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Non-planar curvature and branching of
arteries and non-planar-type flow
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KATHERINE T. ScoTrT!. QUAN LONG! AND CHARLES L. DUMOULIN?

L Centre for Biological and Medical Systems, Imperial College of Science, Technology
and Medicine, Sir Leon Bagrit Centre, Exhibition Road, London SW7 2BX, UK
2GE Corporate Research and Development Center, PO Boz 8, Schenectady,
NY 12301, USA

In this study, magnetic resonance imaging techniques have been used to examine the
geometry of arterial curvature and branching in casts and in vivo, and to measure the
distribution of axial velocity in the associated flow. It is found, contrary to a widely
held view, that the geometry is commonly non-planar. Moreover, relatively small
values of the parameters which render the geometry non-planar appear significantly
to affect the velocity distribution. The findings suggest that non-planarity is an
important factor influencing arterial flows. including wall shear. The implications
are not restricted to vascular biology. pathology and surgery. but may extend to the
design of general piping systems.

1. Introduction

The geometry of arteries influences their blood flow pattern and hence their biology
and susceptibility to disease (Kamiya & Togawa 1980: Frangos et al. 1985; Schettler
et al. 1983; Henderson 1991). It is evident that arteries branch and are often curved. It
is also found that there is variation of the geometry between individuals (Friedman et
al. 1983) and that it is affected by skeletal and other physiological motion (Caro et al.
1992; Pao et al. 1992). The loci generated by tracing the cross-sectional centre of an
artery and any branches in the flow direction may be used to establish the geometry
of the curvature and branching. It is planar if the space curves corresponding to the
loci lie in a plane; otherwise it is non-planar.

At any point on a space curve. the local tangent vector and a vector along the
radius of curvature define a plane; torsion measures the rate at which the orienta-
tion of this plane varies along the curve. Curvature and torsion are thus required to
describe a non-planar curve. such as a helix. whereas only curvature is required to
describe a planar curve. Pao et al. (1992) have used both parameters to quantify the
time-dependent geometry of the canine coronary arteries. Branching complicates the
geometric description, because it allows for discontinuities in the parameters where
curves join. For example, at a branch or bifurcation. the curves corresponding to the
joining arterial segments may each be planar. but with respect to differently oriented
planes. Here the value of torsion is zero. apart from at the join point. where it has a
§-function behaviour. and the non-planarity arises from the discontinuity in orienta-
tion of the planes. (Although the primary emphasis in this work is on the geometrical

Proc. R. Soc. Lond. A (1996) 452. 185-197 © 1996 The Royal Society
Printed in Great Britain 185 TEX Paper



186 C. G. Caro and others

arrangement of the flow conduits. it is recognized that initial and boundary condi-
tions (inlet velocity profile. shape and diameter of arterv cross-section) also affect
the flow.)

Most studies of flow in arterial bends and branches assuime planar geometry (Schet-
tler 1983: Yoshida et al. 1988: Liepsch 1990. 1994: NMosora et al. 1990). In studies
which consider non-planar arterial geometry. attention is mainly focused on spe-
cific locations: aortic arch (Caro et al. 1971: Farthing & Peronneau 1979; Paulsen
& Hasenkam 1983: Frazin et al. 1990: Yearwood & Chandran 1984; Kilner et al.
1993: Hoydu et al. 1994): branching of superficial coronary arteries (Batten & Nerem
1982; Altobelli & Nerem 1985: Sabbah et al. 1984): bifurcation of aorta (Moore et al.
1994); branching of femoral artery (Back et al. 1985): distal femoral artery (Scholten
& Wensing 1995): and carotid syphon (Perktold et al. 1988). These studies reveal
(or model) local flow patterns that are different from those expected with planar
geometry (Dennis & Ng 1982: Berger et al. 1983: Lou & Yang 1992).

It is recognized that the geometry of natural blood vessels is far more complicated
than that of model vessels and that the local flow pattern depends on the local
geometry and the velocity distribution in the incoming flow (Sabbah et al. 1984;
Asakura & Karino 1990: Karino et al. 1994). However. it does not appear to have
been proposed previously that non-planarity is commonly required to describe the
curvature and branching of the arteries and the associated flow. A crude model study.
where introduction of a bend upstream of. and non-planar to, an existing bend was
found to produce a swirling type of flow and to improve clearance of material from
the flow system. provided motivation for the present work.

In the work. the geometry of the human aorta and the rabbit aorta at sites of
curvature and branching is examined using casts. In addition. non-invasive magnetic
resonance imaging (MRI) techniques are used to measure the geometry and flow
pattern in arteries in a small group of healthy human subjects. and in a simple
model.

2. Measurement of non-planar arterial geometry and flow

The cast of the human aorta and the rabbit aorta were prepared according to the
method of Tompsett (1967). The studies of the geometry and flow pattern in the
arteries in healthy human subjects were performed by MRI using a 1.5 T scanner
(GE Medical Systems, Milwaukee. WI). Imaging sequence parameters are given.
The subjects were aged 20-32 years and the studies were undertaken with Ethical
Committee approval.

(a) Studies in casts

The human aortic cast was made of “Woods metal’ alloy and silicone rubber moulds
were made of the arch and abdominal segment. The moulds were filled with dilute
copper sulphate solution and images were acquired using a 3D gradient echo sequence
(TR 33 ms. TE 9 ms. flip angle 10°) to obtain contiguous 1 mm slices through the
mould with an in-plane resolution of 0.6 mm. The slices were processed using the
AVS package (Advanced Visual Systems Inc.) to produce 3D data sets which could
be displayed as rotated 2D projections to demonstrate the non-planar nature of the
aortic arch and abdominal aorta.

The curvature of the aortic arch was approximately helical. The slices through
the aortic arch and abdominal aorta showed curvature of the origins of the major
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(b)

arrows indicate flow direction

Figure 1. Reconstructed views of cast of human aorta. (a) A projected view of the aortic arch:
the arch has helical-type curvature and there is curvature of the origins of the branches. (There
is a streaking artefact over the descending aorta. caused by the reconstruction technique). (b)
The origins of the branches of the abdominal aorta: the branching geometry can be expected to
force the flow to follow a path with helical-type curvature. indicated by the arrows.

branches (figures la,b). The aortic bifurcation in the human cast was essentially
planar, unlike in vivo (Moore et al. 1994; Caro et al. 1994a. b: Doorly et al. 1994). The
rabbit cast showed approximately helical curvature of the aortic arch. In addition.
there was curvature of the orgins of major branches of the aortic arch and abdominal
aorta, and non-planarity of the trifurcation.

(b) In vivo studies
(i) Aortic bifurcation

MR angiographic images were obtained at the aortic bifurcation in six subjects.
using a thick-slice 2D phase contrast gradient echo sequence (TR 33 ms, TE 9 ms.
flip angle 20°) gated to the subject’s ECG in order to reduce pulsatile blood flow
artefacts. The images are 2D projections through a 28 cm thick section of tissue in
coronal and sagittal planes. having an in-plane resolution of 1.25 mm. All images
were encoded for a maximum velocity of 100 cms™!.

Velocity images were obtained at the aortic bifurcation in the six subjects who
were studied angiographically. using a 2D cine phase contrast sequence (TR 30 ms.
TE 12.6 ms. flip angle 30°. maximum velocity 80 cms~!). The 1 cm excitation slab
was located 2 em downstream of the aortic bifurcation and rotated about two inde-
pendent axes. so as to be normal to the axis of one common iliac artery rather than
to projections of the axis.

The angiographic studies revealed the aortic bifurcation to be non-planar in all
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Figure 2. Shown are (a) coronal and (b) sagittal NRI views of the aortic bifurcation of a healthy
human subject (arrow indicates level of bifurcation). (¢) and (d) show the distribution of axial ve-
locity in the right common iliac artery of the same subject (arrowed). The six phase images (1-6)
in (¢) were acquired at approximatelv 30 ms intervals. starting 250 ms after the ECG R-wave.
Shown in (d) is the axial velocity contour plot from phase image 4. The velocity distribution is
rotated out of the *plane’ of bifurcation (line A~A’) and is asymmetric.

the subjects. In the sagittal projection plane. the abdominal aorta and the bifurca-
tion (figures 2a,b) show curvature (convexity anterior). Thus, the curve along the
centreline of the abdominal artery. which branches into the two daughter (common
iliac) arteries. possesses torsion at the bifurcation. Although the curvature measured
in the sagittal projection was mild (radius of curvature typically 20 x aortic radius)
flow effects were found. There was variation of the axial velocity distribution dur-
ing the cardiac cycle (figure 2¢) with the development of secondary motion. The
secondary motion caused a crescentic distribution of axial velocity but. unlike in a
planar bifurcation. the crescents were asvinmetric and rotated out of the ‘plane’ of
bifurcation (figure 2d). Measured looking upstream. the angle of rotation was about
70° anti-clockwise for the right common iliac artery and 75° clockwise for the left.

Proc. R. Soc. Lond. A (1996)



Non-planar curvature 189

(ii) Carotid artery bifurcation

MR angiograms of the carotid artery bifurcation were obtained in four subjects,
using a 2D time-of-flight gradient echo sequence (TR 47 ms, TE 8.7 ms, flip angle
45°) with venous saturation to acquire 64 contiguous 1.5 mm slices with an in-plane
resolution of 0.8 mm. The images were processed using AVS (as described above) to
obtain both coronal and sagittal views of the bifurcation.

Axial velocity images were obtained, using the 2D cine phase contrast sequence
(TR 33 ms, TE 7.5 ms, flip angle 45°) 1 cm downstream of the carotid bifurcation in
two of the four subjects studied angiographically. The measurements were encoded
for a maximum velocity of 60 cm s™! with a resolution of 0.5 mm.

The bifurcation appeared non-planar in all the subjects; both the left and right
common carotid arteries ran laterally as well as axially towards the bifurcation,
whereas at their origins the daughter vessels (internal and external carotid arter-
ies) ran relatively axially (figure 3a,b). Figure 3¢ shows velocities measured 1 cm
downstream of the left common carotid bifurcation in one subject. The axial veloc-
ity distribution in the carotid sinus was asymmetric and rotated out of the ‘plane’
of bifurcation during part of the cardiac cycle. The angle of rotation was about
45° clockwise, measured looking upstream. As noted, both features are consistent
with non-planar geometry. Others have observed curvature of the terminal common
carotid artery and helical-type flow in carotid bifurcation models (Masawa et al.
1994).

(iii) Vertebral artery coalescence

Coronal and sagittal views of the basilar and vertebral arteries were obtained
in three subjects using a 3D phase contrast gradient echo sequence (TR 24 ms,
TE 8.7 ms, flip angle 20°, maximum velocity 50 cms™!) to acquire 60 contiguous
1.5 mm slices with an in-plane resolution of 0.9 mm. Reconstruction of these views is
carried out automatically on the GE Signa MR system. In all the subjects, the coa-
lescence of the vertebral arteries to form the basilar artery appeared to be non-planar
(figure 4a, b).

(¢) Model flow study

We constructed a phantom to provide non-planar geometry and flow relevant to the
arterial system. It was made of 15 mm id glass tubing and comprised two successive
planar bends (75° arc, radii/radii of curvature about 0.1) arranged approximately
orthogonally; the cross section of the tubes at the two bends was slightly elliptical
(major/minor axis approximately 1.2, minor axis in plane of curvature) (figure 5a).
The flow was steady and laminar (Reynolds number 850) and was fully developed
at the entrance to the first bend. In order to image the flow, the phantom was
placed in a standard quadrature head coil. The working fluid was a dilute solution
of copper sulphate in distilled water. Two flexible tubes of different diameter were
positioned 90° apart along the length of the phantom. They were filled with dilute
copper sulphate and served as indicators of its orientation.

Thick slice localizing 2D phase contrast angiograms were obtained (TR 33 ms,
TE 9 ms, flip angle 20°, 256 x 128, FOV 32 cm. Venc 15 cms~!, GRASS, scan time
1.5 min). In addition, thin slice oblique 2D phase contrast angiograms were obtained
to localize a plane perpendicular to the tube axis (TR 33 ms, TE 10 ms, flip angle
30°, GRASS, slice thickness 20 mm, 256 x 128. NEX 20, scan time 1.5 min). Velocity
measurements were made with a 3D phase contrast sequence. using a fast gradient
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Figure 3. Reconstructed views showing (a) coronal and (b) sagittal MRI projections of the
bifurcation of the left common carotid artery of a healthy human subject. Arrows denote the
location of bifurcation. The sagittal projection shows curvature in the ‘plane’ of bifurcation,
which renders the bifurcation non-planar. (Artefacts are seen. caused by the reconstruction
technique.) Shown in (¢) are axial velocity contour plots for internal (IC) and external (EC)
carotid arteries. acquired 1 cm downstream of the bifurcation. The axial velocity distribution is
seen to be rotated out of the "plane” of bifurcation (A -A’) and to be asymmetric.

echo sequence with two spatial dimensions and a third dimension converted to a
velocity dimension by the inclusion of a bipolar gradient. Each image showed the
same spatial position. but a specific velocity range. that is image velocity contours in
the axial (2) direction (TR 44.1 ms. TE 31.6 1s. flip angle 30°. FOV 10 cm. 256 x 128.
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Figure 4. MR angiograms of the intracranial vessels of a healthy human subject. The coronal
view (a) shows the coalescence of the vertebral arteries to form the basilar artery. The sagittal
view (b) shows curvature in the ‘plane’ of coalescence. which renders the coalescence non-planar.
Arrows denote the location of coalescence.

0.4 mm resolution, slice thickness 3 mm. velocity sensitivity 1 cm s~ !, 32 images: 1-16
representing —16 cm s~! to —1 em s~ !: 17-32 representing +1 to +16 cm s ™!, NEX 4,
scan time 12 min).

At the first bend (figure 5b), the distribution of axial velocity was skewed symmet-
rically about the plane of curvature. with a substantially steeper near-wall velocity
gradient at the outer wall than inner wall of curvature. At the second bend (fig-
ure 5c¢), the distribution of axial velocity was slightly asymmetric and rotated out of
the plane of curvature. There were roughly "diametrically’ opposed regions of high
and low near-wall velocity gradient, but the near-wall velocity gradient was substan-
tially more uniform ‘circumferentially’ than at the first bend.

3. Discussion

We consider first the methods. Although the aortic casts were prepared in situ and
at physiological transmural pressure, there could have been distortion post-mortem.
Such distortion could explain why in the cast the human aortic bifurcation was
essentially planar, whereas in vivo it was non-planar. It should be added that the in
vivo studies involved only a small number of subjects.

In the MR measurement techniques. there is averaging within voxels, which will
give rise to problems of spatial resolution. However. the resolution was adequate to
determine the overall geometry of the vessels and hence to assess non-planarity. The
use of 1 cm slices limits the accuracy of measurement of velocity, because of intravoxel
averaging of velocities. Nevertheless, the images showed the rotation and asymmetry
of the velocity distribution expected with flow in non-planar geometries (Batten &
Nerem 1982; Kao 1987). Therefore. intravoxel velocity dephasing would not seem to
have significantly limited velocity measurement. The velocity contours shown in the
figures are unscaled, but could be scaled given additional information or the use of
additional imaging sequences (Dumoulin et al. 1993). The 2D cine phase contrast
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Figure 5. (a) the non-planar curved phantom. the location of the marker tubes along it, and the
positions of the two stations used for MR velocity measurements. (b) shows the axial velocity
distribution at station 1 (planar bend). The velocity distribution is symmetrical about the
plane of curvature. with a substantially steeper near-wall velocity gradient at the outer than
inner wall of curvature. (¢) shows the axial velocity distribution at station 2 (second bend). The
axial velocity distribution is slightly asvmmetric and rotated out of the plane of curvature, and
the near-wall velocity gradient is substantially more uniform “circumferentially” than at the first
bend.

sequence used acquires data continuously during the cardiac cycle and the data are
retrospectively reconstructed to create the images. Some time averaging will therefore
occur. However, previous experience with the technique. combined with experience
gained from the use of more accurate but lengthier imaging sequences in phantoms.
suggests that this would not have seriously limited the measurements.

The present studies confirm findings by others. that the curvature of the aortic
arch and, usually, the bifurcation of the aorta are non-planar. In addition, they
show that the bifurcation of the carotid arteries and the coalescence of the vertebral
arteries to form the basilar artery are non-planar. Noreover. they suggest that the
origins of major branches from the aortic arch and the abdominal aorta are non-
planar; it has not yet been possible to measure the flow at these sites., or at the
vertebral-basilar coalescence. It has been recognized previously that the geometry is
non-planar at the branching of superficial coronary arteries and the femoral artery.
and of the curvature of the distal femoral artery and carotid syphon. Therefore. the
curvature and branching of the larger arteries appears commonly to be non-planar.
Furthermore. the non-planarity appears to he locally helical.

The studies also show that the flow pattern just downstream of the aortic and
carotid bifurcations differs from the symmetrical counter-rotational two (or more)
vortex pattern found with planar geometry (Dennis & Ng 1982: Berger et al. 1983:
Lou & Yang 1992) (see §4). Instead. it resembles the flow pattern seen at the branch-
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ing of coronary arteries and the bifurcation of the aorta (Batten & Nerem 1982:
Moore et al. 1994). computed for the carotid artery syphon (Perktold et al. 1988)
and that seen in the non-planar phantom. Non-planar curvature and branching of
arteries thus appears to be associated with a distinctive flow pattern.

Flow in helical pipes is widely used in engineering applications, but has been little
studied theoretically (Manlapaz & Churchill 1980: Wang 1981; Germano 1982; Kao
1987). The secondary motion in fully developed flow in a helical pipe, like that in a
planar bend, consists of a pair of vortices. However. it can be much distorted, with
one vortex being squeezed into a narrow region (Kao 1987). The asymmetry of the
distribution of axial velocity, which was observed in the present work downstream of
both the aortic and carotid bifurcations and in the non-planar phantom, is similar
to that found by Kao (1987) for steady flow in a helical tube with sufficiently large
torsion (see §4).

The flow was mainly measured within and just downstream of non-planar regions,
but the need to measure the flow upstream. in the transition region and further
downstream, is recognized. Relevant studies by others include those of Yearwood
& Chandran (1984), Frazin et al. (1990). Kilner et al. (1993). Hoydu et al. (1994).
Moore et al. (1994), Sabbah et al. (1984). Masawa et al. (1994) and Scholten &
Wensing (1995). In some of these studies. swirling or helical-type flow is reported
downstream of a non-planar region. but it is important to distinguish between the
symmetrical counter-rotational vortex pattern seen at planar bends and branches and
the asymmetric distribution of axial velocity observed with non-planar geometry.

Earlier research. including that reviewed by Berger et al. (1983), has highlighted
the role of entrance effects in flow in simple curved tubes. Clearly this work should
be extended to flow in non-planar geometries. particularly since the interval between
successive branches is often relatively short in the larger arteries. It would also be
of interest to compare the flow through a non-planar feature. such as a bifurca-
tion, where the entrance velocity distribution is axisynunetric, with that through a
similar but planar bifurcation with asymmetric entrance velocity distribution. The
small secondary velocity components have not been directly measured in the work
reported here, because of difficulty in accurately positioning the measuring plane and
accurately measuring them.

It can be expected that there will be greater mixing and a circumferentially more
uniform wall shear with non-planar than planar geometry. Indicator dispersion stud-
ies, which we have undertaken. gave results consistent with these expectations (John-
son et al. 1994). Furthermore. in the present phantom study, the near-wall velocity
gradient was circumferentially more uniform with non-planar than planar geometry.

In the light of current understanding. it can be anticipated that the flow patterns
observed in vivo will influence the development and distribution of arterial disease,
including atherosclerosis (Schettler et al. 1983: Yoshida et al. 1988; Liepsch 1990,
1994). Fox et al. (1982). Masawa et al. (1994) and Scholten & Wensing (1995) have
reported a helical distribution of atherosclerotic lesions downstream of non-planar
regions, consistent with a helical distribution of low wall shear.

Spiral flow patterns found at angioscopy during vascular reconstruction in infrain-
guinal arteries have been attributed to endoluminal spiral folds or ‘rifling’ (Stone-
bridge & Brophy 1991). However. the foregoing and the absence of folds or ‘rifling’
from normal arteries suggests an alternative explanation—that the flow patterns
result from non-planar geometry and the folds or ‘rifling” in diseased arteries repre-
sent helical distributions of lesions. Spiral flow has been demonstrated with biplanar
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Doppler ultrasound in the common femoral arteries (Stonebridge et al. 1994). Its ro-
tation in opposite directions in the right and left legs has been considered to imply a
secondary flow phenomenon as a result of the aortic bifurcation. These flow patterns
may have implications for other arterial pathology and vascular surgery (Stonebridge
et al. 1991: Caro et al. 1994b): in graft-related intimal hyperplasia. the disease pro-
cess appears to affect preferentially regions which experience low wall shear (Dobrin
et al. 1989: White et al. 1993: Ojha 1994).

The apparently common occurrence of non-planar curvature and branching. and
of non-planar-type flow in the larger arteries. poses several questions. One of these
concerns the mechanisms which underlie non-planarity: it is likely that anatomical
factors are involved. but it is also possible that fluid mechanical factors, including
wall shear, play a role. A related question concerns the biological significance of
non-planar-type flow. The thrust of the present work is to stimulate further study
of the interaction between fluid mechanics and vascular biology. It appears that
non-planarity is commonly found in the large vessels (although a complete char-
acterization of the geometries and their distribution has vet to be performed). In
the microcirculation. where the fluid mechanical regime is different. both two- and
three-dimensional arrays of vessels are seen (Secomb et al. 1995).

Several fluid mechanical questions arise from the study. which merit investigation.
Whilst the work has examined the non-planar geometry of arteries at a number
of locations and has shown apparently strong sensitivity of flow to non-planarity. as
yet the conditions upstream and downstream. at higher Reyvnolds numbers. and with
unsteady flow have not been examined. It may be expected that the design of arteries
is optimized. within certain limits. for the role of transporting blood over long periods
of time (Kamiya & Togawa 1980). whereas the flow may vary considerably within the
physiological range. Therefore. it is of interest to examine the sensitivity to geometry
over a range of flow conditions. in order to determine how well the design works.
Finally. it is permissible to speculate whether an understanding of the influence of
the three-dimensional geometry of arteries on the flow could have relevance bevond
vascular function. for example in the design of general piping systems.

4. Endnote

The review by Berger et al. (1983) describes many of the results which have been
obtained relating to flow in planar bends. It is found that the Dean number. which
expresses the non-dimensional ratio of inertial and centrifugal forces to the viscous
forces is a fundamental parameter. In theoretical studies. this is commonly given as
D = (Ga?/u)(2a*/Rv?)Y2. where a is the tube radius. R the radius of curvature. G
the pressure gradient and . v the dynamic and kinematic viscosities. respectively.
A more useful form for comparison with measurements (which eliminates G). given
by Berger et al. (1983). and referred to here as Ds. is Dy = (a/R)'/? Req. where Regy
is the Reynolds number bhased on mean velocity and tube diameter. The quantities
are related by D = 2‘5/2(Q,/Q(.)D2. and Q./Q. is the ratio of the flow rates in a
straight to a curved pipe. which is calculated in the theoretical solution. Q./Q. is
near unity at low D and rises to nearly 2.5 at D = 5000. (and there is a very weak
additional dependence of Q./Q. on the form of the solution). Thus. D < 1000 in
Dennis & Ng (1982) is equivalent to D, < 114. whereas D = 2000 corresponds to
D, ~ 191. The Reynolds numbers and curvatures for the larger arteries are sufficient
therefore to lie within the range in which Dennis & Ng (1982) found that either
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two- or four-vortex secondary flow patterns could occur in steady planar curved pipe
flow. In the work of Kao (1987) for a helical pipe. additional parameters ¢ = ax,
and A = ar are involved in the analysis. where k is the curvature and 7 the torsion.
Kao’s (1987) results for D = 2000 show that for values of A = 0.16 and € = 0.05, the
secondary flow is considerably different from that of a planar curved tube, with one
vortex producing a dominant rotation in one direction. and with asymmetry of the
axial velocity contours.
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