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Abstract When studying in vivo arterial mechanical behav-
iour using constitutive models, smooth muscle cells (SMCs)
should be considered, while they play an important role in
regulating arterial vessel tone. Current constitutive models
assume a strictly circumferential SMC orientation, with-
out any dispersion. We hypothesised that SMC orientation
would show considerable dispersion in three dimensions and
that helical dispersion would be greater than transversal dis-
persion. To test these hypotheses, we developed a method
to quantify the 3D orientation of arterial SMCs. Fluores-
cently labelled SMC nuclei of left and right carotid arteries
of ten mice were imaged using two-photon laser scanning
microscopy. Arteries were imaged at a range of luminal pres-
sures. 3D image processing was used to identify individual
nuclei and their orientations. SMCs showed to be arranged
in two distinct layers. Orientations were quantified by fit-
ting a Bingham distribution to the observed orientations.
As hypothesised, orientation dispersion was much larger
helically than transversally. With increasing luminal pres-
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sure, transversal dispersion decreased significantly, whereas
helical dispersion remained unaltered. Additionally, SMC
orientations showed a statistically significant (p < 0.05)
mean right-handed helix angle in both left and right arteries
and in both layers, which is a relevant finding from a devel-
opmental biology perspective. In conclusion, vascular SMC
orientation (1) can be quantified in 3D; (2) shows consider-
able dispersion, predominantly in the helical direction; and
(3) has a distinct right-handed helical component in both left
and right carotid arteries. The obtained quantitative distrib-
ution data are instrumental for constitutive modelling of the
artery wall and illustrate the merit of our method.

Keywords 3D smooth muscle cell orientation distribution -
Arterial helix - Bingham distribution - Map projection -
Two-photon laser scanning microscopy

1 Introduction

Smooth muscle cells (SMCs) play a crucial role in regulat-
ing arterial vessel tone. When an SMC contracts, it exerts a
force along its long axis. Therefore, the orientation of SMCs
within the artery wall is mechanically of importance. Sev-
eral mechanical models of the artery wall include a smooth
muscle component, e.g. Masson et al. (2011), Spronck et al.
(2015), Zulliger et al. (2004). To our knowledge, all currently
available constitutive models assume SMC orientation to be
strictly circumferential and ignore any dispersion in SMC ori-
entation. In order to develop constitutive models that describe
SMC orientation more realistically, knowledge on SMC ori-
entation and its dispersion is essential.

The assumption in current constitutive models of strictly
circumferentially oriented SMCs may have arisen from
experimental studies (Peters et al. 1983; Walmsley 1983),
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stating that SMC orientation is circumferential. Other stud-
ies have shown a more disperse SMC orientation with two
main orientations (Holzapfel et al. 2002) and have shown
that SMCs are enveloped by collagen bundles, leading to a
parallel orientation of collagen and SMCs in the media of
rat aortas (O’Connell et al. 2008). In the aforementioned
studies on SMC orientation, arteries were first fixed and
subsequently histologically sectioned, potentially causing
artefacts. To overcome this problem, a method using intact
arteries is required.

Previously, we developed a two-dimensional (2D) method
to quantify SMC orientation in vessels using two-photon
laser scanning microscopy (TPLSM) (Spronck et al. 2014b).
This method, which was used in rat ureters, had the advantage
over previous methods that it did not require sectioning. How-
ever, it only yielded 2D orientations, neglecting out-of-plane
orientation. Clearly, using such a method, it is impossible to
quantify transverse angles. In addition, due to the curvature
of the wall, only a very limited part of the wall could be
analysed, leading to the inclusion of only a few SMCs per
acquisition. To parameterise a constitutive model, ideally,
three-dimensional (3D) orientation and dispersion informa-
tion are available.

We hypothesised that SMC orientation would show con-
siderable dispersion, based on recent published work assess-
ing porcine aortic SMC orientation in 2D (Tonar et al. 2015).
As we expected SMCs to be mainly oriented in the plane
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Fig. 1 Data acquisition. a Measurement set-up. The common carotid
artery is mounted between glass micropipettes and imaged with an
upright microscope. / and 2 indicate example x—y image slices in b,
and 3 and 4 indicate examples of reconstructed x—z image slices in c.
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of the arterial wall (Peters et al. 1983), we further hypoth-
esised SMC orientation dispersion in the helical direction
to be greater than in the transversal direction. To test these
hypotheses, we developed a method for the quantification
of 3D SMC orientation, applicable to viable, intact murine
carotid arteries. This 3D method does allow for the quan-
tification of transverse angles and is suited for the analysis
of a much larger part of the acquired vessel wall than the
previous 2D method (Spronck et al. 2014a,b). In the present
study, we used this 3D method to assess orientation and dis-
persion differences between left and right carotid arteries
(potentially relevant from a developmental biology point of
view). Additionally, we investigated the effect of increasing
luminal pressure on 3D SMC orientation.

2 Methods
2.1 Animals and staining

Mice were killed with an overdose of isoflurane (Forane,
Baxter, Deerfield, IL, USA). Left and right common carotid
arteries of ten male C57BL/6JRj mice were excised, labelled
at the proximal end, and carefully mounted between
micropipettes (Fig. 1a) to maintain viability for a prolonged
period of time (>2h) as described previously (Megens et al.
2007). Carotid artery sections of 5 mm were mounted, yield-

(b) ()

b Example x—y image slices acquired at increasing imaging depth, i.e.
at decreasing z-coordinate (1: z = 93 wm, 2: z = 81 wm). Scale bar
200pum. ¢ Examples of reconstructed x—z image slices. Figure scale
equal to scale in b
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ing alength of 3 mm of artery usable for imaging (i.e. without
imaging one of the pipettes). Calcium-free HEPES buffer was
used as submersion medium. SMC nuclei were stained using
2.7uM SYTO® 13 (Life Technologies®, Gaithersburg,
MD, USA) for 30 min. Arteries were maximally vasodilated
by the addition of nitroprusside (Sigma-Aldrich, St. Louis,
MO, USA) to a concentration of 10 wM and were imaged at
room temperature. Animals were checked for situs inversus
totalis (SIT) by the inspection of the location of the visceral
organs; none of the animals showed SIT. All animal experi-
ments were approved by the local authority.

2.2 Image acquisition

Viable mounted arteries were imaged using an upright
TPLSM  system (Leica® TCS SPSII MP, Leica
Microsystems®, Mannheim, Germany) equipped with a
Leica® HCX APO L 20x/1.00W water dipping objective
(Fig. 1a). Two-photon excitation was achieved using a pulsed
Ti-Sapphire laser (Spectra Physics® Mai Tai® DeepSee,
Newport, USA) tuned at 825 nm. Signal detection was per-
formed using a descanned hybrid diode detector (GaAsP)
between wavelengths of 510 and 555 nm. Image slices of
1480 x 1480 pixels were acquired with a pixel size of
0.5x0.5 wm?, resulting in a field of view of 0.74 x 0.74 mm?.
Pixel dwell time was 1.1 s, and acquisition was performed
at 12-bit precision. Acquisition of one slice took 2.6s. Slice
spacing was 0.5 wm, resulting in an effective voxel size
of 0.5 x 0.5 x 0.5um?>. All subsequent image processing
(see following section) was performed at this resolution; no
downsampling was performed. Image slices formed stacks
of 334 + 30slices (mean =+ SD). Left carotid arteries were
imaged at luminal pressures of 40, 80, and 100 mmHg,
respectively. Right carotid arteries were imaged at 40 mmHg.
At each luminal pressure, one image stack was acquired for
each animal. Representative image slices are shown in Fig.
1b,c. All subsequent image processing was performed at full
resolution, i.e. no downsampling was performed. All arter-
ies were imaged directly after excision. A maximum of 2h
was required to complete the imaging of the left and right
arteries of one mouse. Previously, we have shown that in this
time span, mounted arteries remain viable (Megens et al.
2007).

2.3 Image processing
2.3.1 Deconvolution and vesselness filtering

Raw image stacks were deconvolved using 10-pass adap-
tive blind 3D  deconvolution (AutoQuant X2,
MediaCybernetics®, Bethesda, MD, USA). Deconvolution
of one stack took approximately 35 min on a modern com-
puter [Intel® i7-2670QM quad-core central processing unit

Fig. 2 Isosurface plot showing detected SMC nuclei. Nuclei are ran-
domly coloured for clarity. SMC smooth muscle cell

(CPU) at 2.20GHz and 16 GB of random access mem-
ory (RAM)]. Further data processing and analysis were
performed using MATLAB® R2014b (MathWorks®, Nat-
ick, MA). After deconvolution, the deconvolved data stack
was 3D vesselness filtered (Frangi et al. 1998) to enhance
elongated structures. Note that in contrast to the approach
described in our previous paper (Spronck et al. 2014b), fil-
tering is performed in 3D on the image stack as a whole.
A 3 x 3 Hessian matrix was calculated for each voxel
using a Gaussian width of 0, = o0y, = 0, = lum.
Hessian components were calculated by convolving the
image stack with discretised Gaussian derivative kernels.
The eigenvalues of the Hessian matrix (A1 < Ay < A3)
were used for performing the vesselness filtering. Vessel-
ness parameters were « = B = 0.5 (Frangi et al. 1998).
¢ was determined for each image stack as half the value
of the maximum Hessian norm, as suggested by Frangi
et al. (1998). Vesselness filtering of one stack took approx-
imately 65min on a modern computer (see above). All
further image processing steps were completed in <1 min
per stack.

2.3.2 Clustering and cell orientation calculation

To separate cell nuclei from background, the vesselness stack
was thresholded at a cut-off value of 0.01. Voxels were
then clustered based on their 3D 6-connected neighbour-
hood (Gonzalez and Woods 2008). Clusters were included
based on their volume using upper (320.1 um?) and lower
(38.5 um3) thresholds calculated as mean 4= 2SD from aor-
tic SMC nucleus sizes (O’Connell et al. 2008). An example
of a stack of clustered nuclei is given in Fig. 2. For each
cluster, an inertia matrix was calculated (Jihne 1993; Vader
et al. 2009). The eigenvector corresponding to the largest
eigenvalue of this matrix represents the principal SMC ori-
entation.
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<« Fig. 3 Coordinate and orientation definitions. a Definition of cylin-
drical coordinate system using radial (p), angular (0), and axial (z.)
coordinates. b, ¢ Orientations of SMCs can be visualised as points on
a unit hemisphere. b The orientation of such a hemisphere with respect
to the vessel. ¢ The two spherical coordinates that are used to quantify
SMC orientation. 8, and 6; are an SMC'’s helix and transverse angles,
respectively. d Exact definitions of 6 and 6;. 6}, is the angle that the
orientation’s projection on the axial-circumferential plane makes with
the circumferential direction. 6 is the angle that the orientation makes
with the axial—circumferential plane. SMC smooth muscle cell

2.3.3 Coordinate transformation

To assess SMC orientations with respect to the vessel wall,
a cylinder was least-squares fitted through the detected cen-
troids as follows: first, a rough fit was obtained by fitting a
cylinder through all centroids. Using the axis of this cylin-
der, the inner layer of centroids was detected by selecting the
centroids closest to the axis in a moving 3D search window
of 50 wm in axial and 10° in angular directions. Second, a
cylinder was fitted through the detected inner layer of cen-
troids. The axis of this cylinder was used as a reference
to convert all centroid locations to cylindrical coordinates
(p, 0, z¢, Fig. 3a). Subscript c in z. is used to distinguish
the axial cylindrical coordinate (z., Fig. 3a) from the ver-
tical Cartesian coordinate (z, Figs. 1, 2). The orientations
of the SMCs were expressed locally with respect to the
vessel wall (Fig. 3b) and are represented as a point on a
unit hemisphere (Fig. 3c). Orientations were quantified by

projection E .
= a helix angle (—90° < 6, < 90°) and a transverse angle
A (=90° < 6, < 90°, Fig. 3c, d). Visual inspection of the
() detected cell nuclei (as exemplified in Fig. 2) shows that,

from a certain imaging depth, the number of detected nuclei
decreased. In order to assure that we imaged a region of suffi-

P axial (proximal) cient image quality, centroids were selected from an angular
region of interest of —22.5° < § < 22.5°. In order to prevent
border effects, an axial window slightly smaller than the z-
range was manually selected (704 23 wm, mean =+ SD). In
six stacks, using this large axial window led to SMC layers
getting merged during SMC layer detection (see following
section) due to inhomogeneities in vessel diameter along
the axial coordinate. In these cases, a smaller window of
379 + 74 pm (mean 4 SD) was used.

—~_~
(=7
~

2.3.4 Smooth muscle layer separation

radial (outside)

Cell density as a function of the radial coordinate (p)
was calculated using kernel smoothing density estimation

A /a4 P circumferential (KDE) (Silverman 1986). KDE allows for estimation and
visualisation of the probability density from a set of data

A SMC with orientation (6, §) points. In our case, the KDE shows the density of SMCs
at a certain radial coordinate (p). A Gaussian kernel with

o0 = lpum was used on the list of radial coordinates

(p) of all included nuclei of one stack, yielding the ini-
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Fig. 4 Representative example of SMC density as a function of the
radial coordinate (p, Fig. 3a). Inner and outer layers of SMCs are clearly
visible. Layers were detected by finding the two largest density maxima.
The distance between those maxima was defined as 2A. SMCs are
assumed to be part of the inner/outer layer if they are within a distance
of A from their respective maximum. SMC smooth muscle cell

tial kernel density estimate f(p) [me_1 ]. This estimate was
converted to an absolute density d(p) in cells per pm?> via

N

rorz.p

d(p) = f(p)

ey

with N the total number of detected nuclei, rg the angu-
lar region of interest in radians, and r,, the axial region
of interest in wm. An example density plot is shown in

Fig. 5 Representative (a)
examples of orientations of
SMC nuclei in the artery wall.
Orientations of detected nuclei,
visualised using Lambert
equal-area projection a before
layer separation, b for the inner
layer, and c for the outer layer.
The Lambert equal-area
projection is elaborated on in
“Appendix 17. d—f
Corresponding fitted Bingham
distributions to orientations in
a—c. The obtained Bingham
distributions provide a
quantification of the distribution
of the individual orientations.
The distribution parameters are
explained in Fig. 6. SMC
smooth muscle cell

Full wall

r

Xcircumferential 2

Fig. 4a. SMCs showed to be concentrated in two dis-
tinct layers, as visible in the example. We analysed SMC
orientation separately for these (inner and outer) layers.
To separate the layers, we detected the two density max-
ima, the distance between which we defined as 2A. Each
layer is taken to be centred around its maximum, with
boundaries of £A on each side (Fig. 4a). The artery diam-
eter (as reported in “Results” section) is taken to be the
middle between the inner and outer layer density max-
ima.

2.3.5 Orientations of SMC nuclei in detected layers

After smooth muscle layer separation, SMC orientations can
be depicted on a projected hemisphere, as defined in Fig. 3c.
A representative example of such a visualisation is given in
Fig. Sa—c. The need for using a projection is elaborated on
in “Appendix 1”.

2.4 Orientation statistics

As our method yields orientations in 3D, appropriate, spher-
ical statistics are required to accurately quantify our results
(Fisher et al. 1993). In particular, the obtained orientations
are undirected (i.e. axial data), requiring a 3D probabil-
ity distribution that is antipodally symmetric (Mardia and
Jupp 2000). One of the simplest distributions of this kind
would be a (rotationally symmetric) Watson distribution
(Mardia and Jupp 2000). However, this distribution requires

(b)  Inner layer (¢)  Outer layer

r

density
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data to be rotationally symmetric around the main direc-
tion. In the vessel wall, the largest spread in SMC direction
will be in the axial-circumferential plane, whereas the
spread in the radial-circumferential plane will be much
smaller. The probability distribution used should be able
to accommodate this non-rotationally symmetric geom-
etry. The Bingham distribution fulfills this requirement,
while still being antipodally symmetric (Bingham 1964,
1974).

The Bingham density function has the form (Bingham 1964):

p(ph1, 2, K1, K2, X)

eXp(lq(/i; "%+ Kz(g«NzT{)z)

= , 2
d(k1, k2) @

where k1 and k> are two concentration parameters, 1 and

W2 are two orthogonal unit vectors indicating the two spread

~

directions of the distribution (corresponding to 1 and «37),
and x the current local (Cartesian) coordinate on the unit

sphere. The normalisation function d(k1, k2) was evaluated
by numerically solving the integral (Bingham 1964; Onstott
1980)

d(k1, Kk2)

2r

://exp((/q coszqﬁ + K2 sin2¢) sin29) sin6 d6 d¢.
00
3)

Fitting the Bingham distribution to our data was performed
in two steps by using the moment method (Bingham 1964,
Onstott 1980; Tanaka 1999). First, the local centroid orien-
tations were converted to Cartesian coordinates

cos 6 cos 6y
X = | cosbsint |, “)
sin 6;

and the following matrix was computed:

éz(ﬂ"‘)ﬂ\l)’ ()

with N the number of detected centroids. p; and uy can
now be obtained as the eigenvectors of XX correspond-
ing to the smallest and middle eigenvalues, respectively. 3,

corresponding to the largest eigenvalue, represents the distri-
bution’s centre. It is converted back to spherical coordinates
(Gh, O, Fig. 6a) using
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Fig. 6 Definitions of Bingham distribution parameters. a Parameters
describing the distribution’s centre. ®, and @, are the centre’s helix
and transverse angles. b Parameters describing the distribution’s dis-
persion. k1 and «; describe the distribution’s concentration along two
orthogonal directions. The more negative a « is, the narrower the dis-
tribution is in the respective direction (Onstott 1980). ®; is the angle
that the principal spread direction (corresponding to «2) makes with the
axial-circumferential plane. In this example, ®, = 30°, &; = 10°,
k1 = —30, ko = —10, and ®; = —25°. q axial

®y = arctan H3.y , and (6)

M3, x

®; = arctan Mz (7)

[ 2 2
MS,x+M3,y

where 13y, (3,y, and u3 ; represent the x, y, and z com-
ponents of u3. Note the use of capital thetas, representing

the orientation’s centre. @; is defined as the angle that w,

makes with the xy plane (Fig. 6b). The second step in fitting
the Bingham distribution is finding x1 and «5. This is per-
formed through maximisation of the log-likelihood function
(Bingham 1964; Onstott 1980; Tanaka 1999)

F=—NIndnr — NInd(ky, k2) + k171 + k272, ®)

where 71 and 1, are the smallest and middle eigenvalues
of XX”. Maximisation was performed by the minimisa-
tion of —F using the MATLAB Optimization Toolbox
fmincon function and the interior-point algorithm,
while constraining «; and k> to the interval (—oo, 0). Bing-
ham distributions of the representative examples in Fig. Sa—c
are shown in Fig. 5d-f.

3 Results
3.1 Qualitative results
Orientation plots for all arteries studied show a cloud of

points that is approximately centred around the circumfer-
ential direction, as also visible in the representative example
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Fig. 7 SMC orientations and
diameters in left and right

Inner layer
!

carotid arteries at 40 mmHg 30 ]
(circular mean = circular SD for 25
@h, @t, and @i§
arithmetic mean & SD for « 1, «2, 20
and diameter). *p < 0.05 versus
angle zero (Rayleigh test). = 13
#p < 0.05 inner versus outer E 10
layer (Rayleigh or paired Eo %
Student’s 7 test). Oy, &, O, k1, S 5l ox e
and « are defined in Fig. 6. SD
standard deviation, SMC smooth 0
muscle cell p
-10

6, 6 9
[ left carotid artery
M right carotid artery

(Fig. 5a—c). Although these plots provide a good qualitative
overview of the orientations of the SMC nuclei, it is hard to
derive quantitative conclusions from them. Therefore, Bing-
ham distributions were fitted to the acquired orientations, as
exemplified in Fig. 5d—f, providing quantitative orientation
data. These quantitative (Bingham parameter) results are dis-
cussed below.

3.2 Left versus right carotid arteries

Figure 7 shows Bingham parameters and diameters for left
(n = 10) and right (n = 10) carotid arteries at a luminal
pressure of 40 mmHg. Left and right artery diameters are
nearly equal. As ©); is relatively close to zero, k| represents
dispersion in transversal direction and «, represents disper-
sion in helical direction. The fact that x| is more negative
than «; indicates that dispersion in helical direction is larger
than in transversal direction. This holds for left as well as
right arteries. ®y, is positively different from zero in the right
as well as the left arteries, in both the inner and outer layers
(all p < 0.05), which is indicative of a right-handed helical
pattern. No statistically significant differences were found
between left and right arteries, except that only in the right
arteries, ®y was significantly larger in the outer layer than in
the inner layer. ®; shows the same pattern, being significantly
different from zero in all cases. Please refer to “Discussion”
section for an interpretation of the latter finding.

3.3 Dependence of smooth muscle orientation on
luminal pressure

As expected, artery diameter increased significantly with
increasing luminal pressure, illustrating vessel deformation
at macro-level (Fig. 8). Figure 8 further shows Bingham para-
meters for the left carotid arteries (n = 10) at three luminal

5

Outer layer
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B 2 258 £
30‘é 5 £] 30 g 200 5
30 & - = o

8 0 3
352 35 2

S S 100
-40 -5 -40
-45 -10 45 )

& 6 ¢

pressures (40, 80, and 100 mmHg). ®}, and ), are both again
significantly different from zero in all cases. k1 shows a very
consistent pattern in the inner layer, becoming more nega-
tive with increasing pressure, thereby indicating a decrease
in SMC orientation dispersion. As mentioned above, because
O); is relatively close to zero, this decrease is approximately
along the transversal direction. k7 increases with increasing
luminal pressure from 40 to 100 mmHg in the inner layer,
reflecting an increase in dispersion in helical direction. x1 and
k2 show the same pattern with increasing luminal pressure in
the outer layer, although it is not statistically significant here.

3.4 Reproducibility

Reproducibility of our findings was assessed and is described
in “Appendix 2”.

4 Discussion

In this study, we quantified SMC orientation and dispersion
in viable murine carotid arteries in full 3D. We found that
SMCs are arranged in two layers, and we quantified SMC
orientation and dispersion for each layer separately. Orien-
tation dispersion in the helical direction was larger than in
the transversal direction. We found a statistically significant
right-handed helix in both left and right arteries, in both lay-
ers. With an increase in luminal pressure, the dispersion in
transversal orientation was found to decrease.

The quantification method we developed in this study has
three key advantages over previous methods: (1) arteries
are mounted in their in vivo geometry and are kept viable
(Megens et al. 2007); (2) by using TPLSM, 3D microscopic
image stacks at large imaging depths (as compared to e.g.
confocal laser scanning microscopy) can be acquired (Oheim
et al. 2001); and (3) the present processing method analyses
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Fig. 8 SMC orientations and Inner layer
arterial diameters in left carotid K

arteries at luminal pressures of 20
40, 80, and 100 mmHg
(circular mean =+ circular SD 15
for @y, O, and O;;
arithmetic mean & SD for «, k>, 10 +
and diameter). *p < 0.05 versus o
angle zero (Rayleigh test). % sle @
#p < 0.05 inner versus outer E" 2x *L—l
layer (Rayleigh or paired ® 0
Student’s ¢ test). Tp < 0.05 for
parameter difference between
pressures (Rayleigh or paired 3 =
Student’s 7 test). Oy, &, O, k1,
and «, are defined in Fig. 6. SD -10 W
standard deviation, SMC smooth [ 40 mmH
g

muscle cell B 80 mmHg

M 100 mmHg

the full 3D image stack as a whole, instead of analysing data
on a slice-by-slice basis as most other methods do [including
our previous method (Spronck et al. 2014b)]. As arteries are
mounted in their in vivo geometry (point 1), artefacts that
could potentially arise due to fixation (e.g. shrinking) and/or
sectioning are absent. It has been shown that the present ves-
sel mounting and TPLSM imaging set-up (points 1,2) can be
used to visualise both structural and functional properties of
intact viable murine arteries. Its physiological relevance is
demonstrated in various studies. Examples include the study
of the endothelial glycocalyx (Reitsma et al. 2011; Slaaf and
Zandvoort 2011), endothelial junctional adhesion molecule
A (JAM-A) and its effect on monocyte or platelet recruit-
ment (Karshovska et al. 2014; Schmitt et al. 2014), or the
presence of smooth muscle progenitor cells (Subramanian
et al. 2010) and proliferating endothelial cells (Schober et al.
2014) in healthy and atherosclerosis-prone arteries. Conse-
quently, we believe that the results obtained in our study are
relevant and well translatable to an in vivo situation, albeit
that we studied mouse and not human arteries. In a slice-
by-slice analysis, flat image slices are acquired of a curved
object, causing cells at various depths of the wall to end
up in one image slice (Spronck et al. 2014b). This limita-
tion is overcome in our present approach by analysing the
acquired image stacks as a whole and using a curved (cylin-
drical) coordinate system (point 3), omitting the need for a
small region of interest (Spronck et al. 2014b). Hence, our
3D method allows a larger number of nuclei to be analysed
and thus provides more robust results. Furthermore, trans-
verse angles and dispersion therein can be analysed, whereas
in a slice-by-slice analysis, out-of-plane information is lost.

Our results display statistically significant mean trans-
verse and helix angles (®&; and ®y, Figs. 7, 8). SMC
orientation shows considerable dispersion in both helical and
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transversal directions. To critically evaluate our findings, we
performed the following two additional experiments for five
left arteries at a luminal pressure of 40 mmHg: (1) we digi-
tally rotated our image stack (after deconvolution) by 180°
around the z-axis. (2) We physically rotated the mounting
chamber by 180° around the z-axis (i.e. around the objec-
tive axis). As compared to the non-rotated situation, both
experiments should lead to a negation of ®; and ®;. Exper-
iment 1 indeed led to these negations (data not shown) and
did not affect ®y, k1, and k. Experiment 2, on the contrary,
still yielded positive ©®; values (Fig. 9). The observed sig-
nificant average transverse angle (®;) therefore seems to be
a methodological artefact and not a true anatomical feature.
We believe that this artefact results from inhomogeneities
in image field brightness, slightly shifting the fitted cylinder
axis and causing an artificially significant ®; value. The mean
helix angle (®},) observed in these two experiments remained
positive, as would be theoretically expected. For the physi-
cally rotated acquisitions, we used the same imaging region
as used in these arteries for the non-rotated acquisitions. We
achieved this by measuring the distance between the non-
rotated imaging region and the proximal pipette (measuring
the movement of the calibrated microscope table). After the
rotation of the mounting chamber, imaging was performed
at the same distance from the proximal pipette.

We further verified our helix angle findings by a third
experiment, digitally flipping image stacks (after deconvolu-
tion) along the x-axis. Results were as expected: a negation
of ®y and ®, and @; and both k parameters remaining unal-
tered. Therefore, it is unlikely that our statistically significant
average helix angle findings are artefactual.

Historically, SMC orientation has been studied in a vari-
ety of different species and arteries. Some authors described
a spiralling orientation of medial smooth muscle (Benning-
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hoff 1927; Pflieger and Goerttler 1970; Schultze-Jena 1939;
Strong 1938), whereas others described smooth muscle ori-
entation as circumferential (Pichler et al. 1953; Ushiwata
and Ushiki 1990). Benninghoff described already in 1927,
a spiralling smooth muscle orientation with a helix angle
increase towards the periphery (Benninghoff 1927). In 1939,
Schultze-Jena assessed the muscle spiral in a variety of arter-
ies and found opposing-handed helices in left and right arm
arteries (Schultze-Jena 1939). A subsequent work by Pichler
etal. (1953) assessed the potential mechanical consequences
of a helical orientation. Pichler concludes, based on mea-
surements in helically cut strips of carotid artery, cut at helix
angles of +30° and —30° that a single-helical structure is
unlikely. Although these historical studies provide excellent
qualitative anatomical insight, only limited quantitative con-
clusions can be drawn.

The results we obtained, indicating a significant right-
handed helix, contradict the conclusion of most quantitative
studies that SMC orientation is strictly circumferential. In
human cerebral arteries, Walmsley (1983) found a statis-
tically non-significant mean helix angle of —0.2 £ 2.4°,
in contrast to our angles of 2.4 £ 2.2° (inner layer) and
5.0 £ 5.0° (outer layer; mean =+ SD; left carotid arteries at
40 mmHg). Peters et al. reported a “truly circumferential”
smooth muscle orientation and an “inconsequential” left- or
right-handedness of the helix (Peters et al. 1983) in human
cerebral arteries, whereas we found a consistent, significant
helix, however, in viable carotid arteries of mice.

Some studies take a slightly different approach and con-
sider the arterial (aortic) smooth muscle orientation to be a
mixture of two or more distributions. Holzapfel et al., in their
modelling paper in 2002, analysed SMC orientation in human
aortas (Holzapfel et al. 2002). They implemented a method
similar to our previous 2D method (Spronck et al. 2014b), but
used histologically fixed instead of fresh tissue. Interestingly,

Holzapfel et al. assumed the SMC orientation distribution to
be centred around the circumferential direction, with two
equally weighted helical parts. Using this assumption, they
argued for two helices with angles of +8.4°. Tonar et al.
(2015) assessed potential segmental differences in SMC ori-
entation in porcine aortas, using a mixture of one to five Von
Mises distributions. Their paper concludes that “The orienta-
tion of vascular smooth muscle was successfully fitted using
two von Mises distributions in most of the samples...” and
that “Only a minor fraction of samples required a tertiary von
Mises component to describe the orientation...”. We care-
fully studied Supplemental Material 1 of their paper. When
assessing the N, = 2 columns (i.e. the columns that corre-
spond to two Von Mises distributions), one can count that
in 55 out of 82 samples, one of the two Von Mises compo-
nents was weak and/or redundant. Tonar et al. (2015) state
this in section 4.2 as “From a mathematical modelling point
of view, this indicates that a structural model with a single
vascular SMC system would be sufficient for most of our
data”. Another finding of Tonar et al. is a segmental differ-
ence in SMC orientation dispersion (not in main orientation)
along the aortic tree. This may also be the case along the
carotid artery, potentially explaining the spread in 1 and 3
parameters we measured (whiskers in Figs. 7 and 8), since
we may not have imaged the exact same part of the common
carotid artery in all mice.

In our study, we analysed both left and right arteries
and found a right-handed helix at both sites, violating left-
right symmetry. Although very speculative, this may be
explained by the intrinsic asymmetry of molecules, espe-
cially the proteins actin and myosin (Delhaas et al. 2008).
As both molecules are arranged in a right-handed helix,
when stretched, they will exhibit torsional motion. If a larger
structure is built from such smaller helical components, an
overall helicity may result. A more detailed discussion of
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Fig. 10 SMC orientations and
arterial diameters in left carotid
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this hypothesis can be found in Delhaas et al. (2008). In our
case, when this hypothesis would hold, one would expect left
and right arteries to show the same helical handedness, as we
observed. It may also be the case that this molecular asym-
metry effect acts through the extracellular matrix. As smooth
muscle cells have been shown to align with the extracellular
matrix collagen (O’Connell et al. 2008), asymmetry of the
extracellular matrix will presumably translate to asymmetry
in SMC orientations as well.

Our study population of ten male C57BL/6JRj mice
consisted of five young (age 8 weeks) and five older (age
23 weeks) individuals. We assessed whether age had an influ-
ence on orientations by comparing the results for the two age
groups for left arteries at 40 mmHg (Fig. 10) and found no
statistically significant orientation parameter difference. We
therefore decided to pool data from both age groups, yielding
one group of n = 10.

Our study involved the use of lower and upper volume
thresholds to exclude clusters that were too large or too
small. The effect of this thresholding was analysed in a sub-
set (n = 5) of samples at 40 mmHg (Fig. 11). Thresholding
excluded 26.84+3.9 % (mean =+ SD) of the clusters. The loca-
tions of these clusters are shown in Fig. 11. The combination
of vesselness filtering and subsequent cluster volume thresh-
olding was aimed at excluding non-SMC:s. It should be noted
that the number of nuclei excluded by vesselness filtering is
not visible in Fig. 11. Calculating this number would require
running the image analysis without vesselness filtering. How-
ever, vesselness filtering additionally functions as a means to
convert the images from 12-bit greyscale ([0, 4095]) values
to continuous ([0, 1]) values. Running the analysis without
vesselness filtering, therefore, would require the definition
of a new image threshold in the 12-bit domain, making com-
parison of the vesselness-filtered and vesselness-unfiltered
results problematic.
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Fig. 11 Effect of cluster volume thresholding. Curves show SMC den-
sity as a function of the relative radial coordinate (p — r), where p is
the radial coordinate as defined in Fig. 3a and r is half of the detected
vessel diameter (%d ). Pooled data of five samples at a luminal pressure
of 40 mmHg are shown [those (non-rotated) samples that were also used
for assessing reproducibility (Table 1) and the effects of rotation (Fig.
9)]. The lower volume threshold (Vinreshold, L, blue, dashed line) removed
clusters mainly at the inner side of the wall, whereas the upper volume
threshold (Vinreshold, U 7ed, dotted line) removed clusters mainly at the
outer side of the wall. Percentages pertain to the number of clusters in
each stack that were excluded/included, respectively (mean + SD). SD
standard deviation, SMC smooth muscle cell

Our finding of an arterial helix could have implications for
the constitutive modelling of the artery wall. SMCs oriented
in a slight net helix will create a slight torsion in the artery
wall, which changes with SMC contraction. Such effects can
and should be investigated using a constitutive modelling
approach. Additionally, the fact that SMC orientation shows
dispersion may have mechanical implications. An excellent
example of the mechanical consequence of the inclusion of
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structural dispersion in constitutive models is given by the
collagen modelling performed by Gasser et al. (2006). They
found that, due to the dispersion of collagen, the recruitment
of collagen fibres occurs at much lower stretches. In addi-
tion, when they excluded dispersion, collagen fibres showed
larger than physiological rotations before bearing any load.
Clearly, such effects also play a role in the modelling of SMC
contraction in the artery wall.

Our study was limited in the sense that we assumed the
orientation of the SMC nucleus to be representative of the ori-
entation of the entire SMC. This assumption was also made in
Holzapfel et al. (2002), Peters et al. (1983), Walmsley (1983).
Staining nuclei instead of entire cells has the advantage that it
leads to more robust clustering results. Canham et al. (1982)
studied the coalignment of the muscle cell and nucleus and
found the upper limit on misalignment in three dimensions to
be 2.4°. We used an aspecific nuclear dye, staining nuclei of
all cells in the artery wall. Therefore, non-SMCs (e.g. fibrob-
lasts) may have been included in our analyses. However, by
applying vesselness filtering, the narrow layer separation,
and nucleus volume thresholds, we assume to have filtered
out the majority of non-SMCs.

5 Conclusions

We conclude that (1) vascular SMC orientation can be
quantified in 3D; (2) SMC orientation shows considerable
dispersion, predominantly in the helical direction, which
decreases transversally with increasing luminal pressure; and
(3) 3D quantification of SMC orientation reveals a distinct
right-handed helical component in both left and right carotid
arteries. These quantitative distribution data are essential to
improve constitutive modelling of the artery wall.
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Appendix 1: Projecting orientations on a unit hemi-
sphere

The reader of this paper may wonder why a map projection
is used to visualise SMC orientations. In this section, we will
explain why the use of projections is beneficial.

An orientation in 3D can be quantified by two spherical
angles: an elevation and an azimuth. In our study, the eleva-
tion corresponds to the transverse angle (6;) and the azimuth
corresponds to the helix angle (6y,). One could choose to make
a rectangular plot and plot 6y, versus 6;. Gasser et al. (2012)
have chosen to construct histograms in this way [Fig. 4 in
Gasser et al. (2012)] and to depict an orientation density [Fig.
8 in Gasser et al. (2012)]. Although at first sight these repre-
sentations appear feasible, they provide a deformed view of
reality, for two (related) reasons:

1. Consider the surface element on the unit hemisphere
spanning from 6} to 6y + dfy and 6; to 6; + d6;. The
area of this element is not do, do;, but do, do; cos 6.
Consequently, visualising orientations by using a rectan-
gular 6y versus 6; plot over-emphasises orientations with
large 6;.

2. A related error occurs when trying to represent an orien-
tation of 6; = +90°. At what 6y should this orientation
be drawn? Clearly, for 8; = £90°, 6 is undefined.

These problems are illustrated in Fig. 12a. A solution to this
problem could be to display the hemisphere in 3D, as per-
formed by Alastrué et al. (2010). Although correct, such 3D
figures are, to our opinion, hard to interpret from a (2D) doc-
ument.

The problem of displaying spherical information on a flat
surface is not new and occurs, for example, when creating
a 2D map of the 3D world. The transformation from lati-
tudes and longitudes of locations on the surface of a sphere
into locations of a plane is called a map projection (Sny-
der and Voxland 1989). A large number of map projections
exist, all suited for a specific goal. Importantly, there is not
one general “best” projection (Snyder 1987). For our appli-
cation, we require the projection to be equal area, tackling
the aforementioned point 1 (Snyder 1987) and illustrated in
Fig. 12b. Many projections possess this property, but the one
that is most often used to plot directional data is the Lambert
azimuthal equal-area projection (Borradaile 2003). This is
the projection used in this paper. Its geometrical construc-
tion is explained in Fig. 12c. Mathematically, it is obtained
via the following equations:

2
XxX= |—————cosbsinb,, and
1 + cos 6 cos 6y
2 6 )
= sin Gt.
Y 1 + cos 6 cos 6y e
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Fig. 12 Considerations for using map projections. a Typical problem
when representing a three-dimensional orientation without using a pro-
jection. Consider four points A, B, C, and D with indicated spherical
coordinates. Points A and B clearly represent a different orientation that
is 90° apart. Points C and D, however, appear to also represent a differ-
ent orientation, whereas in reality, they are equal (they are both at the
“top” of the hemisphere). b The problem in a can be solved using a map
projection. By representing the orientations using a projection, points

Table 1 Reproducibility statistics

12 g Or
1 (0] 1 (0] 1 O
G (°) 1.85 3.85 2.32 2.83 0.76 1.37
k1 () —25.80 —31.04 7.75 8.44 2.37 6.33
k2 () —9.83 —9.66 3.42 4.68 2.56 1.90
d (um) 487 62 22

i, overall mean; o, between-animal standard deviation; oy, repro-
ducibility standard deviation. See “Appendix 2” for details on com-
puting these values. ®y, k1, and k; are defined in Fig. 6. d, diameter; I
and O, inner and outer layer, respectively

Appendix 2: Reproducibility

To evaluate our findings, in five arteries, we acquired a second
image stack after physically rotated the mounting chamber by
180° around the z-axis (see “Discussion” section and Fig. 9).
As these rotated stacks were acquired at the same location as
the corresponding non-rotated stacks, these data can be used
to analyse the repeatability of our method.

In order to assess repeatability, we calculated three sum-
mary values of parameters P;; € {On;j, k1,ij, k2,ij, dij},
with d;; representing diameter. Subscript i € {N,R}
denotes non-rotated (N)/rotated (R) stacks; subscript j €
{1, 2, 3,4, 5} denotes animal number.

The following summary values were computed:

1. The overall mean ():
w=M[mi,my, ...,ms]. (10
2. The between-animal standard deviation (o, ):

U[,LZS[m]5m29 '5m5] N (11)
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C and D coincide. The projection used is the Lambert azimuthal equal-
area projection. ¢ A Lambert azimuthal equal-area projection is created
by using a plane tangential to the centre point on the unit hemisphere
(point B in this case). All points will be projected on this plane. From all
points on the hemisphere, a circular arc is drawn to the projected plane
that (1) ends perpendicular to the projected plane and (2) has point B
as its centre

3. The reproducibility standard deviation (oy):

or =S [Pn1—my, PRi—my,
Pno—my, PRo—m3,
..., Pns—ms, Prs—ms] . (12)

In these equations, M and S denote the circular mean
and circular standard deviation operators for P;; = O jj;
and the arithmetic mean and standard deviation operators for
Pij € {Kk1,ij, k2,ij, d;j}, respectively. m; is used as a short-
hand notation of M (P, PRr;).

Results are shown in Table 1. In all cases, the reproducibil-
ity standard deviations were smaller than the between-animal
standard deviations. Reproducibility of the helix angle (oy)
was good at 0.76° (inner layer) and 1.37° (outer layer),
respectively.
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