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ABSTRACT

Fractal properties have been demonstrated in literature for several human
vascular systems. In the frame of the investigation of additive manufacturing (AM) as
a viable solution to prototype single arterial branches of human soft tissue organs, the
paper provides a fractal analysis of the arterial tree of the human thyroid gland. The
possibility that the thyroid arterial structure may be described as auto-similar is
investigated, by studying injection-corrosion casts of the cadaveric gland. Vessel
branching is analyzed by measuring branch diameters, ramification angles, and vessel
lengths with the use of an optical microscope. Metrological results are made
dimensionless by applying, as a scaling parameter, the caliber of major arteries. Data
are then studied on a cumulative basis and processed to infer general rules for vessel
branching. High resolution microtomography (mCT) is used to determine the spaces
occupied by vascular branches and calculate their planar fractal dimension. Finally,
the vascular tree has been simulated by a mixed, stochastic / deterministic algorithm
based on diffusion limited aggregation (DLA), in which mean values of vascular
variables are set as constraints. The purpose of this research is to understand if
fractality can be reliably assumed for computational modeling of the organ anatomy,
in order to be able to produce, by AM, more representative physical prototypes and
scaffolds. The finding allow to affirm that the human thyroid arterial structure exhibits
a degree of auto-similarity

Keywords: ramified scaffolds, vascular system and fractal analysis

Cite this Article: E. Bassoli, L. Denti, A. Gatto, G. Spaletta, M. Sofroniou, A. Parrilli,
M. Fini, R. Giardino, A. Zamparelli, N. Zini, F. Barbaro, E. Bassi, S. Mosca, D.
Dallatana and R. Toni, Towards Additive Manufacturing of ramified scaffolds of the
thyroid vascular system: a preliminary fractal analysis, International Journal of
Mechanical Engineering and Technology, 9(8), 2018, pp. 429-437.
http://www.iaeme.com/IJMET/issues.asp?JType=IJMET &V Type=9&IType=8

1. INTRODUCTION

Recently, we developed a combined additive layer manufacturing / indirect replication
method to prototype single arterial branches of human soft tissue organs, including the thyroid
gland (Bassoli et al., 2011, 2012). There is increasing evidence that the three-dimensional
(3D) geometry of native stromal-vascular scaffolds (SVS) and biomaterial-based scaffolds are
key regulators of cell growth and differentiation in in vivo and in ex situ (i.e. on the laboratory
bench) engineered, bioartificial organs (Toni et al., 2008, 2011). Thus, we have investigated
geometrical properties of the intraglandular vascular component of the natural SVS of the
adult, human thyroid (Parrilli et al., 2013). In particular, we have focused on the possible
fractal organization of its arterial network, based on the report that a number of human arterial
systems have fractal geometry (Zamir, 2001). Presence of auto-similarity in the anatomy of
the thyroid SVS would imply that 3D cell growth during natural development and ex situ
regenerations of the thyroid tissue occurs in a space phase with trajectories dictated by its
fractal structure. As a result, ex situ reconstruction of the entire organ might take place
through cellular self-assembly guided by the rules of the chaotic attractor inherent to the SVS
geometry (Toni et al, 2007). Finally, since auto-similarity is consistent at different size scales,
knowledge of any random part of the SVS, e.g. obtained by imaging techniques on in vivo
subjects, might allow for computational modeling and eventual AM with biomaterials of
patient’s tailored SVS mimicking the 3D morphology of the native thyroid gland (Toni et al.,
2007, 2011). Therefore, we conducted a study on vascular fractality using three different
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approaches, including 3D vascular casts of the cadaveric thyroid, branches of the
intraglandular thyroid arteries prototyped by AM, and a computational 3D reconstruction of
the arterial component of the adult thyroid SVS.

2. MATERIALS AND METHODS
The overall experimental design is outlined in Figure 1, and described below.

2.1. Preparation of 3D thyroid vascular casts

3D casts of the intraglandular arterial network of the adult human thyroid were prepared from
glands obtained at autopsy, using a well-established technique (Toni et al. 2007, 2011).
Shortly, superior and inferior thyroid arteries were injected with a solution of 3% polyvinyl
chloride-co-vinyl acetate (Pevikon C 870, Sigma- Aldrich) diluted in acetone, to fill the
intraglandular vascular fields. After resin polymerization, the thyroid tissue was digested by
immersion in a solution of 5% HCL / pepsin for 48-72 hours, leading to retrieval of the
glandular arterial network.

2.2. Morphometry of 3D thyroid vascular casts

Ramification features of the intra-lobar thyroid arteries were preliminarily measured on a
single thyroid cast as outlined in the following:

e The vascular cast was arbitrarily divided into 7 measuring fields, on the basis of
simple symmetries of vascular architecture, as shown in Figure 2. Using a WILD
N3Z Heerbrugg stereomicroscope, images of all fields were collected at different
focal distances, and digitally acquired.

e Then, five vascular areas were randomly selected, and measured using a Kestrel
200 measuring microscope, equipped with Quadra-check metrology software
(Vision Engineering). These high accuracy readings were used to set metrical
references in terms of pixels, to be eventually attributed to any other digital image
of the cast subjected to analysis (calibration procedure).

ultrasonographic profiles
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Figure 1 Outline of the experimental procedure. Values of fractal dimension (FD) were obtained
using: 1) a vascular computational modeling (solid dark lines); b) a prototyped vascular branch
(dashed lines); c) an anatomical vascular cast (solid light lines). For details see Materials and
MethodsFinally, vessel diameters, ramification angles, and branch lengths were measured on all
digitally acquired images of the cast, as depicted in Figure 3 (Schreiner & Buxbaum, 1993; Zamir,
1982). This procedure was repeated at dorsal and ventral sides of the cast.

All measurements were taken assuming: a) single branching, as an isolated vessel
branching off from the main one (usually at 90°) without further ramifications; b) multiple
branching, as a secondary branch forking off the main one, and leading to further
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ramifications; c) bifurcation, if a vessel split into two similar branches, none of which

recognizable as the main one.

Table 1 summarizes the different vascular variables measured, whereas Table 2 depicts
the ranges of thyroid arterial calibers (i.e. internal diameters) as reported in the anatomical
literature (Major, 1909; Papadatos, 1981). To reduce the bias of vascular distortion due to the
pressure of intravascular resin injection, diameter size was made dimensionless through the

use of a scaling parameter set on the diameter of the superior thyroid artery.

Figure 2 Ventral view of the thyroid cast segmented by measuring fields.

Figure 3 Schematic outline of the analyzed vascular variables.

Table 1 List of morphometrical measurements.

Total length LTOT
Length before complex branching L1
Length before bifurcation L2
Length before single branching L3
Complex branching angle al
Bifurcation angle 02
Branch diameter D

Table 2 Caliber range (mm) referred to each order of adult, human thyroid arteries (Major, 1909;
Papadatos, 1981).

First order >0.43
Second order 0.09 - 0.43
Third order 0.03-0.09
Fourth order <0.03
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2.3. Planar (2D) fractal analysis of 3D thyroid vascular casts, and arterial
branches obtained by AM

An analysis of the 2D fractal dimension (FD) of the same vascular cast analyzed at 2.2 was
performed as summarized in the following.

e A ssingle lobe of the cast was scanned with the microtomographic system Skyscan
1172 (Bruker mCT, Belgium) at the nominal resolution of 30 um. The sample was
rotated up to 180° with a rotation step of 0.4°, and a frame averaging of 4. Source
voltage was set at 60 kV while the source current was 167 pHA. The reconstruction
was performed using a NRecon software (version 1.6.2.0, Bruker mCT, Belgium),
and corrections applied where needed, except for the specific misalignment in each
acquisition, and a medium ring artifact reduction.

e In a similar manner, a single branch of the intraglandular arterial network of the
adult human thyroid obtained by computer modeling with single source seed (see
section 2.4), and layer manufactured with acrylic resin through multijet deposition
(Bassoli et al., 2011, 2012), was scanned using mCT (source voltage 20kV, current
120 pA), as described above.

e Then, each reconstructed image dataset was used to give rise to 2D images of
interest, either lobe or single branch, in three orthogonal planes with Maximum
Intensity projection (MIP) and Volume Rendering (VR) techniques. Both
techniques allowed for representation of the 3D volumes on a single plane,
keeping unaltered the original metrical proportions (Fishman et al., 2006; Pavone
etal., 2001).

¢ Finally, each of the 2D images was automatically segmented (Liao et al., 2001; Pal
& Pal, 1993), and threshold for segmentation set using the method proposed by
Otsu in a 2-level mode (Otsu, 1979). FD was computed by the box counting
method.

2.4. Planar (2D) fractal analysis of 3D numerical - computational simulations of
the intraglandular arterial network of the adult human thyroid

An hybrid, fractal / deterministic modeling (DLA algorithm) of the 3D arterial network of the
adult human thyroid growing inside a reconstructed thyroid lobe (Spaletta, 2004) was
obtained based on deposition of “seeds” along specific sites of the lobe profile (Toni et al.,
2007, 2011; Bassoli et al., 2011). In this series of experiments, we decided to reconstruct the
arterial network inside an averaged lobe simulation resulting from a group of 30 lobar profiles
collected in vivo by ultrasonography. Mean number of intraglandular arterial branches, mean
arterial calibers from the 2™ to 4™ vessel order (see Table 2), and the Murray’s law were
selected as vascular variables for seed growth. Two different simulations of the thyroid
arterial network were computed, using 10 and 16 source seeds, respectively. Each of the two
lobar simulations was representative of the intraglandular growth of thyroid arteries up to the
4™ vessel order. Then, an analysis of the 2D FD of the computer simulations was performed
as follows:

e Each image of the dynamic, 3D arterial network reconstruction was saved as a
static 2D image, and projected on a plane arbitrarily chosen.

e The 2D image was saved in standard jpeg format, and the box counting method
applied, through implementation (here referred to as MA) in the Mathematica
software environment (Wolfram, 2002, Smith et al, 1996). Robustness of this
procedure for computing FD was also tested on 2D images obtained as described
at 2.3, including the vascular cast, and the single branch prototype.
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3. RESULTS

3.1. Morphometry of a 3D thyroid vascular cast

Figure 4 shows an example of the digital images used for cast analysis, whereas results of
morphometrical measurements are listed in Table 3. Since pressure of resin injection was
expected to modify the original size of the vascular branches, all diameter measurements were
made dimensionless, and expressed in terms of percentages with respect to the diameter of the
major vessel available, i.e. the superior thyroid artery (2.45 mm). In contrast, metrical values
were maintained for branch lengths. The number of measured 4™ order vessels was
considerably smaller than that of higher order arteries, and these vessels did not show single
branchings or bifurcations, possibly due to morphometric underestimation as a consequence
of poor penetration of the resin at the finest levels. In all vessel orders measured, diameters
and branch lengths decreased proportionally, as opposed to branching and bifurcation angles
that remained unchanged. Finally, a comparison between mean diameters from the 1% to the
3" vascular order depicted a similar scale factor (0.3) that, however, was lost at the finest
vessel level (4™ order).

I~

Figure 4 Optical microscope image used for morphometrical analysis.

Table 3 Morphometric measurements: mean value, standard deviation (SD) and number of
observations (N)

1% order vessels 2" order vessels
mean SD N mean SD N
Lot (Mm) 8.26 2.166 79 3.18 1.092 144
L;(mm) 2.94 1.228 68 1.42 0.628 104
L,(mm) 4.94 1.803 70 2.16 0.881 106
Ly(mm) 3.06 1.366 29 1.56 0.710 37
() 57.7 11.40 50 60.0 11.55 81
(%) 58.6 11.14 43 58.4 14.12 76
D (%) 3L5 10.10 209 9.0 3.31 370
3" order vessels 4" order vessels
mean SD N mean SD N
Lot (Mmm) 0.55 0.203 126 0.21 0.107 27
L;(mm) 0.24 0.078 67 0.18 0.040 9
L,(mm) 0.37 0.142 47 - - -
Ly(mm) 0.29 0.104 21 - - -
a(®) 53.8 10.45 65 47.7 12.83 9
Q) 54.1 10.85 49 - - -
D (%) 2.4 0.59 235 1.1 0.06 35
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3.2. Planar (2D) fractal analysis of a 3D thyroid vascular cast, and single arterial
branch obtained by AM

Figure 5 shows the XY projections of the mCT scan of the thyroid lobe cast, as obtained using
the MIP and VR techniques. Following segmentation with the Otsu algorithm (images on the
right column), 2D FD was calculated, and values reported in Table 4. The procedure was
applied for each of the three reference planes. The two projection procedures led to
differences in the FD values of no more than 4%, while the maximum deviation of FD on
different orientations was 7%, proving good robustness against the effects of projection. A
similar value of deviation was also observed when comparing FD values computed via MA
with respect to mCT procedures.

3

MIP technique

VR technique

Figure 5 Images of the thyroid vascular cast obtained by mCT: XY projection using the MIP and VR
techniques, followed by segmentation through the Otsu algorithm

Differently, 2D FD values taken on the branch prototype diverged from 10% to 20%,
depending on the calculation technique used, as depicted in Table 5. Finally, differences in
FD values between the cast and resin prototype accounted for 4% - 12%, depending on the
VR or MIP techniques, respectively.

Table 4 2D FD of the arterial cast, as obtained by the box counting either through mCT techniques, or
Mathematica algorithm (MA)

MIP technigue | VR technigue
mCT | DLA mCT | DLA
XY 1.817 | 1.793 | 1.740 |1.800
projection
Xz
orojection 1.870 | 1.743 | 1.835 | 1.660
YZ
orojection 1.873| 1.811 | 1.857 |1.724
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Table 5 2D FD of the single branch prototype, as obtained by the box counting, either through mCT
techniques, or Mathematica algorithm (MA)

MIP technique |VR technique
mCT | DLA | mCT | DLA
pmj)é;ion 1612 | 1.960 |1.780 | 1.763
proj?;ftion 1605 | 1592 |1.800 | 1.639
pro;gcztion 1657 | 1.507 |1.810 | 1.660

3.3. Planar (2D) fractal analysis of a 3D numerical - computational simulation of
the intraglandular arterial network of the adult human thyroid

Values for 2D FD in each of the averaged simulations of the thyroid arterial network are listed
in Table 6. FD was poorly affected by the number of source seeds, i.e. by the number of
starting vascular branches. However, the network model obtained using only 2™ order
branches resulted far less complex than those ensuing from 3 and 4™ order vessels, the latter
showing minimal FD differences between them.

Table 6 2D FD of the DLA models in relation to the number of source seeds, and branch order

order of branches 10 seeds | 16 seeds
2nd 1.473 1.504
2nd and 3rd 1.651 1.652
2nd, 3rd and 4th 1.657 1.658

4. DISCUSSION

In this report we have shown that the intraglandular arterial network of the adult human
thyroid has a fractal nature, as reported for a number of other human vascular systems (Zamir,
2001). The FD was calculated based on the classical box counting method, and values
computed as planar dimensions (2D), on the assumption that orthogonal projections of
fractals onto a lower-dimensional subspace retain the original non-integer features
(Mandelbrot, 1982). In addition, although we used different procedures to project the 3D
vascular geometry onto a 2D level, the FD values depicted reciprocal consistency. This result
was supported by the observation that an identical scale factor was measured between at least
three of the four vessel orders constituting the real intraglandular network. Finally, computer
simulation revealed that a specific intraglandular vessel type (primarily the 3 order branch)
was sufficient to describe the occupation of space, and spatial complexity of the entire gland.
Resolution limits intrinsic to the imaging techniques used suggest that further studies are
needed to optimize data at the level of the finest arterial branches. All these data indicate that
the technological chain necessary for production with AM of prototypes of the 3D vascular
network in the adult human thyroid is based on a robust information coherent with the starting
mathematical model. Consequently, we predict that patient’s tailored, 3D ramified scaffolds
could be manufactured using random measurements of few morphometric parameters of the
native, intraglandular vascular morphology.
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