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1 Introduction

Blood-flow induced wall shear stress (WSS) is a focal risk factor for atherosclerosis
[1]. Disturbed oscillatory WSS elicits an inflammatory endothelial cell (EC)
response that contributes to the pathogenesis of atherosclerosis. Conversely, steady
WSS results in a protective EC response [2]. A key EC response to WSS is
the change in cell morphology: in particular, cytoskeletal morphology. Steady
WSS results in cell elongation and alignment in the flow direction. In contrast,
disturbed WSS causes greater shape variation in ECs (similar to cells grown in static
conditions) [3–9].

Chien postulated that EC morphological dependency on WSS is caused by
ECs maintaining an internal force homeostasis: cells adapt their morphology to
keep internal forces within a “normal” range. In the case of disturbed WSS, the
preferential flow direction cannot be sensed. This leads to internal force extremes
causing endothelial dysfunction and an inflammatory response [10].

Computational models have already been used to quantify the stresses and
strains within a single EC [11] or a population of ECs [12] in response to WSS
(see [13] for a recent review). However, the effect of EC morphology on internal
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force transmission of WSS has only recently been examined. In particular, the
effect of morphological variation in the nucleus and cell membrane on the internal
force response to WSS has been quantified [14]. Further extension is required
to include the cytoskeleton—a key component in cell mechanical stability [15].
One barrier to this is the lack of quantitative spatial descriptors (also known as
shape/morphometric/summary descriptors) to define cytoskeletal morphology. Once
this challenge has been overcome, it will be possible to test Chien’s theory by
quantifying the internal force distributions in populations of ECs with differing
morphologies that are exposed to different WSS environments.

In this study, we have extended the spatial descriptor analysis to include the
cytoskeleton and primary cilia. These descriptors were then used to recreate specific
cells. Furthermore, our set of spatial descriptors were used to generate virtual cells
characteristic of the entire population. Thus, the morphological variation of the
entire population can be represented by a smaller set of virtual cells without a
significant loss in information.

Our spatial descriptor analysis aims to provide a spatial domain suitable for
future mechanical analysis. In doing so, we hope to enable future studies on the
role of EC mechanics in atherosclerosis.

2 Materials and Methods

Human microvascular endothelial cells (HMEC-1s) were cultured using previously
described methods [14, 16]. The primary cilia, acetylated ’-tubulin, F-actin and the
nuclei from 15 HMEC-1s were then co-imaged as previously described [14, 16].

2.1 Spatial Descriptors

The framework for spatial descriptors is based on the series of studies published by
Murphy et al. [17–19].

Reference system, nucleus and cell membrane shape: The reference coordinate
system of our model has previously been described [14]. Briefly, the nucleus
centroid is the origin of coordinate system, the long axis of the nucleus forms
the first axis, the apical-basal direction forms the second axis and the 3rd axis is
perpendicular to the other two. Nuclei are chosen as the reference point as they
are easily identified, and there is only one in every EC. The spatial descriptors of
the nucleus and cell membrane have also been previously described [14]. Image
processing and analysis was carried out in MATLAB (version 2013b), ImageJ
(version 1.48o) and AMIRA (version 5.6).

Cytoskeleton—deconvolution: The acetylated ’-tubulin and F-actin components
of cytoskeleton were imaged and the morphology quantified. As a preliminary step,
deconvolution was carried out to increase contrast of the cytoskeletal structures,
thus allowing automatic segmentation. Image stacks of actin and tubulin were
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Fig. 1 Spatial descriptors used to quantify F-actin morphology: (a) nf-actin, the number of actin
fibres present in each cell, in this simplified example there are only three fibres (blue); (b) Lf-actin,
fibre length; (c) � f-actin, fibre orientation with respect to the nuclear axis; (d) Lactin-cent, the length
between the actin fibre centroid and the nucleus centroid (shown in green) and (e) � actin-cent, angle
of the vector between actin fibre centroid and the nucleus centroid

deconvolved with an artificial point spread function (PSF) calculated using the
Diffraction PSF 3D ImageJ plugin (http://www.optinav.com/Diffraction-PSF-3D.
htm, [20]). Deconvolution was then carried out using the Iterative Deconvolve 3D
ImageJ plugin (http://www.optinav.com/Iterative-Deconvolve-3D.htm, [20]).

F-actin: Each individual actin fibre was traced semi-automatically using the
simple neurite tracer tool in ImageJ [21], hence the 3D coordinates of each fibre
(at pixel resolution) were quantified. We found that nearly all stress fibres were
within two slices (0.9 �m layer), in a layer one slice (0.45 �m) below the base of
the nucleus. Hence the morphology of the actin fibre network can be captured by a
2D analysis. Five spatial descriptors were used to represent F-actin (see Fig. 1). The
first is the number of actin fibres present in each cell, nf-actin. All other F-actin spatial
descriptors are arrays of size nf-actin. The other descriptors are the fibre length, Lf-actin;
the fibre orientation with respect to the nuclear axis, � f-actin; the length between
the centroid of the fibre and the nucleus centroid, Lactin-cent and angle of the vector
between actin fibre centroid and the nucleus centroid, � actin-cent.

Acetylated ˛-tubulin: Acetylated ˛-tubulin migrates outward from the centro-
some, and therefore can be modelled as a branching network, with straight segments.
The centrosome was not explicitly imaged, but instead was estimated to be the voxel
with maximum intensity in the tubulin images [22]. Again, the simple neurite tracer
tool [21] was used to segment the acetylated a-tubulin morphology. The six spatial
descriptors used to quantify ˛-tubulin morphology were: (1) the position of the
centrosome with respect to the nucleus centroid; (2) number of microtubules in the
cell, ntubule (similar to F-actin, the remaining descriptors are arrays of size ntubule);
(3) the length of each microtubule, Ltubule; (4) the collinearity of a microtubule
against its parent microtubule (the microtubule that it branched out from), � cotubule;
(5) the change in height (z value) of the centroid microtubule compared to the height
of the parent microtubule and (6) the ancestry number of the microtubule, which

http://www.optinav.com/Diffraction-PSF-3D.htm
http://www.optinav.com/Diffraction-PSF-3D.htm
http://www.optinav.com/Iterative-Deconvolve-3D.htm
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Fig. 2 Spatial descriptors used to quantify acetylated ˛-tubulin morphology: (a) the position of
the centrosome relative to nuclear centroid; (b) number of microtubules in the cell, ntubule; (c) the
length of each microtubule, Ltubule; (d) the collinearity of a microtubule with its parent microtubule,
� cotubule, note this consists of an in-plane angle and a z-direction change in slice and (e) the ancestry
number of the microtubule, which identifies the number of its parent microtubule. In this example
the ancestry numbers are 0, 0, 2, 2, indicating that the first two microtubules originate at the
centrosome, and the third and fourth tubules originate from the second microtubule

identifies the number of its parent microtubule. These descriptors are illustrated in
Fig. 2.

Primary cilium: Due to spectral overlap, a separate population (n D 39), from
the population that was used in cell shape, nucleus and cytoskeleton analysis, of
cells was used to examine primary cilium morphology using methods described in
Lim et al. 2015 [16]. To avoid bias, every cilium in each image was analysed. Two
spatial descriptors were formulated for primary cilia, cilia length and cilia-centroid
position—the vector between the nucleus centroid and the base of the cilium.

2.2 Generating Virtual Cells

Virtual cells were generated from the complete population dataset of previously
described morphological descriptors. Statistical boot-strapping was used to obtain a
distribution for each of the descriptors: first, the n-sized vector (where n is nf-actin or
ntubule, respectively) of every spatial descriptor was resampled with replacement, to
generate 1000 n-sized vectors. This large dataset is normal distributed. The F-actin
and tubulin networks and primary cilia could then generated by sampling from these
distributions. As the nucleus centroid is the reference point in the set of tubulin, actin
and primary cilia descriptors, it is possible to generate a virtual cell with all of these
components.
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3 Results

3.1 F-Actin

The median of nf-actin was 20 fibres, with a maximum of 32 and a minimum of ten.
There were fewer actin stress fibres than microtubules on average. Lf-actin is right
skewed, with a median value of 4.6 �m (see Fig. 3a). From the angle histogram of
� f-actin (see Fig. 3b) there does not appear to be a preferential angle of orientation of
actin fibres. Median Lactin-cent was 13 �m (see Fig. 3c), suggesting that the majority
of the actin stress fibres were beyond the xy area bounded by the nucleus. From the
angle histogram of � actin-cent (see Fig. 3d), it appears that the centroid of actin fibres
are preferentially to the left and right (270ı and 90ı) of the nucleus centroid, rather
than above–below (0ı and 180ı) the nucleus centroid (nucleus axis is parallel to the
above–below direction).
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Fig. 3 Quantification of spatial descriptors of F-actin in the population. (a) The histogram of
Lf-actin shows Lf-actin is right skewed and not normal (Shapiro–Wilk test, p < 0.0001). (b) The angle
histogram of � f-actin with units in degrees: no preferential direction is evident. (c) The histogram of
Lactin-cent. Lactin-cent is not normal, (Shapiro–Wilk test, p < 0.0001). Most of the values of Lactin-cent

are above 5 �m, suggesting that actin fibres are far from the nucleus. (d) The angle histogram
of � actin-cent. Fibres are preferentially to the left and right (270ı and 90ı) of the nucleus centroid,
rather than above–below (0ı and 180ı) the nucleus centroid



32 Y.C. Lim et al.

(a)

  20   40   60   80   100

30

210

60

240

90270

120

300

150

330

180

0(c)

Ltubule (μm)

fr
eq

ue
nc

y

(b)
80

0 15 30

)
mμ(

htgneL

Fig. 4 Quantification of spatial descriptors of acetylated ’-tubulin in the population. (a) Column
graph of distance between centrosome and nucleus (blue), half of nucleus length (orange) and
half of nucleus width (grey), inset: cartoon cell illustrating these lengths with nucleus in green.
The centrosome distance is shown by the dashed blue circle. (b) The histogram of Ltubule shows
microtubule length is right skewed and not normal (Shapiro–Wilk test, p < 0.0001). (c) Angle
histogram of � cotubule, with units in degrees. The majority of microtubules are within 30ı of their
parent microtubule

3.2 Acetylated ˛-Tubulin

The distance in the xy plane between the centrosome and the nucleus centroid for all
cells in the population are illustrated in Fig. 4a, with the nucleus length and width
of that cell for comparison. The median of ntubule was 38, with a maximum of 71
and minimum of 15. Ltubule was right skewed, with a median value of 5.9 �m (see
Fig. 4b). The median of � cotubule was 3ı, with the majority of microtubules within
30ı of the parent microtubule (see Fig. 4c). The ancestry number and change in
height are not shown here, but are stored to allow specific cells to be recreated.
The actin filament and microtubule networks of a specific cell can also be recreated
from its spatial description (see Fig. 5). The methods presented in this study result
in straight actin filaments and straight microtubules. Nearly all actin filaments
are captured, whereas the finer microtubule network cannot be resolved with our
imaging technique. Note, these recreated images are in 2D. While actin filaments
are mostly in plane, the microtubule network is not, hence further development is
needed to extend these recreated models to 3D.

3.3 Primary Cilium

A histogram of primary cilium length is shown in Fig. 6a. The median ˙ interquar-
tile range of primary cilium length was 3.0 �m ˙ 1.0 �m. The position of the base
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Fig. 5 Actin filament (a–c) and microtubule (d–f) morphology in a specific cell can be regenerated
directly from its spatial descriptors. (a) F-actin (pink) and nucleus (red) in a HMEC-1. (b)
Actin filament network recreated from spatial descriptors described in Fig. 1. Consisting of actin
filaments (blue), nucleus axis (red) and filament centroids (blue crosses). (c) Overlap of the original
image with the recreated geometry. While the recreated filaments are straighter than they appear
in the original image, there is a close resemblance between the two. (d) Image slice of acetylated
’-tubulin in a HMEC-1. The nucleus position is evident, as microtubules form a cage structure
around it. (e) The geometry of the microtubule network (in 2D), recreated from spatial descriptors
described in Fig. 2. The nucleus axis is shown in red, with the microtubules in blue. (f) Overlap
of the original image with the recreated geometry. Similarly, recreated microtubules are straighter
than the original image, and only the larger, thicker microtubules are detected

of the cilia relative to the nucleus centroid is shown in Fig. 6b. There does not appear
to be a directional pattern in cilia location.

3.4 Generating Virtual Cell Components

To illustrate the ability to generate virtual cell components using our method, three
2D models of a single cell composed of a nucleus, cilium and cytoskeleton were
created (see Fig. 7). These have a cytoskeletal network and primary cilium typical
of the overall population of ECs.
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Fig. 6 Spatial descriptors of the primary cilium. (a) The histogram of primary cilium length
(n D 39). The median ˙ interquartile range of primary cilium length was 3.0 �m ˙ 1.0 �m. (b)
A scatter plot of the xy position of the base of the cilia with respect to the nucleus centroid, (units
are normalised by nucleus length of each individual cell). Orange circle indicates a half nucleus
length away from nucleus centroid. Inset: cartoon of cell giving context to the orange circle. The
base of the cilium is generally very close to the nucleus centroid, with the majority within half a
nucleus length (of that specific cell). There does not appear to be a predominant direction, with
respect to the nucleus axis

These virtual models are at a preliminary stage. Further extension is needed to
examine the co-dependency of spatial descriptors. For instance, the nucleus position
and tubulin network are likely to be co-dependent, as the tubulin forms a cage around
the nucleus. As this dependency is not measured in our current analysis, the virtual
cells shown in Fig. 7 have a cage like tubulin network that is independent of nucleus
position. Other less obvious co-dependencies may exist, and are best tested for using
a regression analysis. Further extension is also required to generate 3D models.

4 Discussion and Conclusions

In this paper, we have quantified the morphological variation of the EC cytoskeleton
and primary cilium using newly developed spatial descriptors. Our findings are in
close agreement with a number of earlier studies: We found that actin occupies a
planar layer in the cell (15–18% of the total cell height), which is in close agreement
with Galbraith et al. finding of 20% (Fig. 7, from [5]). We also agree with the
findings of Chiu et al. [3] that actin stress fibres tend to localise at the periphery of
the cells. Our estimates for number of microtubules (median of 38) and collinearity
(median of 3ı, with the majority of values within 30ı) is within the range of the
findings of Li et al. [23] for a number of different cancer cell lines.

We found that centrosomes do not have to appear to have a directional bias in
static cells (they are equally likely to occur at any angle around the nucleus centroid
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Fig. 7 Virtual cells generated using morphological descriptors, containing: actin stress fibres
(green lines, with crosses at the centroid position); the microtubule network (in red), emerging
from the centrosome (black circle) and the primary cilium (length, indicated, emerging from the
centrosome). An idealised nucleus was also added (blue dashed oval), with length and width of the
average nucleus calculated in [14]. Furthermore, the cells are enclosed by a cell membrane based
on the smallest shape that can enclose the subcellular components

with respect to the nucleus centroid). Furthermore, we found that centrosomes
occur near the nucleus centroid. Both these findings are in agreement with the
qualitative findings of Galbraith et al. (Fig. 1a, t D 0; [5]). Furthermore, the base
of the primary cilium is closely associated with centrosomes [24]: we also found
a lack of preferential direction of the base of the cilia with respect to the nucleus
centroid and nucleus axis. This is in agreement with Galbraith et al.’s finding that
the centrosomes in static cells are distributed evenly upstream and downstream of
the cell centroid (Fig. 1b, t D 0; [24]). Our estimated HMEC-1 primary cilium
length of 3.0 �m is within the reported range of primary cilia lengths in other EC
types [25–27].

Our spatial descriptor analysis is an improvement over existing descriptors
because it can represent the geometry of a particular cell (Fig. 5) with sufficient
accuracy to allow mechanical modelling: the most sophisticated cytoskeletonised
EC models to date only represent the larger elements of the cytoskeleton as straight
elements (n < 50) [12, 28], which our approach captures. Furthermore, our approach
allows the creation of virtual cytoskeletonised cells that are characteristic of the
entire population. Although at a preliminary stage, it is hoped that this virtual cell
approach will reduce the computational cost of analysing the mechanics of an entire
cell population.
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We are in the process of developing a tensegrity-based mechanical cell model
using the morphological data of the cytoskeleton obtained in this study. Our model
consists of custom geometrically non-linear truss elements based on those devel-
oped by Crisfield [29, 30], modified to incorporate a prestress. A load controlled
Newton–Raphson method is used to solve the static analysis of this model [31]. This
modelling framework is suitable for modelling a cytoskeleton. Furthermore, we will
use this model together with force-relaxation/force-minimisation methods [32–34]
to determine force equilibrium. Forces acting on the membrane can be calculated
using existing continuum methods [14] and mapped on to the nearest nodes in the
pseudo-tensegrity model. It is anticipated that preliminary results of our model will
be presented at the conference.
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