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Abstract—Complex vascular anatomy often affects endovas-
cular procedural outcome. Accurate quantitative assessment
of three-dimensional (3D) in-vivo arterial morphology is
therefore vital for endovascular device design, and preoper-
ative planning of percutaneous interventions. The aim of this
work was to establish geometric parameters describing
arterial branch origin, trajectory, and vessel curvature in
3D space that eliminate the errors implicit in planar
measurements. 3D branching parameters at visceral and
aortic bifurcation sites, as well as arterial tortuosity were
determined from vessel centerlines derived from magnetic
resonance angiography data for three subjects. Errors in
coronal measurements of 3D branching angles for the right
and left renal arteries were 3.1±3.4� and 7.5±3.7�,
respectively. Distortion of the anterior visceral branching
angles from sagittal measurements was less pronounced.
Asymmetry in branching and planarity of the common iliac
arteries was observed at aortic bifurcations. The renal
arteries possessed considerably greater 3D curvature than
the abdominal aorta and common iliac vessels with mean
average values of 0.114±0.015 and 0.070±0.019 mm-1 for
the left and right, respectively. In conclusion, planar projec-
tions misrepresented branch trajectory, vessel length, and
tortuosity proving the importance of 3D geometric charac-
terization for possible applications in planning of endovas-
cular interventional procedures and providing parameters for
endovascular device design.

Keywords—Abdominal aorta, Visceral branch arteries, Com-
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LIST OF ABBREVIATIONS AND SYMBOLS

MRA magnetic resonance angiography
3D three-dimensional
2D two-dimensional

MIP maximum intensity projection
EVAR endovascular aneurysm repair
DICOM digital imaging and communications in

medicine
DFM distance factor metric
j curvature
TC total curvature
AC average curvature
s torsion
TT total torsion
CC combined curvature
TCC total combined curvature
RMS root-mean-squared
CT celiac trunk
SMA superior mesenteric artery
RRA right renal artery
LRA left renal artery
RCIA right common iliac artery
LCIA left common iliac artery
COR coronal
AX axial
SAG sagittal

INTRODUCTION

Arterial geometric characterization is vital to
enhance our knowledge of three-dimensional (3D)
vascular anatomy, particularly in regions of the arterial
tree which are prone to vascular disease and subject to
endovascular interventions. Although much of the
early interest in measuring branching angles and
branch dimensions at vascular bifurcations related to
the theories of arterial geometric optimization,21,63

most arterial characterization studies have been per-
formed primarily to produce representative geometries
for hemodynamic studies7,17,44 or to investigate
geometric features which have been implicated in the
pathogenesis of atherosclerosis.23,41 More recently
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quantitative analyses of arterial geometries have also
been performed to aid endovascular device design19,58

and endograft sizing.57 Hence, investigations relating
to characterization of arterial branching and mor-
phology have been focused on regions predisposed to
atherosclerotic disease, in particular the aortic arch,64

the coronary vasculature,8,14,24 the femoral arteries,42

and the carotid22,44,49 and aortic2,30,48 bifurcations.
Many of these arterial characterization studies
involved planar analysis of angiograms, maximum
intensity projections (MIPs) from magnetic resonance
angiography (MRA) or views of vascular casts for
assessing 3D bifurcations and non-planar arterial
curvature; methods which inevitably incur projection
errors and vessel foreshortening when viewing from
any direction.59,61 Vascular cast studies are also prone
to further errors due to discrepancies introduced in
post-mortem preparations,17,32 which commonly
render the non-planar nature of in-vivo arterial bifur-
cations absent.12 The combination of current 3D
vascular imaging techniques and accompanying anal-
ysis software however facilitates examination of the
genuine in-vivo 3D nature of the vasculature free from
the viewing errors of 2D analysis.

Various aspects of vascular anatomy compromise
endovascular device performance and complicate
catheter based interventional procedures. Specifically,
arterial tortuosity and branching frequently pose
problems for endovascular sheath navigation, device
deployment, and successful minimally invasive treat-
ment of a particular vascular pathology. In the case of
elective endovascular aneurysm repair (EVAR) alone,
adverse anatomic features such as tortuosity at proxi-
mal neck and iliac fixation sites affect endograft
placement and have been associated with the occur-
rence of endograft migration and endoleak10,28,46 or
iliac limb kinking resulting in graft thrombo-
sis.28,34,51,52 Difficulties in endograft sizing for complex
and tortuous aneurysm morphologies often leads to
the secondary placement of costly modular extensions
in the common iliac arteries56,60 or conversely inad-
vertent side branch occlusion,28,29 factors which could
adversely affect technical success of a procedure.

For treatment of carotid artery stenosis, severe
elongation and tortuosity of the neck vessels is a major
factor which precludes stenting.1,15 Similarly, the safe
delivery of embolic protection devices during percuta-
neous carotid interventions may be impeded by diffi-
culty in navigating tortuous lesions27,37 or a severely
kinked distal internal carotid artery.45 Furthermore,
induced straightening of tortuous vessels during vari-
ous percutaneous interventions by endovascular stents
and stent-grafts occasionally precipitates complica-
tions such as vessel kinking at the stent margins.6,39

Overly stiff device delivery systems and guidewires

can cause vasospasm11 or the occurrence of
pseudolesions,16,40,65 which inhibit angiographic
assessment of the procedural outcome and often lead
to unnecessary and potentially hazardous additional
interventions if misdiagnosed.

A detailed knowledge of 3D access vessel mor-
phology and deployment site geometry is therefore a
major requirement in patient selection, preoperative
planning, and the design of new endovascular devices
for treatment of patients with a wider range of vascular
anatomic variations. The goal of this study was to
derive 3D geometric parameters that describe the
anatomy of the normal human abdominal aorta and
major peripheral branch arteries.

Specifically the aims were

1. To determine branch origin and initial trajectory of
the renal and anterior visceral arteries;

2. To calculate 3D branching angles and common iliac
planarity at the terminal aortic bifurcation;

3. To quantify 3D curvature, non-planarity, and
overall tortuosity of the main renal arteries and
infrarenal abdominal aorta and common iliac
arteries; and

4. To demonstrate the magnitude of inaccuracy asso-
ciated with planar analysis of 3D vascular geometry.

METHODS

Data Acquisition

Contrast-enhanced MRA scans were obtained from
clinical procedures on three subjects (two men aged 47
and 64 years, and one woman aged 84 years) per-
formed with a 1.5 T MR system (Symphony�, Siemens
AG Medical Solutions, Erlangen, Germany), coronal
orientation. The patients were imaged in the supine
position during inspiration breath-hold. The abdomi-
nal aortic tract was imaged using 3D gadolinium-
enhanced MRA. The imaging parameters for the MR
acquisitions were repetition time 3.47 ms, echo time
1.42 ms, flip angle 25� slice thickness 1.5 mm. The field
of view was 292.5 mm · 360 mm with matrix size
416 · 512 giving an in-plane resolution of 0.703 mm
pixel-1.

Segmentation and Image Analysis

Image data was segmented and visualized in a
commercial processing and editing software (Mimics�,
Materialise, Sheffield, UK). Once the original MRA
data was loaded in DICOM (Digital Imaging and
Communications in Medicine) format the orientation
of the scans was specified and a coordinate system was
applied automatically. A volume of interest ranging
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axially from above the celiac trunk (CT) to below the
iliac bifurcations was resliced to create a project with
iso-cubic voxels of dimensions 0.703 mm · 0.703 mm ·
0.703 mm. Segmentation of the desired abdominal
aortic vasculature was then performed by implemen-
tation of a threshold-based 3D region growing com-
mand. This segmented vascular geometry was edited to
remove aortic branches and distal segments of the
visceral branches which were not under investigation.
Finally 3D models of the vasculature were rendered for
visualization purposes as shown in Fig. 1.

The first stage in characterization of the recon-
structed vascular geometry involved establishing the
centerlines of the appropriate vessel segments from
which the geometric parameters were calculated. The
method of centerline construction involved connecting
the centroids of successive two-dimensional (2D) cross-
sectional lumen contours which were approximately
normal to the path of the vessel. This definition of vessel
centerline creation has previously been implemented
using axial sections for the carotid and aortic bifurca-
tions.25,31,48 Individual orthogonal cross-sectional
images of appropriate vessel segments were captured in
Mimics� at various levels and centroid measurements
obtained in image analysis software (Image Pro�,
Media Cybernetics, Berkshire, UK) with an automatic
threshold-based selection algorithm. The centerlines of
the entire abdominal aortic tract and the common iliac
arteries were established from analysis of consecutive
axial sections. Slices which traversed aortic segments
with irregular cross-section, such as at the transition
region proximal to the aortic bifurcation (Fig. 2a) or at
the level of the visceral branches (Fig. 2b), were not used
for centerline determination as their centroids would be
affected. The renal arteries were analyzed bilaterally
from their ostia to the position of their first segmental

branch while the proximal axes of the CT and the
superiormesenteric artery (SMA)were established from
successive coronal slices.

FIGURE 1. Shaded surface 3D models of the segmented abdominal aortic vasculature for the three subjects under investigation.

FIGURE 2. Cross sections which were disregarded during
aortic centerline calculation (a) at the transition region proximal
to the aortic bifurcation and (b) at the level of the visceralarteries.
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Derivation of Geometrical Parameters

Branching Angles

Two different types of 3D arterial branching sites
are geometrically analyzed in this study; specifically the
visceral side branches and the terminal aortic bifurca-
tion. All arterial bifurcations are typically irregular
in vivo, parent and branch vessels are curved and their
axes never intersect if extrapolated in 3D space. De-
spite this, arterial branching is commonly described by
the angle between 2D straight line representations of
the local directions of the parent and daughter vessels
at the bifurcation. The straight line representations
describing vessel direction adopted in previous planar
geometric studies have included tangents to the arterial
centerlines,22,62 tangents to the vessel walls,19,30,59,64

and linear least square fits of centerline points2 in
proximity to the bifurcation. Alternatively, for the few
true 3D studies reported the geometric relationship
between branching arterial segments has primarily
been described by the angles between the directional
vectors of their axes.8,48,49,61 MRA provides 3D vas-
cular imaging data from which these directional vec-
tors can be derived and branching angles calculated
with confidence48,49 through an approach which alle-
viates the distortion encountered when measuring
branching angles of 3D bifurcations from a single
viewing direction.59,61

In the current study, centerline Cartesian coordi-
nates of a branching vessel segment in the vicinity of
the junction were represented by linear least square fits
calculated using a mathematical software package
(Maple�, Waterloo Maple Inc.). These best-fit lines
enabled calculation of 3D vectors for parent and
daughter branches which were positive in the direction
of flow as represented in Figs. 3 and 5. A set number of
evenly spaced centerline points, which corresponded to
approximately the length of the vessel radius for the
peripheral arteries, were used to determine the repre-
sentative vector for each specific branch. A short vessel
segment in the vicinity of the ostium was chosen to
eliminate the effect of proximal branch curvature on
branching angle values. Aortic vectors at individual
bifurcation sites were also calculated objectively from a
constant number of vessel centerline points. At the
level of the visceral branches these were derived from
points of the established aortic centerline directly
above and below each branching level while the ter-
minal aortic vector at the aortic bifurcation repre-
sented the segment proximal to the transition region.

Considering a parent artery represented by the
directional vector b and a daughter branch represented
by the directional vector d, the true angle (A) in radians
between these two vectors is given by Eq. (1):

A ¼ cos�1
b � d
jbj � jdj

� �
ð1Þ

Branch angles were also calculated in the principal
viewing planes using this equation, in which case the
directional vectors were 2D projections of the actual
vessel axes onto the prescribed viewing plane. Analysis
of the branch planarity at a terminal bifurcation re-
quired the computation of the acute angle between a
branch artery axis and the nominal branching plane.
The branching plane was determined as the best-fit
plane containing the most distal point of the parent
axis and the most proximal points of the daughter
branch axes. The acute angle (B) that a branch direc-
tional vector d makes with a plane can be calculated
from Eq. (2), once the principal normal vector N to the
plane is known.

B ¼ sin�1
N � d
jNj � jdj

� �
ð2Þ

where Eq. (2) is a derivation of Eq. (1), B is in radians
and the 3D normal vector N for a best-fit plane

FIGURE 3. Illustration of 3D directional vectors employed for
the derivation of branching angles at the visceral bifurcation
sites.
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obtained in Cartesian form, Ax+By+Cz=D, is
given by (A, B, C).

Branch Angles and Origins of the Visceral Arteries

The visceral branch artery bifurcation sites are not
adequately described solely by the angles defining the
conventional idealized 3D bifurcations.61 Four
parameters were therefore identified to satisfactorily
characterize the 3D geometry of each visceral branch
site. These parameters primarily describe the location
of the branch artery origin and the initial direction of
the branch relative to the aorta.

The first parameter derived to portray branch
direction was the 3D branching angle between the
directional vector of the aorta and that of an individual
visceral branch (Fig. 3), calculated using Eq. (1). The
second parameter calculated, the angle of trajectory,
describes the angle at which the branch emerges from
the aorta when viewed in a plane perpendicular to the
direction of the aortic centerline at that level. For the
renal arteries this angle was calculated between the
projection of the branch axis onto the orthonormal
plane and the posterior aspect of the sagittal plane
(Fig. 4a) while in the cases of the CT and the SMA the
angle between the projection of branch axis and the left
side of the median coronal plane was computed
(Fig. 4b). The positions of the visceral branch origins
relative to the apex of the aortic bifurcation were
documented and involved calculation of the aortic
centerline distance from the apex to the level of the
axial mid-plane of each vessel ostium. The final
parameter evaluated, the angle of origin, was an angle
describing the circumferential position of the branch
origin in the plane perpendicular to the centerline of
the aorta at the level of that bifurcation. The angle of
origin represents the angle between the anterior aspect
of the median sagittal plane and a vector between the
aortic centroid and the projection of the branch cen-
terline origin onto the orthonormal plane (Fig. 4). This
measure has a range 0–360� in a clockwise direction, a
value of 0� signifying a branch artery emerging from
the mid-anterior wall of the aorta.

Finally, branching angles for the renal and anterior
visceral branches were calculated in the coronal, sag-
ittal principal viewing planes, respectively, while angles
of origin and trajectory were also determined from 2D
axial projections to investigate the range of distortion
errors incurred.

Aortic Bifurcation

The 3D geometry of the terminal aortic bifurcation
can be characterized by angles which define the
branching process into the iliac arteries and the degree
of planarity at the bifurcation. The bifurcation angle hb

was calculated as the angle between both common iliac
branch axes, while the true 3D branching angles of the
right and left common iliac arteries, ur and ul,
respectively, were also computed as the acute angles
between the 3D vectors of the terminal branches and
parent artery48 (Fig. 5). The iliac branching angles as
projected on the coronal plane were calculated to
determine the distortion present when measuring these
angles from this viewing direction. A novel concept for
quantifying planarity was employed in this study to
gauge the three dimensionality of a terminal bifurca-
tion. The planarity of each common iliac branch was
determined by the angle its axis makes with the refer-
ence branching plane shown in Fig. 5 (Eq. 2). The term
asymmetry is employed to describe the absolute dif-
ference of branching and planarity angles for the right
and left common iliac branches.

FIGURE 4. Schematic of angles of trajectory (filled) and
angles of origin (arrows) for the renal arteries (a) and anterior
visceral branches (b).
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Arterial Tortuosity

Several previous investigators have quantitatively
assessed in-vivo vessel tortuosity from planar
images.20,26,43 Actual vessel tortuosity however, will
inevitably be misrepresented by 2D analysis due to
projection errors because in-vivo arterial curvature is
rarely planar and at right angles to the imaging pro-
jection. The most logical means for comprehensively
describing true arterial path and quantifying tortuosity
in 3D space therefore involves analysis of both vessel
centerline curvature and torsion. This involves meth-
ods of analysis similar to those previously employed in
investigations of coronary arterial tree configuration
and dynamics.13,18,35,38 In this study, vessel centerline
curvature and torsion were calculated to describe the
3D course of aortic and peripheral vascular segments.
Specifically, the in-vivo 3D tortuosity of the infrarenal
abdominal aorta, main renal arteries, and common
iliac arteries was quantified.

Distance factor metric (DFM). The metric employed
in this work to evaluate lengthening of a vessel path
due to tortuosity is simply defined by the term L/d - 1
where L is the length of the vessel centerline and d is
the Euclidean distance between its two endpoints. This
term, a derivative of the distance factor,9,19,43 gives a
dimensionless quantity which describes the amount the
vessel strays from a straight line path between its
endpoints with a value of zero being assigned to a
straight vessel and has been reported as a reliable
measure of arterial elongation in 2D41 and 3D8,49

studies.
Vessel curvature and torsion. Centerline coordinate

data extracted from arterial segments required
smoothing prior to tortuosity analysis to remove any
spurious local curvature of the vessel midline which

may have been present as an artefact of voxel size or
the segmentation process (Fig. 6). Smoothing of the
centerline data, which had an original spacing princi-
pally less than 1 mm, was achieved by fitting it with
ninth-order polynomial parametric equations in terms
of original arclength where arclength was determined
as the length of a hermite spline curve through the
initial coordinate terms. This smooth curve description
was then re-sampled to give points at constant 0.2-mm
intervals along the curve length. The smooth centerline
data was subsequently re-fitted with a similar order
polynomial curve, in parametric form as a function of
arclength (s) of the revised points. These fitted curves
needed to be three times differentiable to provide the
closed form solutions of derivatives along the arterial
path required for curvature and torsion calculations.
All curve fitting was performed in Matlab� to obtain
parameterized centerline curves for each arterial
segment (Fig. 7), in the form, r(s)= (x(s), y(s), z(s))
where R2 > 0.99 for all fits.

Curvature at a discrete point along a space curve
r(s) is defined as the reciprocal of the radius of the
osculating circle, where the center of the osculating
circle lies on the normal vector of the Frenet frame and
the osculating plane is defined by the normal and
tangent vector to the curve at that point (Fig. 8). In

FIGURE 6. Depiction of the smoothed vessel centerline of
the left renal artery determined from extracted centroids.

FIGURE 5. A 3D model of the aortic bifurcation displaying
vessel axes, and the nominal bifurcation plane derived for
calculating common iliac planarity and branching angles.
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this study curvature (j) was calculated using a
standard formula from the Frenet–Serret theory of
differential geometry (Eq. 3):

j ¼ r0ðsÞ � r00ðsÞj j
½r0ðsÞ�3

ð3Þ

where r¢(s) and r¢¢(s) are the first and second derivatives
of the centerline curve and |r¢(s) · r¢¢(s)| is the magni-
tude of their cross-product. This formula is altered for
analysis of 2D curvature as displayed in Eq. (4) for the
principal x–y orthogonal plane. Planar curvature can
be positive or negative and a change in sign of this
expression denotes an inflection point:

j2D ¼
x0ðsÞy00ðsÞ � y0ðsÞx00ðsÞ
½x0ðsÞ2 þ y0ðsÞ2�3=2

ð4Þ

The non-planar nature of 3D vessel curvature was
gauged by a measure of torsion of its centerline. Tor-
sion describes the rate of change in orientation of the

osculating plane along a space curve. Again for a vessel
centerline, torsion (s) was calculated from a derivative
relation by means of differential geometric principles
related to the Frenet–Serret formulae (Eq. 5):

s ¼ ½r
0ðsÞ; r00ðsÞ; r000ðsÞ�
r0ðsÞ � r00ðsÞj j2

ð5Þ

where r¢¢¢(s) is the third derivative of the curve and
[r¢(s), r¢¢(s), r¢¢¢(s)] denotes a scalar triple product. All
derivatives of the smooth-fitted centerline curves
essential for obtaining curvature and torsion values
were calculated in Matlab�. Torsion is positive for a
right-handed curve and negative for a left-handed
curve. If torsion equals zero, then a curve is planar.

Finally the term combined curvature (CC) was
assigned to a property which accounts for curvature
and torsion at an individual point, and is calculated
according to Eq. (6):

CC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j2 þ s2

p
ð6Þ

Curvature, torsion, and combined curvature were
calculated at a number (n) of evenly spaced points
along the centerline generating an array of measure-
ments at constant increments of arclength. A sampling
frequency (x) of 5 points/mm was employed through-
out this study giving measurements at 0.2-mm inter-
vals. These ordered sets of values were then utilized to

FIGURE 7. Wireframe model of the in-vivo (a) infrarenal
abdominal aorta and its left and right renal branches and (b)
common iliac arteries with spline representations of the
smoothed centerlines.

FIGURE 8. 3D spiraling curve of non-uniform curvature and
torsion illustrating rotation of the Frenet frame along its
length. The Frenet frame consists of three orthogonal vectors:
the normal vector N and tangent vector T define the osculat-
ing plane while the unit binormal vector B completes the triad.
Change in orientation of B indicates torsion of the curve.
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calculate reliable total and average measures of the
defining parameters as demonstrated for curvature in
Eqs. (7) and (8), respectively.

TC ¼
Xn
i¼1
jjij ð7Þ

AC ¼
Pn

i¼1 jjij
n

ð8Þ

Accuracy Assessment of Length, Curvature, and Torsion
Determination

The method of data smoothing and curve fitting
employed to analyze arterial centerline length, curva-
ture, and torsion was validated by comparing calcu-
lated values with analytically determined values for
standard simulated curves. A sequence of points at a
specific constant spacing along the generated curve
served as the input data for the current method of
analysis, with three-point spacing intervals investigated
for each curve (0.5, 1, and 1.5 mm). Three circular
curves of different radii (r), described in parametric
form by x= r · cos(t); y= r · sin(t); t=0–2p, were
utilized to analyze the accuracy of planar curvature
calculations. The true curvature of a circle is known to
be uniform along its circumference and is given by
j=1/r allowing radii to be chosen for these simulated
curves which corresponded to curvature values within
the physiological range for arteries.

In order to investigate accuracy of 3D curvature,
torsion, and combined curvature calculations, three
helical curves of various defining parameters were
generated and analyzed (Fig. 9). Coils are a set of
space curves for which curvature and torsion are uni-
form along their length and therefore allowed easy
comparison of experimental calculations with the the-
oretical values derived from the following formulas:

j ¼ R

R2 þ c2
ð9Þ

s ¼ c

R2 þ c2
ð10Þ

CC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

R2 þ c2

r
ð11Þ

A standard helix can be described in parametric
form, x=R · cos(t); y=R · sin(t); z=c · t, by a
coil radius (R) and a frequency parameter (c) which
controls the axial separation of the helical loops given
by 2 · p · c. Once more the specific helical space
curves examined were chosen to represent variations

within the physiological range of curvature and torsion
shown by in-vivo arterial vessels.14,66

Errors in length were less than 0.15 mm in all cases
for both 2D and 3D test curves. The error for curva-
ture, torsion, or combined curvature at a point was
estimated as the absolute difference between the theo-
retical and calculated values and was compiled as a
percentage of the theoretical value, the root-mean-
square (RMS) of which is reported for entire curves at
the prescribed sampling frequency (x) of 5 points/mm.
RMS errors in curvature for the 2D circular test curves
with different original data point spacing were all less
than 0.69%. RMS errors in curvature, torsion, and
combined curvature for the simulated helical curves
were also very small with values less than 0.66, 1.76,
and 0.61% for each parameter, respectively. Maximum
errors in calculated parameters were consistently
observed at the extremities of both 2D and 3D curves
and reached no greater than seven times the RMS
error value in any case. Predominantly lower RMS and
maximum error values were observed for 2D and space
curves when the original data points were closely
spaced and more numerous. Overall, this analysis
revealed accuracy in measurement of curve length and
a robust method of planar curvature and 3D curvature
and torsion analysis.

In-Vivo Vessel Tortuosity

3D centerlines of the main renal arteries and com-
mon iliac branches were analyzed to quantify the dis-
tance factor metric, 3D curvature, its non-planarity
and the resultant magnitude of combined curvature.
Similar measures of 3D tortuosity were evaluated for
the infrarenal abdominal aorta ranging from below the
lowest renal branch extending to a level in the terminal

FIGURE 9. Helical curves generated to assess accuracy of
curvature and torsion calculations with the following proper-
ties: (i) L = 79.5 mm, j = 0.075 mm-1, s = 0.025 mm-1; (ii) L =
39.7 mm, j = 0.15 mm-1, s = 0.05 mm-1; and (iii) L = 31.4 mm,
j = 0.16 mm-1, s = 0.12 mm-1.
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aorta proximal to the transition region. In order to
avoid maximum errors in curve fitting affecting any
in-vivo measurements however, calculated curvature,
torsion, and combined curvature for the most proximal
and distal 3 mm of each centerline were not reported.
Planar tortuosity analysis was carried out for each
arterial segment in appropriate principal orthogonal
views to assess the magnitude of distortion encoun-
tered in length, curvature, and elongation. 2D mea-
surements were calculated in coronal and axial
projections for the renal vessels while lateral and
antero-posterior curvature was characterized for the
infrarenal abdominal aorta and common iliac vessels
in the coronal and sagittal planes.

RESULTS

Branch Angles and Origins of the Visceral Arteries

Geometric parameters describing the initial trajec-
tory and ostial positions of the anterior visceral bran-
ches and the renal arteries are presented in Table 1 for
three subjects. Mean 3D branching angles for the right
and left renal arteries were 55.9±7.2� and 62.6±2.4�.
Those for the CT and SMA were similar but showed
greater variability. The right renal artery (RRA)
emerged more anteriorly than the left renal artery
(LRA) as demonstrated by the angle of trajectory and
angle of origin values which corresponds to its course
around the vena cava. Angles of origin and trajectory
for the CT and SMA show that the ostial location and
initial direction of these branches was in general more
to the left than perfectly anterior. Of interest, spacing
of the CT-SMA and SMA-RRA branch mid-levels
relative to each other as determined by the aortic
centerline distances was consistent for the subjects
analyzed with values of 15.9±0.8 and 13.9±1.6 mm,
respectively. The LRA arose lower than the RRA
although only marginally in one case.

Renal artery branching angles as observed in the
coronal plane were calculated as 54.5±5.3� and
55.1±4.6� for the right and left, respectively, corre-
sponding to errors of 3.1±3.4� and 7.5±3.7� when
compared to the actual 3D angles. Distortion errors of

the anterior visceral branching angles from sagittal
measurements were less pronounced. Angles of origin
showed little distortion when determined in the axial
transverse plane; however axial angles of trajectory
exhibited significant errors with maximum values up to
13.5�.

Aortic Bifurcation

Geometric parameters for the aortic bifurcation
analyzed included a 3D bifurcation angle (hb) of
43.4±9.0�, and right and left common iliac branching
angles, ur and ul, of 29.1±11.4� and 14.3±5.4�. 2D
analysis of the aortic bifurcation site for these subjects
in the coronal plane was associated with projection
errors of 0.9±1.1 and 32.9±19.3% for the branching
angles of the right and left common iliac arteries,
respectively, and miscalculation of the bifurcation an-
gle by 5.1±3.1%. The planarity angles recorded be-
tween the common iliac arteries and the nominal plane
of the bifurcation were 6.7±2.8� and 7.4±4.4� for
the right and left branches specifically. Noticeable
asymmetry in branching and planarity of the com-
mon iliac arteries was present at the aortic bifurcations
with mean values of 7.4±8.9� and 4.1±3.1�
observed.

In-Vivo Vessel Tortuosity

Results from quantitative 3D tortuosity analysis of
various in-vivo arterial segments for three subjects are
summarized in Table 2. Mean average curvature for
the renal arteries were 0.114±0.015 and
0.070±0.019 mm-1 for the left and right, respectively.
Although the RRA was predominantly longer than the
left both set of arteries displayed similar levels of total
curvature. 3D curvature of the LRA possessed greater
non-planarity than that of the right as demonstrated
by mean average torsion values, and consequently re-
turned a larger mean average combined curvature
measurement. The abdominal aorta (AA), right com-
mon iliac artery (RCIA), and left common iliac artery
(LCIA) exhibited significantly less total and average
curvature than the renal arteries, but still showed

TABLE 1. Geometric parameters describing the major visceral bifurcations.

Aortic CL

distance (mm)

3D branching

Angle (�)
Angle of

trajectory (�)
Angle of

origin (�)
Error in planar

branching angle (�)
Error in axial angle

of trajectory (�)
Error in axial

angle of origin (�)

CT 142.1 ± 19.8 56.0 ± 24.0 75.3 ± 20.7 30.6 ± 4.9 2.6 ± 1.9 4.3 ± 5.7 1.0 ± 0.8

SMA 126.2 ± 19.2 62.9 ± 18.2 73.6 ± 22.1 14.4 ± 5.6 1.9 ± 1.6 5.6 ± 6.9 1.1 ± 1.4

RRA 112.2 ± 17.8 55.9 ± 7.2 123.7 ± 19.3 301.1 ± 6.2 3.1 ± 3.4 4.0 ± 3.7 0.5 ± 0.7

LRA 106.0 ± 19.0 62.6 ± 2.4 59.2 ± 11.1 111.9 ± 5.0 7.5 ± 3.7 6.9 ± 4.9 1.0 ± 1.5
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considerable torsion which resulted in only minimal
elongation of their vessel centerlines.

Longitudinal profiles of 3D curvature, torsion, and
combined curvature as generated for the LRA of a
single subject in Fig. 10 provide a complete represen-
tation of the varying severity of curvature, non-
planarity, and overall tortuosity along the length of the
artery which may not be conveyed by the summary
measures in Table 2. These profiles show the complex
nature of the arterial paths which boast non-uniform
curvature and torsion, and relate peaks in curvature or
torsion to positions along the length of the artery. A
comparison of longitudinal curvature and torsion for
the arterial segments analyzed in the same subject is
also afforded by Fig. 11.

The errors in results for 2D curvature determined
from the renal, aortic, and common iliac arterial seg-
ments as calculated in appropriate principal viewing
planes are reported in Table 3. In general, the total and
average values for curvature observed from planar
projections of the 3D vessel centerlines poorly repre-
sent the actual arterial curvature that was obtained
from 3D analysis. Errors in planar average curvature
can be attributed to distortion of the centerline path in
a particular viewing direction. Percentage errors in

total curvature were generally greater than those for
average curvature due to the additional effects of the
vessel’s foreshortened appearance.

Of interest, the significant errors in planar total and
average curvature values present in both orthogonal
planes for the arterial vessels analyzed demonstrate the
3D nature of the in-vivo vessel curvature. Although
errors in arterial length from planar measurements
were greatest for the renal arteries, noticeable fore-
shortening was also detected for both common iliac
artery branches in the coronal and sagittal planes.

TABLE 2. Measures of 3D in-vivo arterial tortuosity.

L (mm) DFM TC (mm-1) AC (mm-1) TT (mm-1) AT (mm-1) TCC (mm-1) ACC (mm-1)

LRA 31.8 ± 24.4 0.263 ± 0.294 13.62 ± 11.28 0.114 ± 0.015 35.46 ± 18.06 0.527 ± 0.406 42.26 ± 14.49 0.569 ± 0.389

RRA 42.7 ± 18.2 0.168 ± 0.120 13.95 ± 10.49 0.070 ± 0.019 35.67 ± 12.41 0.203 ± 0.028 42.16 ± 18.58 0.233 ± 0.012

AA 96.6 ± 19.9 0.036 ± 0.017 6.40 ± 2.34 0.014 ± 0.003 47.18 ± 11.36 0.111 ± 0.054 49.21 ± 10.48 0.116 ± 0.053

LCIA 50.6 ± 22.8 0.012 ± 0.011 4.36 ± 0.96 0.022 ± 0.008 56.51 ± 15.76 0.305 ± 0.157 57.34 ± 15.56 0.308 ± 0.155

RCIA 53.4 ± 22.5 0.050 ± 0.044 6.71 ± 3.51 0.029 ± 0.012 43.95 ± 11.02 0.237 ± 0.173 45.68 ± 10.24 0.244 ± 0.170

FIGURE 10. Plot of centerline curvature, torsion, and resul-
tant combined curvature vs. arterial length for the left renal
artery depicted in Fig. 6.

FIGURE 11. Comparative plots of (a) curvature and (b) tor-
sion vs. longitudinal position for all analyzed in-vivo arterial
segments shown in Fig. 7.
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DISCUSSION

Vessel geometry can affect endovascular device
performance and plays a crucial role in the technical
success of various interventional procedures. In this
study a strategy has been presented which enables in-
vivo assessment of the 3D configuration of arterial flow
channels. Until recently true 3D arterial geometric
characterization studies have posed substantial meth-
odological difficulties due to the complex, non-planar
configuration of arterial vessels. An approach which
utilizes the true volumetric nature of MRA imaging
data for geometric analysis, as described in this study,
enables derivation of geometric parameters to com-
prehensively describe branch origin and trajectory and
arterial tortuosity in 3D space which eliminate the
inaccuracies implicit with planar measurements.

Although some errors exist associated with the
reconstruction of vascular geometries from MRI,32,33

the resolution of the image data employed in this study
provided the adequate pixel/radius ratios required for
accurate segmentation32 of the vessels analyzed. All
arterial centerlines were also determined directly from
2D segmented slices and do not include the additional
inaccuracies introduced by 3D surface generation.47

Arterial reconstructions from MR imaging have pre-
viously been deemed suitable for quantitative geo-
metric characterization studies of the peripheral
vasculature and the reliability and reproducibility of
derived branching angle parameters has been demon-
strated.48,49 While segmentation of the arterial geom-
etry was achieved in this study with a semi-automatic
3D region growing command, the method of vessel
centerline identification involved a series of operator-
dependent tasks, a fact which may limit its application
to a large number of clinical cases. Accuracy of the
method was maintained however by minimizing the
manual procedures and employing threshold based
algorithms for lumen cross-section selection during
image analysis. Thus removing the effects of operator
variability and giving a higher level of control on

centroid measurement. The method described enabled
a robust centerline length, curvature, and torsion
calculation once point data was fitted with polynomial
functions in parametric form for smoothing as revealed
by results of the accuracy assessment.

The branching angles reported in this study for the
visceral arteries are within the range of those previ-
ously reported from the 2D analysis of angiograms,21

cadavers,36 and MIPs from MRA.19 Similarly the an-
gles of origin and trajectory obtained from orthonor-
mal planes transecting the visceral bifurcation sites
correspond well with similar angles reported in the
literature derived from axial transverse CT5,54 and
MRA projections.19 As observed from the results of
this study the branching angles and angles of trajectory
are prone to distortion from projection errors associ-
ated with 2D measurements. This is due to the fact that
the orientation of the branch axis relative to the
viewing plane can greatly influence its projection onto
that plane and consequently its perceived direction in
space. The geometric parameters derived in this work
which eliminate projection errors and describe in detail
the 3D visceral bifurcation sites could specifically aid
more accurate design and customization of fenestrated
and branched endografts for treatment of juxtarenal
abdominal aortic aneurysms.

A novel definition for describing terminal branching
planarity is proposed in this study and complements
the branching parameters previously evaluated by Sun
et al.48 to completely describe the 3D nature of
branching at the aortic bifurcation. Former quantifi-
cation of aortic bifurcation planarity worked under the
assumption that iliac branch axes were coplanar,25

which is rarely the scenario in vivo as verified here by
asymmetry of planarity angles for the right and left
common iliac arteries. 3D geometric parameters
describing branching and non-planarity of the aortic
bifurcation could prove important to iliac limb design
for bifurcated endografts, and if adapted to generic
terminal bifurcations may well assist the design of
bifurcated stent systems.

TABLE 3. Errors associated with planar measurement of arterial length and tortuosity.

Plane L (mm) Foreshortening (%) Error in DFM (%) Error in planar TC (%) Error in planar AC (%)

LRA COR 29.3 ± 22.2 6.8 ± 1.8 21.9 ± 20.1 17.3 ± 13.4 9.1 ± 14.4

AX 24.2 ± 14.5 17.5 ± 13.7 69.4 ± 24.9 48.0 ± 23.9 66.3 ± 28.0

RRA COR 37.8 ± 15.0 10.5 ± 4.0 57.1 ± 19.1 28.7 ± 15.3 20.9 ± 15.5

AX 37.4 ± 13.5 10.9 ± 5.6 36.2 ± 18.7 31.3 ± 12.7 23.3 ± 11.0

AA COR 93.9 ± 18.6 2.7 ± 0.9 63.4 ± 29.6 39.0 ± 26.4 37.1 ± 27.9

SAG 94.7 ± 18.4 1.8 ± 1.5 35.7 ± 27.8 31.6 ± 20.8 30.5 ± 19.9

LCIA COR 46.2 ± 21.9 9.3 ± 2.3 30.8 ± 14.1 22.4 ± 3.0 13.1 ± 3.0

SAG 46.9 ± 22.2 7.1 ± 7.0 45.5 ± 22.3 41.1 ± 4.0 35.2 ± 10.0

RCIA COR 46.5 ± 21.1 12.9 ± 9.8 67.5 ± 37.0 39.5 ± 15.1 29.1 ± 14.9

SAG 49.6 ± 22.8 8.5 ± 6.6 34.9 ± 27.0 24.2 ± 11.3 16.9 ± 14.8
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Although 3D elongation measurements of the renal
arteries similar to those observed in this study have
previously been reported19 no comparable studies have
been conducted regarding in-depth 3D analysis of
abdominal aortic or peripheral arterial tortuosity. The
ranges of arterial curvature and torsion obtained in
this study are similar however to physiological values
reported for 3D reconstructions of the coronary
arteries generated from biplane angiography.14,18,38,66

Experimental results of in-vivo arterial tortuosity por-
trayed non-uniformity of vessel curvature and torsion
over the artery length. Although physiological arterial
curvature was observed to vary continuously within
quite a tight range for the vessels studied (Fig. 11a)
torsion was subject to greater fluctuations. Of interest
torsion values alternated from positive to negative
corresponding to vessel segments with differing direc-
tions of twist. Large peaks in torsion were observed at
positions with sudden changes in orientation of the
plane of curvature (Fig. 11b). Comparison of results
from planar curvature or length calculations with ac-
tual 3D data demonstrated the inadequacy of 2D
measurements in the presence of any significant 3D
tortuosity. Vessel foreshortening in 2D projection
images occurs due to the inability to visualize the ex-
tent of non-planar arterial curvature or even due to
out-of-plane angulation of a relatively straight vessel.
The observed foreshortening in principal orthogonal
views of the infrarenal aorta and common iliac arteries,
for the current subjects although noticeable is only
mild compared to that which is encountered when
analyzing the tortuous vasculature routinely present in
elderly patients with aortic aneurysms. Subsequently
the limitations of planar length measurements due to
projection errors which diminish apparent length of an
artery have been well documented in relation to plan-
ning EVAR.3,4 Numerous investigations into the 3D
measurement of aorto-iliac length have therefore been
conducted recently to improve sizing of endograft
prostheses50,53,57 and reduce the incidence of unneces-
sary exclusion of the internal iliac arteries or alterna-
tively the need for placement of iliac limb extensions.

Quantification of 3D physiological vessel tortuosity
by the robust methods described in this work may
provide valuable information for improving stent and
endograft limb flexibility and conformability in curved
peripheral arteries. The methods outlined could be
extended to assess how stent deployment in tortuous
arteries impacts on vessel geometry or to reliably
determine peripheral vessel dynamics due to respira-
tion19 and limb movement.55 Alternatively the pro-
posed 3D measures of tortuosity provide a possible
means for quantitatively assessing the viability of
vascular access routes for endovascular device delivery
during preoperative planning.

In summary the parameters derived for 3D geo-
metric characterization of the arterial vasculature
overcome the limitations of planar analysis and may
aid the standardization of 3D geometric definitions.
The methods of vascular quantification may also pro-
vide essential data to facilitate future device develop-
ment for endovascular treatment of vascular disease,
particularly in cases of complex anatomy.

CONCLUSION

Anatomic features such as vessel branching and
tortuosity often impact on percutaneous interventional
outcome and endovascular device performance.
Patient-specific in-vivo quantification of these features
may assist decision making during interventions and
aid device sizing and customization. The purpose of
this study was to develop objective methods for ana-
lyzing 3D in-vivo peripheral arterial geometry derived
from MR angiographic data. Geometric parameters
were derived to describe genuine 3D branching
morphology and a method for determination of
peripheral arterial curvature and torsion is proposed.
Specifically the origin and initial trajectory of the
major visceral branches relative to the aorta were
documented and parameters describing the non-planar
asymmetrical nature of the aortic bifurcation were
calculated. Centerline curvature, torsion, and com-
bined curvature for the main renal arteries, infrarenal
abdominal aorta, and common iliac vessels were
quantified to describe 3D arterial tortuosity. The errors
associated with conventional planar geometric mea-
surements from standard angiographic planes were
assessed for the subjects analyzed. This investigation
confirmed that 3D methods are required for any
meaningful and realistic analysis of in-vivo arterial
tortuosity due to the non-planar configuration of the
vasculature. Similarly planar branching angles and
angles of trajectory were subject to considerable pro-
jection errors. In conclusion the geometric parameters
derived in this work allow accurate in-vivo quantifica-
tion of 3D arterial vessel geometry which may aid in
planning of endovascular interventional procedures,
and in realistic modeling of arterial geometries for
improving endovascular device design.
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