Beyond this geometric character-
ization, correlation and LDA were performed to
determine if arteries and bifurcations could be differen-
tiated by a subset of metrics. The discussion below
focuses on interpretation of results relative to the cur-
rent paradigm of stent design and selection using
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TABLE II. Artery Geometric and Bifurcation Metrics

Length (mm)

PV DV SB OS

LMCA 6.82 [5.52, 8.25]† 13.35 [10.55, 16.49]*† 13.79 [10.6, 17.38]*† 3.60 [3.33, 3.88]*

LAD 13.35 [10.55, 16.49]†‡ 19.99 [15.94, 24.50]†‡ 16.31 [13.26, 19.66]† 2.92 [2.64, 3.21]*‡

LCX 13.79 [10.6, 17.38]†‡ 22.56 [18.40, 27.14]*†‡ 25.81 [21.44, 30.69]*†‡¥ 2.70 [2.38, 3.04]*‡

Area (mm2)

PV DV SB OS

LMCA 15.43 [13.81, 17.21] 9.64 [8.57, 10.83]* 8.81 [7.74, 9.99]* 17.76 [16.1, 19.58]

LAD 9.64 [8.57, 10.83]‡ 7.18 [6.15, 8.34]*§‡ 1.92 [1.68, 2.19]*‡ 10.06 [8.81, 11.45]‡

LCX 8.81 [7.74, 9.99]‡ 4.32 [3.44, 5.37]*‡¥ 3.09 [2.56, 3.70]*‡¥ 9.70 [8.57, 10.93]‡

Eccentricity

PV DV SB OS

LMCA 0.210 [0.192, 0.229]† 0.199 [0.184, 0.215]† 0.185 [0.170, 0.201]† 0.308 [0.283, 0.333]

LAD 0.199 [0.184, 0.215]†§ 0.197 [0.183, 0.212]†§ 0.234 [0.221, 0.248]*†‡ 0.308 [0.283, 0.334]

LCX 0.185 [0.170, 0.201]†§ 0.203 [0.188, 0.219]† 0.225 [0.208, 0.243]*†‡ 0.311 [0.285, 0.340]

Taper

PV DV SB OS

LMCA 0.001 [�0.059, 0.062]† 0.008 [-0.007, 0.024]† 0.028 [�0.002, 0.058]† �0.183 [0.134, 0.231]

LAD 0.008 [�0.007, 0.024]† 0.014 [0.003, 0.025]† 0.036 [0.017, 0.054]† �0.143 [0.101, 0.185]

LCX 0.028 [�0.002, 0.058]† 0.015 [0.002, 0.028]† 0.020 [0.007, 0.032]† �0.122 [0.088, 0.155]

Planarity (deg)

PV DV SB

LMCA �5.50 [�7.52, �3.48] �5.14 [�7.52, �2.77] �4.36 [�6.92, �1.80]

LAD �1.16 [�3.07, 0.75]‡ �2.09 [�3.63, �0.56] �2.34 [�4.83, 0.16]

LCX 1.45 [�0.93, 3.82]‡§ �0.09 [�2.37, 2.19]‡§ �2.73 [�5.02, �0.44]

Curvature (mm�1)

PV DV SB

LMCA 0.111 [0.101, 0.122] 0.089 [0.083, 0.096]*§ 0.103 [0.093, 0.144]

LAD 0.089 [0.083, 0.096]‡ 0.107 [0.098, 0.118]*§‡ 0.228 [0.207, 0.255]*‡

LCX 0.103 [0.093, 0.144]¥ 0.127 [0.112, 0.146]*§‡ 0.170 [0.152, 0.192]*‡¥

Bifurcation metrics

PV-DV angle (deg) DV-SB angle (deg) Finet ratio k value

LMCA 147.6 [144.3, 151.0] 73.9 [68.2, 79.6] 0.668 [0.635, 0.705] 2.67 [2.25, 3.16]

LAD 161.1 [158.3, 163.9]‡ 68.7 [64.1, 72.6] 0.865 [0.820 0.914]‡ 1.28 [1.15, 1.43]‡

LCX 148.0 [142.7, 153.3]¥ 71.4 [66.4, 76.3] 0.962 [0.885, 1.046]‡ 1.14 [1.00, 1.31]‡

95% confidence intervals, [CI].

*¼ significantly (P< 0.05) different from the PV artery location.

†¼ significantly (P< 0.05) different from the OS artery location.

§¼ significantly (P< 0.05) different from the SB artery location.

‡¼ significantly (P< 0.05) different from the LMCA bifurcation.

¥¼ significantly (P< 0.05) different from the LAD bifurcation.
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geometric attributes. This work may ultimately inform
future sizing matrices for commercial stents, and sug-
gest different stents or designs for each bifurcation
group or artery locations characterized here. There are
several key findings from the present investigation.

1. Values and confidence intervals are provided for ge-
ometry metrics corresponding to bifurcations within
three prominent branches of the LMCA. These val-
ues obtained from 55 patients elucidate normal
ranges that may assist in the design of next-
generation dedicated bifurcation stents.

2. Differences between the LMCA, LAD, and LCX
bifurcations, particularly for SB metrics of length and
area, raise the intriguing question of whether dedi-
cated bifurcation designs or multistent approaches
should be further tailored for each bifurcation.

3. Strong correlations between PV and OS area regard-
less of bifurcation group may provide an additional
clinical measurement to assist with restoring challeng-
ing ostium lesions to potentially more natural dimen-
sions using dedicated or multi-stent approaches.

4. The bifurcation metrics quantified (e.g., DV–SB
bifurcation angle, Finet ratio) provide values and
confidence intervals that only partially align with
values in the literature.

5. LDA revealed several metrics that differentiate
between artery locations and bifurcations. These
results could be used in a more population-based
approach to stent design, or to select an existing
stent that optimizes a greater number of geometric
and bifurcation metrics.

Current dedicated bifurcation stents employ a range
of dimensions in their geometric parameters. The

TABLE III. Correlation Coefficients and P values for all Cross-sectional Areas Between Individual Metrics, Arranged by Bifurca-
tion and Artery Location

LMCA LAD LCX

PV DV SB OS PV DV SB OS PV DV SB OS

LMCA PV Corr. 0.736 0.715 0.918 0.736 0.569 0.488 0.534 0.715 0.642 0.280 0.759

Sig. <0.001 <0.001 <0.001 <0.001 <0.001 0.001 <0.001 <0.001 <0.001 0.056 <0.001

DV Corr. 0.631 0.806 0.851 0.392 0.869 0.631 0.503 0.202 0.567

Sig. <0.001 <0.001 <0.001 0.004 <0.001 <0.001 <0.001 0.209 <0.001

SB Corr. 0.778 0.631 0.462 0.341 0.549 0.567 0.407 0.932

Sig. <0.001 <0.001 0.002 0.024 <0.001 <0.001 0.006 <0.001

OS Corr. 0.806 0.662 0.445 0.625 0.778 0.505 0.398 0.788

Sig. <0.001 <0.001 0.001 <0.001 <0.001 <0.001 0.004 <0.001

LAD PV Corr. 0.851 0.392 0.869 0.631 0.503 0.202 0.567

Sig. <0.001 0.004 <0.001 <0.001 <0.001 0.209 <0.001

DV Corr. 0.192 0.834 0.462 0.420 0.132 0.441

Sig. 0.168 <0.001 0.002 0.001 0.431 0.002

SB Corr. 0.399 0.341 0.246 0.219 0.326

Sig. 0.003 0.024 0.104 0.086 0.024

OS Corr. 0.549 0.386 0.215 0.490

Sig. <0.001 0.002 0.205 <0.001

LCX PV Corr. 0.567 0.407 0.932

Sig. <0.001 0.006 <0.001

DV Corr. �0.274 0.573

Sig. 0.044 <0.001

SB Corr. 0.459

Sig. 0.001

OS Corr.

Sig.

Note that the LMCA DV is the same artery location as the LAD PV, likewise the LMCA SB is the same artery as LCX PV. Dark grey with bold

text, R> 0.9; medium grey, 0.7< R< 0.9; light grey, 0.4< R< 0.7; white, R< 0.4. The strongest correlations occur within the LMCA bifurcation.

Fig. 3. Transformed correlation results for cross-sectional
areas of parent vessels (PV) vs. ostia (OS), across all three
bifurcations. R 5 0.926.
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Tryton Side Branch Stent (Tryton Medical, Durham,
NC) provides scaffolding for the SB, radial strength in
the OS region, and a few struts in the PV region. PV
diameters from 2.5 to 4.5 mm are accommodated, and
SB deployment diameters can be 0.5–1.0 mm less than
the deployed PV diameter [32]. The Tryton stent
comes in standard (18–19 mm) and short (15 mm)
lengths, each with a 4.5 mm transition to be deployed
near the OS. These target deployment and transition
dimensions are in agreement with the PV and SB
diameters, and OS lengths reported here. In contrast to
the Tryton Side Branch Stent, the Axxess nitinol bifur-
cation stent (Biosensors International; Lausanne, Swit-
zerland) focuses on the PV and OS, and is designed
for the PV and OS with reference vessel diameters
from 2.75 to 3.75 mm [33]. The Axxess stent is avail-
able in 11 or 14 mm lengths, which seems appropriate
assuming plaque only spans a portion of the collective
PV and OS lengths presented here. However, the cur-
rent results suggest the Axxess stent is undersized rela-
tive to the normal diameters of the PV and OS. The
Stentys stent design (Stentys Inc., Princeton, NJ) is a
self-expandable Nitinol stent used for provisional stent-
ing that is delivered as a single stent. After expansion
of the stent within PV and DV the catheter can be
retracted and repositioned in the SB where the balloon
can be expanded to dislodge (i.e., fracture) a break-
away section of stent. This action deforms the local
portion of the stent toward the SB wall in order to pro-
vide increased SB patency. The Stentys design is avail-
able in small (2.5–2.0 mm), medium (3.0–3.5 mm),
and large (3.5–4.5 mm) diameters and 17, 22, or
27 mm lengths, which are aligned with the dimensions
reported here. Unfortunately, prior studies and feelings
among key opinion leaders suggest current single and

multistent approaches result in better outcomes than

dedicated bifurcations devices developed to date

[34–36]. The current results may therefore be used to

design iterations that ultimately improve outcomes, and

hence further temper skepticism, following implanta-

tion of future dedicated bifurcation stents.
The current results also indicate that a given artery

becomes more curved as it progresses distally along
the epicardial surface. The majority of commercial
stent designs available do not accommodate taper in
that the amount of material and distance between struts
is often uniform throughout the length and circumfer-
ence of the stent. We have previously optimized intra-
strut WSS as a function of vessel diameter by altering
the number of repeating circumferential units for a
stent [5]. The significant results for curvature, planar-
ity, and the geometric metrics from the current investi-
gation mentioned above may be used to further
optimize the design of future dedicate stents in a man-
ner that also reduces the likelihood for restenosis from
a fluid flow perspective.

The current paradigm of treatment by stents requires
every cath lab to stock multiple models, each with dif-
ferent lengths and diameters. This can be beneficial

Fig. 4. Left: Log-transformed k-value vs. Finet ratio for the set of patients showing high
negative correlation with Pearson’s coefficient R 5 20.945. There is evidence of a nonlinear
relationship between the two metrics. Right: Original k value vs. Finet ratio data plot with a
plot of kcalculated5ðlog22FdataÞ21, indicating the derived equation represents the nonlinear rela-
tionship between the two metrics.

TABLE IV. Resubstitution Error From Linear Discriminant
Analysis Using Length, Area, and Curvature as Metrics to Dif-
ferentiate the Arteries

LCXdist D1 OM

LMCA 5.4% 1.1% 3.2%

LADprox 5.8% 4.7% 8.8%

LCXprox 10.4% 4.1% 13.4%

The artery pairs LMCA vs. D1, LMCA vs. OM, LADprox vs. D1, and

LCXprox vs. D1 could be classified with these three metrics with

error< 5%.
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when using a multiple stent approach to treat a lesion,
potentially restoring the artery closer to the normal val-
ues presented here. The three dedicated bifurcation
stent designs mentioned above come in 2 or 3 diame-
ters and 2 or 3 lengths. In our opinion, this reduced
number of offerings in device platforms is favorable as
our correlation findings suggest that the current offer-
ing of stent platforms could potentially be reduced
where metrics were not correlated or statistically sig-
nificant. For example, the correlation results presented
here suggest PV and OS area may serve as a metric
for further restoring arteries to normal dimensions after
bifurcation stenting. The notions of biomimicry and
biomechanical homeostasis suggest this could be favor-
able. The current findings also suggest the offering for
each dedicated bifurcation stent design may not univer-
sally fit the three left coronary artery bifurcations char-
acterized here. In general, PV are shorter with larger
areas than DV or SB, which in most cases, are similar
for a given bifurcation group. Interestingly, the D1
branch of the LAD is significantly smaller than the
LADdist for the group of patients studied here, which
suggests dedicated bifurcation designs or multi-stent
approaches should be further tailored to this bifurca-
tion.

The mean values for Finet ratio [18] and k value
[20] diameter models were closest to the literature val-
ues (F¼ 0.678, k¼ 3) in the LMCAbif (F¼ 0.668,
k¼ 2.67), suggesting that either metric may be helpful
to inform stent selection for this particular bifurcation.
In contrast, differences from putative values for the
Finet ratio and k value in the LAD and LCX bifurca-
tions suggests that additional branching patterns should
be established for each bifurcation region. More recent
diameter models [37,38] do a better job of matching
the three bifurcations studied here, with the LMCA
again providing the closest match. Each bifurcation

metric can be used to derive a corresponding bifurca-
tion angle [20,39]. The DV–SB angles reported here
were not different between bifurcations and more
closely agree with those of Murray than Finet for
equivalent diameter ratios of daughter vessels. Interest-
ingly, the present offering of dedicated bifurcation
stents do not constrain bifurcation angle, but future
design iterations may move in this direction to improve
resulting indices of WSS [39].

The current results should be interpreted within the
constraints of several potential limitations. Computa-
tional representations of each artery were created up to
the point where image quality degraded, so it is possi-
ble that LAD and LCX SB average areas are lower
than in reality. The imaging data in this investigation
was taken at a single time point in diastole approximat-
ing the period of diastasis, and images throughout the
cardiac cycle (both diastole and systole) were not
obtained. The movement of the coronary arteries
throughout the cardiac cycle due to the pulsatility of
the heart has the ability to change vessel characteris-
tics, particularly curvature and eccentricity. Current
helical cardiac CT imaging acquisition methods do not
allow the ability to obtain and reconstruct coronary
image data at non-diastasis portions of the cardiac
cycle, an intrinsic technical limitation of this modality.
Several other imaging modalities have been used to
quantify geometric metrics for coronary arteries and
their bifurcations. The use of the CT-based quantifica-
tion techniques presented here offers a way for
researchers and clinicians to rapidly identify and quan-
tify morphometric details. The patient-specific vessel
representations quantified require volumetric imaging
data. This is desirable for the detailed set of metrics
reported, which go beyond traditional 2D approaches
or casting studies with harvested vasculature. While
the use of angiography, IVUS or OCT in isolation

Fig. 5. Left: Plot of LMCA and D1 length, area, and curvature. The linear classification
boundary is given by the plane. The resubstitution error in this case was 1.1%, caused by the
one LMCA data point (circles) on the D1 side of the boundary. Right: Plot of k value vs. PV–
DV angle for the LMCA and the two next-level bifurcations, resubstitution error 11.0%.
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cannot be used with the methods presented, we previ-
ously developed methods to create patient-specific cor-
onary artery reconstructions using a combination of
conventional and invasive high-resolution imaging
modalities [40]. The conventional imaging modality
can be CT angiography, MRI, or bi-plane angiography.
The high-resolution data can be OCT or IVUS. As part
of this hybrid approach when using CT and OCT, the
CT segmentation parameters are iteratively adjusted to
match dimensions from OCT in regions of overlap. A
similar approach was used when segmenting the CT
data in the current investigation, which suggests that
the dimensions presented here from CT would be simi-
lar to those from OCT. While OCT data was not avail-
able for the population of patients studied, additional
details and parameters for our CT segmentation process
are included in the Appendix. To get a better sense of
the reliability of our methods, we also compared differ-
ences in several metrics from our results (n¼ 55) to
those from another researcher in our lab on a subset of
data (n¼ 22). The majority of values obtained from the
subset are within �20% of values obtained from the
entire population, lending weight to the reliability of
the methods. The current investigation focused on nor-
mal arteries assuming that normal artery dimensions
and branching patterns rooted in biomimicry (i.e., natu-
ral design) are preferential, and could therefore be the
goal of interventional treatment by stenting. Nonethe-
less, Glagov remodeling, plaque eccentricity, or other
factors may make it impossible to restore these dimen-
sions through stenting.

CONCLUSION

This work provides a foundation for elucidating
common parameters from healthy coronary arteries and
could be leveraged in the future for treating diseased
arteries. Collectively the current results may ultimately
be used for design iterations that improve outcomes
following implantation of future dedicated bifurcation
stents.
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