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Abstract

Aims: The aim of this study was to define the shape variations, including diameters and angles, of the
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Methods and results: Computed tomographic angiograms from 300 adults with a zero calcium score
and no stenoses were segmented for centreline and luminal models. A computational atlas was constructed
enabling automatic quantification of 3D angles, diameters and lengths of the coronary tree. The diameter
(mean+SD) of the left main coronary was 3.5+0.8 mm and the length 10.5+5.3 mm. The left main bifurca-
tion angle (distal angle or angle B) was 89+21° for cases with, and 75+23° for those without an interme-
diate artery (p<0.001). Analogous measurements of diameter and angle were tabulated for the other major

e prior PCI

bifurcations (left anterior descending/diagonal, circumflex/obtuse marginal and right coronary crux). Novel
3D angle definitions are proposed and analysed.

Conclusions: A computational atlas of normal coronary artery anatomy provides distributions of diameter,
lengths and bifurcation angles as well as more complex shape analysis. These data define normal anatomi-
cal variation, facilitating stent design, selection and optimal treatment strategy. These population models
are necessary for accurate computational flow dynamics, can be 3D printed for bench testing bifurcation
stents and deployment strategies, and can aid in the discussion of different approaches to the treatment of

coronary bifurcations.
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Background

Information on normal coronary artery anatomy, including bifur-
cations, is surprisingly limited, and the available data, summarised
in Table 1, have important limitations'”. Previous studies of coro-
nary anatomy differ in their inclusion criteria, imaging protocol,
definition of angles, and measurement technique. Knowledge of
the quantitative size, shape and variability of the coronary arter-
ies is important for stent selection, stent deployment, and poten-
tially for dedicated stent design®. A detailed luminal surface shape
is also required for computational fluid dynamic simulations’ and
to construct accurate 3D coronary artery models for bench testing
devices and strategies.

We have created a three-dimensional (3D) CT computational
atlas of the coronary artery anatomy. Previous studies were
derived from a manually searched for projection plane which
minimises the foreshortening of the vessel, assuming that the
bifurcation is two-dimensional as opposed to its true 3D shape.
Our methodology is free from inter-observer and projection vari-
ability and allows the reproducible and accurate assessment of
angles and diameters from the computational models. Where
common features are extracted from each individual subject,
these databases are often termed “atlases”'’. The presented com-
putational database can generate new insights on demand: any
mathematically formulated measurement can be queried, for any

subpopulation.

Methods

DATA

This study was approved by the institutional review committee
and all subjects gave written informed consent. The study popu-
lation was a retrospective sample of 300 consecutive consent-
ing patients (after exclusion) referred for a coronary computed
tomography angiogram (CCTA) but who were found to have
a calcium score of zero and no stenoses identified by an experi-
enced cardiologist. Imaging was performed with a multidetector
CT scanner (GE LightSpeed™ 64 scanner; GE Healthcare, Little
Chalfont, United Kingdom) using retrospective ECG gating fol-

lowing administration of 60-80 ml of Omnipaque 350 contrast

Table 1. Bifurcation angle studies from the literature.

Reference ‘ Method ‘Age (yrs)‘ N ‘ Female ‘

Inclusion criteria

medium (GE Healthcare). Beta blockage aimed to achieve a rest-
ing heart rate of approximately 60 bpm. Sublingual nitroglycer-
ine spray was administered before imaging.

The end-diastolic CT (at 75% of the cycle) image data were
rendered in a 3D volume of approximately 200 transverse-plane
stacked images.

SEGMENTATION

A standardised analysis pipeline was defined to process all cases
consistently with minimal user interaction. The segmentation pro-
cedure was performed by an experienced analyst using a previ-
ously validated semi-automatic method that took approximately
20 minutes per study'.

The segmentation pipeline and typical results are shown in
Figure 1. All meshes were visually checked for quality and, if poor,
the mesh was excluded from the atlas (seven cases). MATLAB,
Release 2013b (The MathWorks, Inc., Natick, MA, USA) was
used to compute all vessel measurements.

B s

Figure 1. Atlas construction workflow. A) Centreline generation:
virtual catheters were inserted at the ostia in the CTA images.

B) Luminal mesh generation: extracted centrelines from panel

A were input into the custom sofiware MIALite. C) Result: coronary
arteries shown in colour and luminal surface mesh in grey.

D) Detail: close-up of the triangulated surface mesh at a bifurcation.

| LAD-DT | LCX-OM1| Crux

Dzavik et al! Angio 6312 133 24% PCI *B'=63+12
Pflederer et al® 16-CT NR 100 NR Disease suspected B=80+27 B=46+19 | B=48+24 | B=53+27
Kawasaki et al* 64-CT | 66+12 209 34% Disease suspected B'=72+22 A=138+19 |A=134+23| B'=61+21
Girasis et al? 3DQCA | 65+10 266 26% Disease suspected B=96+24
Godino et al’ Angio NR <75 NR PCI B=78+28 B=58+19 | B=64+21 | B=54+19
Rubinshteinetal® | 3D QCA | 6611 203 31% Disease suspected B=74+25
Zhang et al’ QCA 58+10 1,200 23% Bifurcation lesion *Median(B)=52, interquartile range=29
Current study 64-CT 55+9 300 64% | Zero calcium and no stenoses B=79+23 B=52+16 | B=56+23 | B=59+21
a??gle (tl-\, B OrE[ Bd’) is defined in Figure 2C. Not all angles are directly comparable due to differences in data and methodology. * Data not available by bifurcation. Angles are in degrees (°).

- not reporte




LABELLING
Each centreline was manually labelled as one of the following:
left anterior descending (LAD), diagonal (D1), septal, left circum-
flex (LCX), obtuse marginal (OM1), intermediate, right coronary
artery (RCA) and acute marginal. Other centrelines were ignored.
In those with right-dominant circulations, the bifurcation giving
rise to the posterior descending and the posterolateral branches
(crux) was identified.

If more than one vessel fitted a description, e.g., there was more
than one diagonal, only the first branch was analysed.

DEFINITION AND COMPUTATION OF ANGLES

A bifurcation point was automatically calculated from the cen-
trelines at the point where the centrelines split (Figure 2A).
Measurements were taken at a range of depths from this bifur-
cation point in 0.5 mm steps, following the centrelines. At every
step, a bifurcation plane (a least-square plane fitted to all of the
centreline points from the bifurcation point to the selected depth)
was defined (Figure 2B).

At each bifurcation we analysed four angles in 3D (Figure 2B):
the inflow angle, defined as the angle with which the proximal
vessel enters the bifurcation plane, and the bifurcation angle
(angle B), defined as the angle of the bifurcation between the
distal main vessel and the side branch. In addition we meas-
ured the angle between the proximal main vessel and side branch
(angle A), and the angle between the proximal and distal main
vessel (angle C), as shown in Figure 2C. For comparison, we have
included angle B’ which discounts the curvature of the distal main
vessel!. Computationally, these angles have to be defined with lin-
ear approximations of the centrelines.

In Figure 3A we show the bifurcation angle as a function of dis-
tance from the bifurcation point (or depth). Angle measurements

Arc-length

....,...' ™ 2
Inflow /
.| angle /

----------- Vessel lumen
— Centreline

Normal coronary artery atlas

are defined as the average in the 5-10 mm depth interval where
variation is typically small.

We include a sign convention for the inflow angle relative to
the centre of the heart. When the bifurcation follows the convex
curvature of the heart, a positive sign is used; when the bifurcation
goes against the expected convex curvature of the heart, a nega-
tive sign is used.

COMPUTATION OF DIAMETERS

For each centreline, the diameter of the vessel was calculated
every 0.5 mm from the ostium (Figure 3B), or previous main
bifurcation and to the last available point.

At each point, the mesh was intersected with a plane normal to
the centreline. This resulted in a polygon shape from which the
area was calculated. From the area (4), effective radius (R) and
diameter were determined (4=nR?). At a bifurcation, the effec-
tive radius briefly increases in the polygon of confluence!'’. In this
region where the area is maximal within the bifurcation, an ellipse
was fitted yielding two diameters from the major and minor axes,

enabling the computation of eccentricity.

STATISTICS

Statistics were computed in SPSS Statistics, Version 21 (IBM
Corp., Armonk, NY, USA) and MATLAB, Release 2013b
(The MathWorks, Inc.). Histograms were used to report diameter
and angle data (Figure 4, Figure 5). A Kolmogorov-Smirnov (KS)
test'? was used to test for normality (¢=0.01). Linear regression
was used to test for differences due to sex and size®. A p-value of
p<0.01 was considered significant.

Results
Sample demographics can be found in Table 2.

Bifurcation
plane

Figure 2. Definitions. A) The bifurcation is represented by a luminal surface and a centreline. To compute distances, the arc length (length of

the curve in 3D) was used. B) Inflow angle. Given a distance from the bifurcation point (depth), a least-square bifurcation plane is defined.

The inflow angle is defined as the angle with which the vessel enters this plane (either from above or underneath the plane). C) Angle

definitions previously used in the literature. The European Bifurcation Club recommendation is shown in blue (angles A, B and C). B’is the

angle that would arise from the prolongation of the PMV'. DMV: distal main vessel; PMV: proximal main vessel; SB: side branch
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Figure 3. Angle and diameter as functions of depth in the left main bifurcation. A) Bifurcation angle B and inflow angles calculated at different
distances from the left main bifurcation point between the LAD and the LCX (solid line represents the mean, and dashed lines one standard

deviation). B) Diameter of the left main trunk and LAD calculated at different distances from origin (mean is shown in blue, one standard

deviation in red). Vertical lines show where the left main bifurcation occurs. Black dotted vertical lines indicate sample size (as distance

increases fewer cases are available).

MEASUREMENTS
The left main bifurcation angle slowly decreases as the measure-
ment is taken further from the bifurcation point (Figure 3A). Most
distributions shown in the histograms (Figure 4, Figure 5) passed
the normality test (Table 3).

The length ofthe left main coronary artery is 10.5+5.3 mm (Table 4).
Other left-coronary bifurcations typically occurred around 30-40 mm
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(e.g., first diagonal and septal) but with substantial variation as
shown by the large standard deviation. Comparatively, the crux was
found at the furthest point from its ostium, with greater variability'*.

The average effective diameter at the ostium of the left main coro-
nary artery is 3.7 mm (Table 5), and LAD diameters decrease distally in
an approximately linear fashion (Figure 6). Diameters were measured
until fewer than 40 cases were available with an adequate luminal mesh.
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Figure 4. Bifurcation angle (B) shown as a histogram for each bifurcation. The horizontal axes show the angle (°) and the vertical axes

represent the number of cases (frequency).
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Figure 5. Inflow angle shown as a histogram for each bifurcation. The horizontal axes show the angle (°) and the vertical axes represent the

number of cases. Positive angles indicate that the proximal vessel enters the bifurcation plane with convex curvature consistent with the

long-axis curvature of the ventricle, whereas negative values indicate concave curvature.

Table 2. Population demographics at the time of scanning.

Sex 192 F/108 M (64/36%)

Age (years) 55.3+9.1

Height (cm) 169.0+9.9

Weight (kg) 76.1£14.6

BMI (kg/m?2) 26.6+4.2

Ethnicity European 254 (85%)
Other 34 (11%)

All mean+SD.

Table 5 tabulates angles and diameters for the left main bifurca-
tion. Table 6-Table 9 summarise the measurements for the other
major bifurcations.

DIFFERENCES BY SEX AND SIZE

An ANOVA analysis revealed that diameters in the left main are
significantly different for men and women (p<0.001). The bifurca-
tion angle was wider in males (85° vs. 74°, p<0.001), and females
had slightly more pronounced inflow angles (12° vs. 6°, p=0.07).

Arterial diameters were not significantly related to patient size
calculated from BMI when this was included in a linear regression
(p>0.001). Bifurcation angles were still different by sex (p=0.002)
in a regression model including height; however, inflow angles did
not show a significant difference in the same regression model.
Patients with an intermediate artery had a larger bifurcation angle
than those without (89° and 75°, respectively, p<0.001) but there

was no difference in inflow angle or left main diameter.

Discussion

This data set serves as a reference for describing the coronary
artery shape features for a population without coronary sten-
oses and without calcification. The methodology employed for
the measurement (after segmentation) is fully automatic, repro-
ducible and three-dimensional, thus avoiding several potential
sources of error found in previous studies, including the use of
2D projections.

ANGLES

We wish to extend the European Bifurcation Club definition of
bifurcation angles' where angles are called A, B and C as shown in
Figure 2C and bifurcation is considered a 2D structure. Bifurcation
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Table 3. Average angle+SD (°) averaged over a depth range of 5-10 mm.

Bifurcation Inflow

LCA | Left main 300 126.1+21.1 78.9+23.1 61.5+21.5 138.6+18.94# 9.5+21.5

First diagonal 242 145.1+14.8 51.9+16.4 41.0+15.9 150.5+13.8 8.4+14.44

Septal 42 136.0+14.4 58.1+16.5 51.4x£15.0 155.5+12.8 -3.1x11.5

Obtuse marginal 176 146.9+21.5 55.8+23.2 38.4+22.1 145.0+15.7 7.8+16.9

Intermediate with LAD 77 156.6+11.1 46.2+13.8 28.3+13.9 143.9+12.5 7.714.1

Intermediate with LCX 77 157.8+14.9 59.0+18.8 26.3+22.0 127.1+21.4 7.5+14.4
RCA | Acute marginal 194 124.0+23.8 74.8+29.1 64.1+£23.7 151.3£13.5 12.7+15.7#

Crux* 178 145.0+16.4 59.1+21.2 40.5+17.6 142.9+17.9 2.4+16.4
*Only right-dominant cases were included in the crux cases. See Figure 2 for angle definitions. #Rejected KS normality test (p<0.01).

Tahle 4. Distance (mm) from the previous bifurcation, shown in
brackets.

mm ‘ Mean ‘ Std dev.

LMB (left ostium) 10.5 B8
First diagonal (LMB) 3.5 15.2
Septal (LMB) 36.8 11.2
Obtuse marginal (LMB) 41.3 20.4
Intermediate (left ostium) 13.2 4.9
Acute marginal (right ostium) 41.6 16.0
RCA crux (right ostium) 106.6 28.7
LMB: left-main bifurcation

anatomy is more complex and we wish to incorporate the concept
of bifurcations existing in three dimensions. The inflow angle, less
well recognised, is the angle between the plane of the daughter
vessels and the upstream main vessel before it divides. While the
three angles (A, B and C) add up to 360° in a 2D plane, this is not
necessarily true in 3D.

Averaging angles in the 5-10 mm interval ensures a more robust
measurement than a single point. The inflow angle does not flatten
off with respect to distance from the bifurcation because the coro-
nary arteries curve towards the apex of the heart. Measurement of
this angle using only two points is therefore highly dependent on
the selected distance.

The absolute inflow angle rarely exceeds 30°, except in very
small hearts with a high curvature. Its mean is positive indicat-
ing convex curvature, except for the septal bifurcation which is
slightly concave (Table 3).

The difference in inflow angle between males and females, albeit
moderate, aligns well with previous findings of heart shape variation
in asymptomatic populations where female hearts were found to be
more spherical'® and would therefore require higher inflow curvature.

Measurements made using a projected straight centreline from
the proximal main vessel are reported'. In order to compare our
findings, we also calculated this angle B’ (Figure 2C). In general,
B’ is <B since the straight centreline projection typically ignores
part of the bifurcation angle.
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Figure 6. Effective diameters vs. distance from bifurcation or ostium shown in quartiles. A) Left main from ostia (continuing to LAD). B) RCA
from ostia downward. C) LAD from bifurcation. D) LCX from bifurcation. E) Intermediate from bifurcation. F) First diagonal from

bifurcation. G) Obtuse marginal from bifurcation.



Table 5. Measurements of the left-main hifurcation (N=217),
excluding cases with an intermediate artery. The rendered model
shows the average hifurcation.

Confluence:

- s LCX
Inflow
angle

Left main C

LAD

Normal coronary artery atlas

Table 6. Measurements of the left-main hifurcation (N=74),
excluding cases without an intermediate artery. The rendered
model shows the average bifurcation. Angle D represents the
angle hetween the two independent bifurcation planes (Int.-LAD
and Int.-LCX) whereas Angle B is the bifurcation angle measured
in the LAD-LCX hifurcation plane.

Confluence: &

Inflow
angle 6/ >

Angle D

Mean | sD | a1 | @2 | 03 Lox
Left main diam., mm SE5 0.8 3.2 3.6 4.1 B1 ;
LAD diam., mm 3.2 0.7 2.8 3.2 3.6 Intermediate A
LCX diam., mm 3.0 0.7 2.5 3.1 3.5 Angle B
Conf.D_, mm 52| 12| 47| 55| 60 | Mean | SD | @1 | 02 | a3
Conf.D_,, mm 3.6 0.8 3.2 3.6 4.1 Left-main diam., mm 3.5 0.8 3.0 3.6 4.1
Eccentricity (D, ./ D, ) 1.4 03 1.2 1.4 1.6 LAD diam., mm 3.1 0.9 2.4 3.3 3.8
Angle A, degrees 126.7 | 21.4| 115.8| 129.8| 141.6 LCX diam., mm 29| 038 2.4 2.9 3.4
Angle B, degrees 75.2| 233| 61.4| 73.1| 88.9 Int. diam., mm 2.6 0.5 2.1 2.5 2.9
Angle C, degrees 138.6| 20.0| 132.0| 140.2| 150.2 Conf. D__, mm 5.1 1.1 4.6 5.3 5.9
Inflow angle, degrees 83| 246 -8.1 10.4| 25.8 Conf. D_;,, mm 3.6 0.8 3.1 3.7 4.3
Left main length, mm 10.2 5.6 7.0 10.0 13.0 Eccentricity (D, _/ D) 1.4 0.3 1.2 1.4 1.6
Males (N=66) Angle A, degrees 120.0| 185 | 112.6| 118.1| 130.9
Left main diam., mm 4.1 0.6 3.6 4.1 4.6 Angle B1, degrees 58.4| 19.4 | 41.4| 60.0| 728
LAD diam., mm 3.7 0.6 3.2 3.7 4.1 Angle B2, degrees 46.1| 145 | 354 | 454| 56.7
LCX diam., mm 3.6 0.6 3.1 3.6 3.9 Angle B, degrees 88.6| 21.1 77.4| 89.0| 100.6
Females (N=151) Angle C, degrees 136.6 | 14.1 | 127.7| 137.6| 147.6
Left main diam., mm 3.3 0.7 2.8 3.4 3.8 Angle D, degrees 141.8 | 22.4 | 130.7 | 142.6 | 158.5
LAD diam., mm 3.0 0.6 2.5 3.1 3.4 Inflow angle, degrees 14.6| 23.8 -3.9 20.0 34.5
LCX diam., mm 2.8 0.7 2.3 2.8 3.3 Left main length, mm 11.3 4.4 8.0 10.0 14.0

Conf: confluence region; Q1: first quartile; Q2: second quartile/median;
Q3: third quartile; SD: standard deviation

Previous studies have looked primarily at patients with disease
(Table 1). In comparison, the proposed methodology has improved
robustness because angle measurements are averaged over the ves-
sel length. Due to flow dynamics, angle values are expected to be
larger compared with a healthy population. Differences with lit-
erature are therefore probably due to: 1) the lack of disease in our
sample; 2) the different demographics, i.e., higher proportion of
females and younger patients in our sample (Table 2); and 3) dif-
ferent measuring methodology.

Notwithstanding these differences, previously reported angles
were indeed typically larger, with the closest results reported by
Pflederer’ and Godino®. Kawasaki* and Dzavik' reported lower
angular B’ values for the left main bifurcation due to the previ-
ously mentioned methodology differences. In line with other stud-
ies in Table 1, we have further established a consistent angular
difference of ~30° between the left main (average of 80°) and
other major bifurcations (~50°).

Males (N=38)

Left main diam., mm 4.0 0.6 3.6 3.9 4.3

LAD diam., mm 3.6 0.7 3.3 3.6 4.0
LCX diam., mm 3.2 0.7 2.7 3.2 3.6
Int. diam., mm 2.7 0.5 2.4 2.7 3.1

Females (N=36)

Left main diam., mm 3.0 0.8 2.6 3.2 3.6

LAD diam., mm 2.7 0.8 2.2 2.6 3.3

LCX diam., mm 2.6 0.7 2.2 2.6 3.1

Int. diam., mm 2.4 0.5 2.0 2.3 2.6
DIAMETERS

The average diameter along the LAD shows some fluctuation at
the site of bifurcations where the artery can sometimes depart
from tubular vessel geometry. Beyond bifurcations, the average
diameter stabilises with a smooth reduction of approximately
0.25 mm per 10 mm of length.

The diameter data (D) from our atlas were in close agreement
with Finet’s ratio'” where D, /(D, +D.)=0.678 (PMV: prox-
imal main vessel; DMV: distal main vessel; SB: side branch).
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Table 7. Measurements of the LAD - diagonal bifurcation (N=235).
The rendered model shows the average bifurcation.

Confluence:

First
diagonal

LAD-PMV

Inflow
angle

LAD-DMV

Mean | SD | a1 | @2 | @3

LAD-PMV diam., mm 8.3 0.8 2.9 2.3 3.8
LAD-DMV diam., mm 2.7 0.6 2.2 2.6 3.1
Diagonal diam., mm 2.2 0.6 1.9 2.2 2.5
Conf.D__, mm 5.3 1.1 4.9 5.5 6.0
Conf.D_,,, mm 3.7 0.8 3.3 3.7 4.3
Eccentricity (D, /D, ) 1.4 0.2 1.3 1.4 1.6
Angle A, degrees 143.8 | 14.3 | 135.8 | 143.5 | 152.0
Angle B, degrees 51.5 16.5 39.0 50.9 63.4
Angle C, degrees 150.0 | 13.7 | 142.8 | 151.5 | 159.1
Inflow angle, degrees 8.6 14.8 1.7 7.2 15.7
Males (N=88)

LAD-PMV diam., mm 3.7 0.6 8.3 3.7 4.1

LAD-DMV diam., mm 3.0 0.7 2.5 3.0 3.4

Diagonal diam., mm 2.4 0.6 2.0 2.4 2.7

Females (N=149)

LAD-PMV diam., mm 3.0 0.7 2.4 3.1 3.4

LAD-DMV diam., mm 2.5 0.6 2.1 2.4 2.9

Diagonal diam., mm 2.1 0.5 1.8 2.1 2.4

This ratio was 0.6576+0.083 in our data sample. In comparison
with other diameter ratio models based on flow'’, a least-square
data fit to an exponential model D%, =D4
imum for 0=2.4, closest to the Huo-Kassab model.

+D¢, yielded a min-

The left-main diameter interquartile range of 3.2-4.1 mm
(Table 5) agrees well with previous studies using QCA (3.1-
4.2 mm)"®2 but differs from post-mortem measurements
(4.9+£0.8 mm)*'. The latter measurements depend on how the
tissues are handled post mortem, whether pressure fixation was
used and whether the lumen or outside diameters were measured.
Circumflex coronary artery diameter (3.1+0.7 mm) was also found
to be in agreement with previous findings (3.10+0.54 mm)*. The
length of the left-main trunk (10.5+5.3 mm) (Table 4) was similar
to observations from previous studies using QCA (9.7+4.3 mm)*
and post-mortem measurements. An interesting observation in
the right coronary artery is that it seems to increase in diameter
before decreasing monotonically (Figure 6). The sharp decrease
in diameter after the bifurcation point represented by the origin
or zero length in all secondary bifurcations (excluding the top

Table 8. Measurements of the LCX - obtuse-marginal bifurcation
(N=166). The rendered model shows the corresponding average
bifurcation.

LCX-PMV Confluence: &

Inflow 3
angle

First obtuse
marginal

LCX-DMV

| Mean | SD | a1 | 02 | 03

LCX-PMV diam., mm 3.2 0.7 2.8 3.2 3.7
LCX-DMV diam., mm 2.6 0.7 2.1 2.6 3.1
%t;rt]use marginal diam., 24 06 51 53 27
Conf. D__, mm 5.8 1.0 5.0 B 5.9
Conf. D_. ., mm 3.7 0.8 3.2 3.8 4.2
Eccentricity (D, /D) 1.4 0.3 1.2 1.4 1.6
Angle A, degrees 146.0 | 18.8 | 138.4 | 150.0 | 157.6
Angle B, degrees 55.4 | 23.7 | 384 | 522 | 687
Angle C, degrees 143.3 | 15.2 | 1345 | 141.9 | 153.3
Inflow angle, degrees 7.6 17.9 4.4 8.6 18.0
Males (N=58)

LCX-PMV diam., mm 3.8 0.7 3.4 3.8 4.2
LCX-DMV diam., mm 3.0 0.8 2.4 3.0 3.6

Obtuse marginal
diam., mm

Females (N=108)
LCX-PMV diam., mm 3.0 0.6 2.5 3.0 3.5
LCX-DMV diam., mm 2.5 0.6 2.0 2.5 2.8

Obtuse marginal
diam., mm

2.7 0.7 2.2 2.5 3.2

2,8 0.5 1.9 2.2 2.6

row) is explained by the increase in diameter in the region of
confluence of the bifurcation.

Noise becomes more noticeable as the number of patients
decreases below 50. This provides an indirect indication of the
sample size required to determine diameter robustly in this popu-
lation. Assuming a resolution of 0.5 mm and a diameter variance
of 0.7 mm, N=47 is indeed enough to achieve 99% power (1—)
with a Type I error rate of a=0.01.

Limitations

Our study population was younger and had more females (64%)
than previous studies (Tahle 1) or in an average population having
bifurcation stenting?. The ethnic homogeneity of the population
might also have contributed to differences.



Table 9. Measurements of right-dominant coronary artery
bifurcations at the crux (N=171). The rendered model shows the
average hifurcation.

Confluence:

RCA

A Postero-
lateral

Inflow 5-~.
anglez ¥

Posterior
descending

(Mean | SD | Q1 | 02 | 03

RCA diam., mm 3.4 0.6 3.0 3.4 3.8
PDA diam., mm 2.3 0.6 2.0 2.3 2.7
PLB diam., mm 22| 0.7 1.9 2.2 2.6
Conf. D__, mm 4.8 0.8 4.1 5.0 5.2
Conf. D, .., mm 38| 0.6 3.4 3.7 4.2
Eccentricity (D__ /D, ) 1.3 0.2 1.1 1.3 1.4
Angle A, degrees 143.1| 16.0 | 136.3| 145.1 | 154.1
Angle B, degrees 59.6 | 21.9 44.9 58.1 72.0
Angles C, degrees 142.1| 17.4 | 133.5| 144.0| 152.5
Inflow angle, degrees 3.2| 16.3 9.3 2.1 15.4

Length from ostium, 106.6 | 28.8 95.5| 112.0| 122.0
mm

Males (N=64)
RCA diam., mm 3.7 0.5 3.4 3.6 4.1
PDA diam., mm 26| 04 2.3 2.6 2.9
PLB diam., mm 2.4 0.6 2.0 2.5 2.7
Females (N=107)
RCA diam., mm 3.2 05 2.9 3.2 3.6
PDA diam., mm 22| 0.7 1.8 2.1 2.4
PLB diam., mm 2.1 0.7 1.8 2.1 2.4

Because of limitations in resolution, some cases (3%) were
not suitable for mesh generation. These cases were mostly from
smaller female hearts.

Our problem of insufficient data is manifest in the septal coro-
nary data where there were not enough cases to characterise the
empirical distribution function fully.

Selecting only the first diagonal, septal, or obtuse marginal
artery for analysis when more side branches exist could be less
representative. Extending the analysis to include secondary arter-
ies could be the object of future research.

We analysed an end-diastolic time point; however, the heart
moves during the contraction and relaxation cycles. Accordingly,
the angle between the vessels changes, as shown by Girasis et al’.
Under this computational framework, in future, we intend to quan-

tify these changes over the cardiac cycle.

Normal coronary artery atlas

Future work
The atlas construction is independent of the segmentation algo-
rithm and therefore can take advantage of improved segmen-
tation. Further work could include study of the aortic sinus
and the ostia, and a comparison with patients having coronary
atherosclerosis.

Impact on daily practice

We present a computational atlas of coronary anatomy with
a focus on interventional measurements such as angles,
diameters and lengths. These data define normal anatomi-
cal variation, facilitating stent design, selection and optimal
treatment strategy. These population models are important
for accurate and realistic simulations of computational flow
dynamics and can be 3D printed for bench testing bifurca-
tion stents and deployment strategies. We hope that these
data are valuable in planning and discussing different
approaches to the treatment of coronary bifurcations includ-
ing choice of stent, evaluation of diameters and length and
use of dedicated devices.
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