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a  b  s  t  r  a  c  t

Geometrical  risk  factors  for  coronary  atherosclerosis  were  proposed  in  the  eighties  as  a  complement  to
fluid dynamic  and  biomechanical  mechanisms  for  atherosclerotic  genesis  and  progression.  Up  to  date
there  are  no  conclusive  results  in  the  subject,  although  several  studies  suggest  that  there  is an underlying
relation  between  geometry  and disease.  Coronary  computed  tomography  angiographies  of 48  patients
were  processed,  and  the  left  anterior  descending  artery  (LAD)  of  each  patient  was  geometrically  charac-
terized by  computing  point-wise  curvature.  Distal  averaging  of this  feature  was  used  as  discriminating
variable  to  identify  healthy  and  diseased  arteries.  Standard  statistical  analysis  was  performed  and  a  binary
classifier  was  used  to assess  the  discriminating  capability  of the so  called  average  distal  curvature  (  �̄d).  A
verage distal curvature
oronary computed tomography
ngiography
oronary artery disease

significant  difference  between  the  distribution  of �̄d in  healthy  and  diseased  LADs was  found  (p <  0.01).
Performance  of  the  classifier  for  a cut-off  value  of  �̄d =  0.0537  mm−1 in  terms  of  accuracy,  sensitivity
and  specificity  is  75%,  70%  and  80%  respectively.  The  area  under  the  receiver-operator  curve  is  0.75.  The
results presented  here support  the hypothesis  of  a significant  correlation  between  low values  of  average
distal  curvature  and  stenotic  lesions  in LAD arteries.
. Introduction

Coronary artery disease (CAD) is largely known to be one of the
eading causes of death worldwide [1]. Over the last decades, sev-
ral risk factors for CAD have been identified, comprising mainly
odifiable and non-modifiable systemic factors, such as cigarette

moking, diabetes mellitus, hypertension, hypercholesterolemia,
amilial history [2–4], and genetic contribution to susceptibility for
AD [5–9]. It remains controversial, however, whether systemic

isk factors can be fully accounted for the burden and presence
f CAD in a given individual [10–12], mainly because they do not
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explain the localization and non-uniformity of atherosclerosis dis-
tribution [13,14].

In this context, a number of biomechanical and geometrical
features have been described as factors that would potentially mod-
ulate the local atherosclerotic process. And such features are not
limited to the coronaries arteries. Specifically, the effect of biome-
chanical predictors are expressed in terms of several indexes, e.g.
wall shear stress and oscillatory shear index [15], and have been
supported by extensive evidence [16–20]. In turn, geometrical risk
factors [21] suggest that the geometric variability of the human vas-
culature contributes to the development of atherosclerosis. Several
clinical observations back up the geometric hypothesis [22–25].
To date, however, the effects of the later factors remain scarcely
reported in the literature, and are not used in clinical practice as
conventional risk factors.

Previous efforts to associate lesion presence to shape of coro-

nary arteries focused on the right coronary artery (RCA) [26–28].
This can be attributed to a well defined shape classification
(namely: C or �)  made by visual inspection. In turn, the left
anterior descending (LAD) artery lacks of an analogous shape
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escriptor. Although several geometric features can be used in the
haracterization of arteries [29], vessel curvature has been used
o characterized arteries of several arterial structures, including
he internal carotid [30], femoral [31] and cerebral arteries [32],
mong others. Particularly, curvature values for normal coronary
rteries have been reported previously [33].

The present study, focuses on the geometric analysis on the left
nterior descending (LAD) artery, searching for any statistically
ignificant correlation between the presence of stenosis and the
urvature of the artery. In the present context, arterial geometry is
ot intended to be used as a standalone tool for lesion detection or
iagnostic. In turn, we aimed to present a new potential geometric
isk factor for CAD in the LAD: the average distal curvature of the
essel.

The remaining of this document is arranged as follows. Section 2
escribes the data and presents the concept of the average distal
urvature. Section 3 presents the results of the statistical analysis,
hich are further discussed in Section 4. Final remarks are outlined

n Section 5.

. Materials and methods

The patient sample used in this work is described in Section 2.1.
omputed coronary tomography angiography (CCTA) images were
nalyzed and processed following a methodology described in [29],
nd summarized in Section 2.2. Specific aspects of the geometrical
nalysis for arterial structures are presented in Section 2.3.

.1. Patient sample demographics

The patient sample used in the present work was  originally
elected to detect heritability of geometric features on coronary
rteries [29], and hence the sample consists of sibling pairs. This
s a retrospective study including patients who were referred to
CTA between February 2008 and March 2013 at the Heart Institute
InCor), University of São Paulo Medical School, Brazil. The study
rotocol was approved by the local ethics committee of the cen-
er. The sample selection criterion is described in [29]. A total of
8 patients were selected for this study, consisting of 24 pairs of
iblings, 14 females and 34 males patients with an average age of
3 ± 13 years old.

The existence of arterial lesions in the arteries was  specified
y physicians, and the lesions are characterized according to [34]
sing a tuple of three variables, namely: stenosis grade, tissue type
nd lesion position. An artery was considered as diseased when a
tenotic lesion of any grade, tissue and position was  present in the
rtery. Altogether, 27 patients presented at least one lesion in the
AD artery, and 21 presented a healthy LAD. The spatial frequency
f lesions along the LAD artery for the patient sample is as follows:
roximal (21), middle (13) and distal (5). For the purpose of the
resent study, the target discriminating class is the presence of at

east one stenosis (disease, D) as opposed to the complete absence
f stenosis (healthy, H).

The demographics of these classes are summarized in Table 1,
here continuous variables are expressed as means ± SD. Nor-
ality was assessed using Shapiro–Wilk test. Categorical data are

escribed as numbers (percentage). Comparisons of continuous
ariables were made using Student’s t-test or Mann–Whitney U-
est for parametric and non-parametric data, respectively, and �2

est or Fisher’s exact test for categorical ones. All these tests were
erformed using STATA 11.0 software (StataCorp., Texas, USA). No

tatistical significant difference between groups was found, except
y the fact that, in our sample, patients with a diseased LAD has an

ncreased probability to suffer stenotic lesions in the other major
rteries, the right coronary (RCA) or the left circumflex artery (LCx),
Fig. 1. Illustration of the image processing and centerline construction procedures.
Arterial structures segmentation from CCTA (top), mesh post-processing and cen-
terline generation (bottom).

p = 0.01. Furthermore, all patients have at least one of the major
CAD systemic risks factors (smoker, hypertension, diabetes or dys-
lipidemia). Despite the familial relationship present in the data set,
it was shown in [29] that the patient sample is representative from
the point of view of the anatomical description of the coronary
vasculature, i.e. circulation dominance, lumen radius and arterial
occurrence.

2.2. Data acquisition and processing

The arterial data used in the present study was obtained by
means of CCTA. There are also other efficient methods to determine
the geometry of arteries, in particular, invasive coronary angiog-
raphy [37–39], biplane angiography [36], and C-arm scans [40].
However, these other methods may  produce distortions of the true
curvature of the artery, which is the target of our current interest.
Counter to this, noninvasive CCTA images have the advantage of
preserving the true spatial disposition of the centerline.
All the medical images were acquired in two devices: a 64-row
scanner with a slice thickness of 0.5 mm (Aquilion 64, Toshiba
Medical Systems, Japan) and a 320-row scanner system (Aquilion
ONE, Toshiba Medical Systems, Japan). All acquisitions were
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CG-triggered prospectively at 75% of the cardiac cycle to keep the
owest possible radiation dose. The acquisition scheme followed
tandard practice protocols and has been detailed in [29], ensuring
atient’s heart rate lower to 65 bpm.

Fig. 1 illustrates the image processing pipeline. The arterial
umen is segmented from CCTA images at end-diastole, using a
evel-set approach [35]; the resulting surface is used for the com-
utation of the arterial path, known as skeleton or centerline [36].
enterlines are widely accepted models of arterial networks for
hey exactly retain the arterial topology and most of the geometric
haracteristics of arteries in a compact and simple structure [29]. In
hree-dimensional space, centerlines are represented by polylines
ith point-wise information (e.g. lumen radius), which permits

he application of differential geometry analysis to compute, for
xample, point-wise curvature and torsion.

The geometric models of the arteries consist of three-
imensional polylines with point-wise definition of radius r(s) and
urvature �(s), where the absolute arc length of the centerline
orresponds to the arc coordinate denoted by s. The curvature
s calculated using finite differences over a smoothed polyline,

hich is constructed by means of a Laplacian filter to eliminate
igh-frequency noise [32]. This procedure is employed only for the
omputation of derivatives with respect to the parametric length
oordinate.

.3. Geometrical analysis

The behavior of the point-wise variables r(s) and �(s) for each
lass, D and H, was explored by averaging the variables over each
ubsample at each position s, which is discretized in an evenly-
paced scale and linearly interpolated for each patient. Fig. 2 shows
he point-wise average for radius and curvature, when normaliz-
ng the arc length to the interval [0, 1]. It can be observed that
he average curvatures in the distal section and the average radii
n the proximal section of the class D are lower than those of the
lass H. The behavior of the proximal radii is somehow expected
ince most of the stenoses of the sample are proximal or mid-vessel.
bviously, stenotic lesions are essentially related to the lumen area

n the vicinity of the lesion. However, previous evidences have
nequivocally documented the diffusiveness of the atheroscle-
otic process, being frequently present even in seemingly-healthy
essel segments [37]. Therefore, using the vessel radius directly
r implicitly to assess the relation to stenosis presence may  be

uestionable.

In order to assess the efficiency of the curvature as a risk
ndicator of stenosis, the average curvature of each artery was  cal-
ulated over the distal segment ( �̄d). The fraction sd defining the

able 1
ummary of the patient sample demographics. Abbreviations stand for: body mass index
nfarction (MI); percutaneous coronary intervention (PCI); coronary artery bypass graft (C

Baseline characteristics All (n = 48) Healthy LA

Age, years ±SD 53.0 ± 13.1 49.3 ± 14.1
Male,  n (%) 34 (70.8) 12 (57.1) 

BMI,  kg/m2 ±SD 29.0 ± 5.2 28.2 ± 5.7 

Hypertension, n (%) 37 (77.1) 14 (66.7) 

Diabetes, n (%) 10 (20.6) 2 (9.5) 

Dyslipidemia, n (%) 39 (81.2) 16 (76.2) 

LDL  123.1 ± 36.9 128.6 ± 40
HDL  46.9 ± 10.6 47.3 ± 10.1
Cholesterol 190.4 ± 43.6 196.4 ± 49

Smoking, n (%) 14 (29.2) 5 (23.8) 

Familiar CAD, n (%) 23 (47.9) 9 (42.9) 

Previous MI,  n (%) 7 (14.6) 1 (4.8) 

Previous PCI, n (%) 5 (10.4) 0 (0) 

Previous CABG, n (%) 3 (6.2) 0 (0) 

LVEF,  % ±SD 63.7 ± 3.7 64.7 ± 3.5 

Lesioned RCA/LCx, n (%) 30 (62.5) 9 (42.9) 
Fig. 2. Comparison of the point-wise averages (curves) and standard deviation
(light-gray band) of the entire sample, the healthy and diseased subsamples. Artery
lumen radius (a) and vessel curvature (b).

distal length for averaging is taken as the control parameter. Fig. 3

presents the area under the receiver-operator characteristics curve
(AUC) of a classifier method based purely on �̄d for different values
of sd. In addition, right tailed Mann–Whitney U-Tests were per-
formed to assess statistically significant difference between healthy

 (BMI); low-density lipoprotein (LDL); high-density lipoprotein (HDL); myocardial
ABG); left ventricle ejection fraction (LVEF).

D (n = 21) Diseased LAD (n = 27) p-Value

 55.9 ± 11.8 0.08
22 (81.5) 0.07
29.6 ± 4.8 0.11
23 (85.2) 0.17
8 (29.6) 0.15
23 (85.2) 0.47

.7 118.7 ± 33.8 0.36
 46.5 ± 11.0 0.78
.9 185.8 ± 38.2 0.41

9 (33.3) 0.47
14 (51.8) 0.53
6 (22.2) 0.11
5 (18.5) 0.06
3 (11.1) 0.24
62.9 ± 3.7 0.09
21 (77.8) 0.01
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Fig. 3. Area under the receiver-operator curve (AUC) and U-Test p-values for each
partition point sd .

Table 2
Mann–Whitney U-Test and classifier output associated to sd = 0.75. The prevalence
of  the disease in the population is 56.25%. Abbreviations stand for: area under the
receiver operating curve (AUC); positive predictive value (PPV); negative predictive
value (NPV).

Statistical summary

Cut-off value 0.0537 mm−1

Sensitivity 0.7037
Specificity 0.8095
Accuracy 0.75
AUC 0.7531
PPV 0.8261
NPV 0.68
Median H 0.0679 mm−1

Median D 0.0489 mm−1
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Fig. 4. Panel (a) shows the box plot for �̄d distribution among healthy and diseased
LADs. Patients in the H class scored higher values (in mean) than the D class (p < 0.01).
Panel (b) presents the performance of the classifier for a range of the �̄d cut-off
value. Panel (c) shows the associated receiver-operator curve. All data correspond
p-Value 0.0012
Mean H 0.0771 mm−1

Mean D 0.0479 mm−1

nd diseased distributions of �̄d. The results of these tests are pre-
ented in Fig. 3. It can be seen that an optimum partition exists
hen sd = 0.75, that is, averaging over the distal 25% portion of the

rtery. Section 3 presents the results of the complete analysis for
d = 0.75.

. Results

Fig. 4a presents a box plot of the distribution of �̄d for healthy
nd diseased LADs. Patients in the H class scored higher values (in
verage) than the D class (p < 0.01), implying that diseased ves-
els have, in average, less curved shape. Fig. 4b shows statistical
easures of the performance of the classifier as a function of the

iscriminating threshold of �̄d. It was found that using a threshold
¯ d = 0.0537 mm−1 maximizes the accuracy, sensitivity and speci-
city of the classifier. The associated receiver operator curve is
iven in Fig. 4c. The optimal AUC score is 0.75. Table 2 details the
lassifier output and the right tailed U-Test used to determine if the
ean value of �̄d was significantly higher in the H class, all using

d = 0.75.
Fig. 5 presents the centerlines of healthy and diseased LADs,

nd illustrates the difference between them. It can be qualitatively
ppreciated by visual inspection that the diseased arteries seem to
e more straight than healthy ones.
The patient sample used in the present work is composed of
iblings. Therefore, some standard test for heritability can be per-
ormed. When using the sibling condition (healthy or diseased LAD)
s a boolean phenotype, it was found: (i) a high probability that a
to  a partition point sd = 0.75.

patient has a lesion given that his sibling has a lesion, given by the
probandwise ratio [38] (PBWR = 74%); (ii) the risk ratio or relative

risk (RR) is statistically significant RR = 2.2 (with CI = [1.2, 4.2]); (iii)
the odds ratio (OR) also scored a significant value OR = 5.7 (with
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Fig. 5. Illustration of the entire patient sample data. Healthy LADs centerlines are
over the left, and diseased over the right.

Fig. 6. Scatter plot of average distal curvature (sd = 0.75) per sibling pairs.
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Table 3
Statistical description of lesions of the LAD. Lesions are characterized according to
[34].

Lesion characteristic n (%) �̄d , mean ± SD

Stenosis grade
Minimal 6 (15.4) 0.0427 ± 0.0212
Mild 22 (56.4) 0.0499 ± 0.0248
Moderate 7 (17.9) 0.0545 ± 0.0269
Severe 4 (10.3) 0.0458 ± 0.0204

Position
Proximal 21 (53.8) 0.0477 ± 0.0247
Middle 13 (33.4) 0.0546 ± 0.0226
Distal 5 (12.8) 0.0551 ± 0.0215

Tissue type
Soft tissue 4 (10.3) 0.0567 ± 0.0290
Calcification 18 (46.1) 0.0480 ± 0.0242
Mixed 17 (43.6) 0.0497 ± 0.0224

Lesioned 27 0.0479 ± 0.0241
Healthy 21 0.0771 ± 0.0413

association will be matter of research with larger patient samples.
In spite of the increasing evidence associating CAD to geometric

characteristics of the coronary arteries [21–24,27,28,40], the shape
of the coronary arteries is not used as a conventional risk factor in
I = [1.6, 20.0]), satisfying the credibility criterion [39] (with a crit-
cal odds ratio COR = 3.6).

In turn, the average distal curvature ( �̄d), when used as pheno-
ype, yielded no statistically significant outcomes for the Pearson’s
orrelation coefficient (�), nor the interclass correlation coefficient
ICC). Furthermore, if the cut-off value (0.0537 mm−1) is used to
ichotomize the �̄d into a binary phenotype, none of the aforemen-
ioned indexes (PBWR, RR and OR) scored significant values.

Fig. 6 presents a scatter plot of �̄d for each pair of siblings.
ealthy and diseased LADs are represented with empty and filled
ircles respectively, the classifier cut-off value is also displayed. The
ack of a strong heritability of the average distal curvature as a stan-
alone geometric descriptor suggests that this feature may  be an

ndependent predictor for CAD.
For the sake of completeness, Table 3 presents statistics over

he lesioned arteries subsamples, see [34] for details on the lesion
haracterization. Note that for each subclass of D, the mean �̄d is
maller than the mean of the H. Due to the small size of subclasses,
o further statistical tests were performed.
4. Discussion

Curvature patterns in LAD arteries have been characterized
before by Zhu et al. [33] using a sample of healthy LADs. In that
study, the distal section of the artery is defined as the fraction of the
artery from the second diagonal branch to the arterial end, which
in most cases brackets distal segments longer than the last 25% of
the artery length. Nevertheless, the reported median distal curva-
ture of healthy LADs is 0.057 mm−1, which is within the range of
healthy arteries found in the present study, i.e. �̄d > 0.0537 mm−1.

Although the statement that LADs with straighter distal
segments are more prone to display stenotic lesion appears coun-
terintuitive at first sight, similar results have been previously
reported for the right coronary artery (RCA). Dvir et al. [27] reported
that C-shaped RCAs are associated with more atherosclerotic dis-
ease than sigma-shaped RCAs. Demirgab et al. [28] showed that
C-shape is an independent predictor of significant CAD. Arbel et al.
[40] reported that flow-mediated endothelium-dependent dilation
in the brachial artery is significantly higher in sigma-shaped com-
pared to C-shaped, suggesting a potential mechanism whereby
C-shaped RCA are susceptible to atherosclerosis. In this context,
it can be conjectured the existence of a global anatomical behavior
of the coronary tree associated to plaque formation. The results of
the present study support this conjecture. Following this rationale,
we have recently shown [29] that curvature derived features in the
main coronary arteries are positively correlated.

On the other hand, considering that the present study was  per-
formed over a high-risk population, with all patients presenting at
least one of the major systemic risk factor (smoker, hypertension,
diabetes and/or dyslipidemia), one might hypothesize that high dis-
tal curvatures may  represent a potential physiological protective
mechanism against plaque formation in LAD arteries.

It is also possible that straightness of the distal LAD arteries
is a consequence, not a cause, of the atherosclerotic process. In
this scenario, the ultimate morphology of a coronary vessel would
be shaped by the disease (as hypothesized in [40] for the RCA),
and accordingly, atherosclerosis would cause arteries to remodel
geometry over time. To the best of our knowledge, no study in the
literature has documented this trend so far, which calls for further
investigation.

The association of grade, location and tissue of atherosclerotic
lesions to the arterial curvature is out of the scope of this work. Such
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linical practice, i.e. is not used to explain CAD. However, it should
e mentioned that not all geometric characteristics correlate signif-

cantly with CAD. The characterization of coronary trees by means
f allometric laws relating arterial length, diameter and volume,
roposed in [41], does not yield conclusive results in this respect.
ounter to that, the present study suggests that there is a corre-

ation between coronary plaques and shape of the LAD. The main
imitation of the present results is the modest number of patients
nd the obvious selection bias of the study population, due the fact
hat they are siblings. Nevertheless, it was mentioned above, and
hown in [29], that our population is a representative set of patients,
hich reflects several coronary anatomy statistical data.

. Final comments

This study has shown a significant geometric difference between
ealthy and diseased LADs. LADs with atherosclerotic lesions

eature smaller distal curvatures. Whether straightness of distal
ortion of the LAD is a geometrical risk factor or a consequence
f atherosclerosis proliferation is subject of further investigation.
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