
Acta Biomaterialia 154 (2022) 335–348 

Contents lists available at ScienceDirect 

Acta Biomaterialia 

journal homepage: www.elsevier.com/locate/actbio 

Full length article 

A fibre tracking algorithm for volumetric microstructural data - 

application to tendons 

Helena Raymond-Hayling 

a , b , Yinhui Lu 

a , Karl E. Kadler a , Tom Shearer c , d , ∗

a Wellcome Centre for Cell Matrix Research, Faculty of Biology, Medicine and Health, University of Manchester, Manchester, United Kingdom 

b School of Biological Sciences, Faculty of Biology, Medicine and Health, University of Manchester, Manchester, United Kingdom 

c Department of Materials, School of Natural Sciences, Faculty of Science and Engineering, University of Manchester, Manchester, United Kingdom 

d Department of Mathematics, School of Natural Sciences, Faculty of Science and Engineering, University of Manchester, Manchester, United Kingdom 

a r t i c l e i n f o 

Article history: 

Received 23 May 2022 

Revised 10 October 2022 

Accepted 20 October 2022 

Available online 27 October 2022 

Keywords: 

Collagen fibrils 

Electron microscopy 

Fibre composite 

Fibre tracking algorithm 

Tendon 

a b s t r a c t 

Tendons are crucial connective tissues made almost entirely of bundles of long, near-parallel collagen fib- 

rils, and are vitally important to skeletal stability and mechanical function. Tendon structure is typically 

quantified in 2D, whereas, in this work, we have used serial block face-scanning electron microscopy to 

image tendons in 3D. We present a custom fibre tracking algorithm (FTA), with which we have charac- 

terised the 3D microstructure of tendon. Currently available tools for fibre tracing were unsuitable for 

tracking large numbers of fibrils and handling imaging artefacts associated with EM. We have tracked 

fibrils through a representative tendon volume and measured their relative length, diameter, orientation, 

chirality, tortuosity and volume fraction, which are just some of the measurements it is possible to make 

with the FTA depending on the research question. This algorithm has been developed in a general way 

and can be applied to a range of biological research questions relating to tendon structure-function rela- 

tionships, on topics such as ageing, disease, development and injury. The FTA is also applicable to other 

fibrous biological materials, as well as engineered materials and textiles; it is written using Python and 

is freely available to download. 

Statement of significance 

We have created an algorithm for tracking fibres in 3D image stacks and applied it to tendon tissue. 

Previous studies have examined tendon structure in 2D, whereas we have imaged tendons in 3D using 

volumetric electron microscopy. Currently available fibre tracing tools could not track the large numbers 

of fibres or tolerate the artefacts present in biological imaging data. Using our algorithm, we have re- 

constructed and characterised the geometrical properties of the collagen fibrils (length, width, alignment, 

area, location). This algorithm could help to answer questions in biology which relate tissue microstruc- 

ture to function in areas such as ageing, disease, development and injury. It could also be used to study 

engineered materials and textiles and is available freely to download. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

.1. Collagen fibrils in the extracellular matrix 

The extracellular matrix (ECM) provides the scaffold to give 

tructure and strength to biological tissue. ECM accounts for 70% of 
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nimal body mass and is composed or regulated by the 500 pro- 

eins in the matrisome [1] . Fibrillar matrix proteins such as colla- 

ens assemble into elongated fibrils that shield cells from mechan- 

cal stresses that would destroy isolated cells. The fibrils are ar- 

anged in tissue-specific architectures throughout the body to pro- 

ide the mechanical properties to withstand a range of mechanical 

tresses. For example, the near-parallel collagen fibrils in tendon 

nd ligament give high resistance to force along the axis of loading, 

ith highly aligned and densely packed collagen providing the ten- 

ile strength required for efficient force transfer [2] , while the less 
c. This is an open access article under the CC BY license 
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ligned network of fibrils in the skin gives rise to more isotropic 

tress tolerance [3,4] . 

Altering the architecture of fibrous scaffolds can have a signif- 

cant impact on the behaviour of cells and the ability of a tissue 

o function correctly. Changes to the matrix organisation affect cell 

igration [5] , stem cell fate [6] , cell morphology [7] and even ma-

rix production [8] . Additionally, in some cases, cells are able to 

ense mechanical force or cell-matrix geometry, which is trans- 

uced into biochemical signals that result in cell responses [9] . Fur- 

hermore, because the ECM is often disrupted in cases of disease 

r injury in both heritable diseases like Ehlers-Danlos syndrome 

10] and acquired diseases such as fibrosis or cancer [11] , measur- 

ng the arrangement of fibres within tissue samples can be used 

or diagnostic purposes and for monitoring the response of tissues 

o the appropriate clinical therapies. Therefore, characterisation of 

ative matrix scaffolds or engineered fibrous materials from imag- 

ng data is crucial across a wide range of fields of interest within 

iomedical research disciplines and in understanding collagen re- 

ated disorders. 

.2. Tendons are a model fibrous tissue 

Tendons connect muscles to bones across joints and thus enable 

orces generated by muscle contractions to initiate skeletal move- 

ent. The stability and mechanical function of animals depend on 

he healthy functioning of tendons and other connective tissues 

hich carry tensile and compressive loads. Tendons are composed 

f bundles, or fascicles, of long, predominantly type-I collagen fi- 

res surrounded by an extrafibrillar matrix containing mainly wa- 

er and proteoglycans. In biomechanical terms, the tendon is of- 

en regarded as a fibre reinforced composite [12,13] . Tendons are 

argely acellular, the volume fraction of cells compared to ECM is 

mall, measured at 2% in adult rats [14] . Additionally, the elastic 

odulus of cells is orders of magnitude lower than that of ten- 

on fibrils. The equilibrium Youngs modulus of chondrocytes (cells 

ound in cartilage) is around 0.2 kPa, which is smaller than the 

ongitudinal Young’s modulus of a typical tendon fibril by around 

ix orders of magnitude. Tenocytes (cells found in tendon) may be 

tiffer, but not by an amount that could make them mechanically 

ignificant in comparison to matrix elements [13] . 

Fibrils exhibit a regular, wavy, longitudinal morphology called 

rimp, thought to undulate in either a two-dimensional (2D) pla- 

ar or helical fashion [15–17] over an approximately 100 μm pe- 

iod for adult mouse tendon [18] . Their diameter remains constant 

long most of their length, with some exceptions [19] , but there 

s a distribution of diameters in any given tendon cross-section. 

ecent work has shown that the diameter distribution can be de- 

cribed well by a trimodal Gaussian distribution [19] . 

It has been noted previously that gross tendon mechanical 

roperties are highly dependent on the sub-fascicle microstructure 

nd fibril sizes. An increase of 50% in fibril diameter has previously 

een found to account for a five-fold increase in ultimate tensile 

trength (the maximum stress before failure) and Young’s modu- 

us in human fibroblast tendon constructs [20] . Collagen fibrils in 

endon are structurally continuous through large longitudinal dis- 

ances ( ∼ 10 −2 m) [21] , and can be as small as 50 nm in diameter,

nd as large as 500 nm [19] , giving them an aspect ratio of 10 5 –

0 6 . 

Tendon is a useful model tissue for the study of a range of 

iseases and heritable collagen disorders. For example, Sun et al. 

22] have created a mouse model with a collagen V mutation sim- 

lar to that associated with classical Ehlers–Danlos Syndrome. The 

brils in these mouse tendons were observed to be less regularly 

acked, with more space separating them than in the correspond- 

ng controls in the study [22] , and other groups have noted al- 

ered fibril morphology and diameter distributions in similar mod- 
336 
ls compared to wild-type tendons [23] . Mice with osteogenesis 

mperfecta type phenotypes often have tendons of a smaller size 

nd show irregular fibril alignment [24] , so the accurate quantifica- 

ion of three-dimensional (3D) tendon microstructure is important 

n this field. 

.3. Challenges in imaging collagen fibrils and fibrous tissue 

Imaging fibrous tissue can be technically challenging. Generally, 

he success of an imaging method depends upon the information 

esired in the experiment, the fibre sizes, and the fibre density. 

or collagen fibrils, the high aspect ratio provides a challenge in 

maging since the fibril width renders optical microscopy unusable 

such techniques are bound by a diffraction limit of approximately 

0 −7 m). Super resolution techniques can break this limit, but they 

ely on fluorescence and antibody staining [25] , which can only be 

sed over a limited z-depth, meaning these techniques are unsuit- 

ble for imaging long tendon fibrils. 

Imaging of neurons and, to a lesser extent, fibrous tissues, has 

een achieved using diffusion-tensor magnetic resonance imaging, 

ut this approach is naturally limited to structures that can be 

esolved using magnetic resonance [26–28] . It is also possible to 

se polarised light microscopy to measure fibre alignment, but this 

echnique is also diffraction limited and further requires that the 

aterials imaged are birefringent, examples of which include col- 

agen and nerve fibres [29–31] . X-ray computed tomography (XCT) 

an be used to visualise 3D structures, and is non destructive; 

owever, the resolution is insufficient to see collagen fibrils in 

ross-section, though it has been used to visualise bone, tendon 

nd ligament on a larger scale [32–35] . 

For fibrils in tendon, scanning electron microscopy (SEM) and 

ransmission electron microscopy (TEM) are used due to the 

iffraction limit of light microscopy, and yield exceptional results. 

hese techniques are commonly used to produce 2D planar im- 

ges to give a representative slice perpendicular to the tendon axis 

19,36,37] ; however, tendon function depends not only on fibril di- 

meter distributions but also on the number of fibrils, their 3D 

rganisation, volume fraction, crimp structure and length. Using 

 single 2D micrograph to gather only a fibril diameter distribu- 

ion ignores many of the intricacies of global fibril architecture 

nd loses information about lateral variations in fibril diameter and 

ongitudinal variations. 

Serial block face-SEM (SBF-SEM) is an extension of conventional 

EM, and uses a microtome to remove thin slices of a fixed and 

mbedded sample [38] . The top of the block face is imaged before 

he sample is cut at a specified depth by the microtome, revealing 

 new block face, which is again imaged and the process repeated 

or as great a depth as desired [39] . SBF-SEM makes it possible 

o track tendon longitudinally whilst capturing individual fibrils in 

ross-section. Previous work has documented fibril orientation and 

ean fibril lengths using SBF-SEM on small volumes [38,40] and 

BF-SEM is more technically demanding and time consuming than 

onventional SEM and TEM, but can illuminate the 3D structure of 

endon in a way that is not possible with these techniques. 

.4. Automatic fibre tracking 

Identifying fibres from images is sometimes conducted by man- 

al segmentation. This is where pixels are assigned to objects indi- 

idually by tracing over them by hand in the images. This is done 

n both in 2D and 3D [41] , but the 3D case is much more time-

onsuming. Moving beyond manual characterisation, there are a 

umber of open-source tools that can be used to measure vari- 

us fibre properties in 2D. For example, the commonly used FIJI 

ackage has various plugins which are useful for determining fi- 

re orientations. These include FibrilTool and OrientationJ [42,43] . 
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lsewhere, CytoSpectre is a tool that can evaluate orientation and 

ize distributions of structures in microscopy images [44] . Unfor- 

unately, moving from analysis of 2D structures to 3D structures 

sing such tools can be problematic. Fibres oriented approximately 

erpendicular to the image plane may be difficult to detect, and 

nformation about their longitudinal morphology can be lost. Ad- 

itionally, the calculation of fibre diameter is not always possible 

irectly from 2D images as the apparent cross-section can be mis- 

nterpreted depending on the angle of orientation with respect to 

he image plane. 

The complexity introduced by 3D image analysis presents a 

hallenge and limited options exist for 3D quantification of fibre 

eometries. Fabric tensors can be used to measure fibre orienta- 

ions and directions of anisotropy in porous materials, but are not 

uitable for fibrous tissue [45–47] , structure tensors can be used 

o measure mean orientations in 3D, but cannot be used to track 

ndividual structures [48] , and the Fast Fourier transform, which 

s commonly used in 2D, has been adapted to 3D by comparing 

ourier transforms with a filter bank to calculate the orientation of 

ollagen in second-harmonic generation images [49,50] . This anal- 

sis only provides bulk orientation information, however, and is 

herefore unsuitable for resolving individual collagen fibrils. 

The development of a vector summation technique [51,52] has 

een successful in producing 3D quantification of fibre orienta- 

ion and individual fibre analysis. The fibre orientations, however, 

re accurate only to 4–5 ◦, on average, and the technique cannot 

easure fibre diameters or account for branching. A fibre centre- 

ine tracing method was developed to segment fibres and measure 

heir diameter, length and orientation [53,54] . This was then fur- 

her developed into the curvelet transform fibre extraction (CT- 

IRE) application [55] . This application has limitations, however, 

ncluding difficulty in identifying highly curved fibres in dense net- 

orks or those with variable thickness and it is computationally 

xpensive [56–58] . Furthermore, the current, publicly available ver- 

ion of the application is limited to 2D, and is designed for net- 

orks of meshed fibres with many junctions, which is not particu- 

arly useful for long, mostly aligned parallel fibres such as those in 

endons. 

In the fields of materials science and textiles, there have been 

ttempts to trace long parallel fibres through reinforced compos- 

tes in order to find their orientations. These methods track the 

entre points of the fibres in successive planes [59] , sometimes 

ith a Kalman filter [60] . Since fibres in engineered materials 

re usually of a known diameter (and are thus not measured in 

he analysis), and are very straight and parallel, these approaches 

re not suitable for direct use on biological tissues, which have a 

ore disordered, noisier microstructure. More recent work [61] has 

uantified orientation and diameters for fibrous materials in a 

oxel-wise fashion, but struggled with high density fibre popula- 

ions, meaning they were unable to segment collagen fibrils in ten- 

on, and instead identified sparse elastin fibrils [61] . Thus, while 

here are tools available for automated 3D measurement of fibrils 

n tendon, current techniques are limited in their accuracy or the 

xtent of their capabilities. 

.5. Our approach 

We have formulated a method for automated fibril tracking to 

uantify microstructural details in SBF-SEM images of tendon vol- 

mes using a substantial amount of imaging data that captures a 

ide field of view in three dimensions. Fibrils are tracked through 

he volume, producing a database containing centroid and geomet- 

ic information for each fibril in each plane. There are many pos- 

ible measurements which can be calculated using this database, 

or a range of research questions. Our algorithm and its out- 
337 
uts can be applied within tendon research to questions of tis- 

ue mechanics and used to identify morphological differences be- 

ween tissues of different species, ages or disease states. To il- 

ustrate some of the capabilities of the fibril tracking algorithm 

FTA), we present measurements of individual fibril diameters, rel- 

tive lengths, alignments, tortuosity and chirality. The algorithm 

s developed in a general way and is applicable to images of 

ny material with aligned fibres (such as ligaments, blood ves- 

els, engineered materials and textiles) captured using any imaging 

odality. 

. Methods 

.1. Biological data acquisition 

This study is based on archived SBF-SEM data collected as part 

f previous research [19] and therefore no new animals were sac- 

ificed. The data was collected at the University of Manchester in 

ompliance with institutional ethical protocols. The Achilles tendon 

f a wild-type C57BL/6 mouse was dissected, embedded in resin 

nd stained with osmium tetroxide in line with standard proce- 

ures for imaging with SBF-SEM. The process is outlined in full by 

tarborg et al. [38] . The care and use of all mice was in accordance

ith UK Home Office regulations, and the UK Animals (Scientific 

rocedures) Act of 1986 under the Home Office Licence (#70/8858 

r I045CA465). 

.2. Image processing 

The required input for the FTA is a stack of accurately seg- 

ented images, so it is necessary to do some pre-processing to 

andle the raw greyscale biological images. Collagen fibril sec- 

ions in tendon, when captured by SBF-SEM, are a roughly consis- 

ent grey value due to their near-uniform molecular density. They 

re closely packed, mostly circular, and of variable diameter. Colla- 

en fibrils make up the vast majority of tendon tissue by volume, 

ut cellular matter and other matrix proteins are also present, and 

re often seen in micrographs ( Fig. 1 A). This provides us with a 

pecific set of challenges for image segmentation. Of course, in a 

ifferent tissue or material, these challenges may be different, but 

ere we provide a flexible image segmentation pipeline using Cell- 

rofiler [62] . This allows efficient processing of large, consecutive 

atches of images. 

The pipeline is summarised in Table 1 , and the associated Cell- 

rofiler script is available in the Research Data we have made avail- 

ble ( Section 5 ). The micrographs are processed using this pipeline 

o that the fibrils are separated and much of the cellular matter 

s removed, as our aim is to track fibrils only. A typical processed 

mage is shown in Fig. 1 B. It is necessary to inspect the volume 

o check for any broken planes. For each broken plane, the image 

umber is noted and used as an input into the algorithm, so they 

re skipped over when tracing fibrils in order to avoid erroneous 

esults. These damaged planes are an artefact of SBF-SEM, which 

e discuss further in Section 4 . 

.3. Overview of tracking method 

Our algorithm works by measuring properties of the objects in 

lane p (these objects are denoted by an index i , ranging from 0 to 

 p − 1 , where n p is the number of objects in plane p) and compar-

ng them to the objects in plane p + 1 (denoted by index j, ranging

rom 0 to n p+1 − 1 ). A simplified representation of this process is 

iven in Fig. 1 C. A set of criteria based on the centroid location, 

rea and minimum Feret diameter (MFD) of each object is used to 

atch the objects through successive planes. These properties of 
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Fig. 1. Algorithm design and image segmentation. A - B : A randomly selected plane from a stack of SBF-SEM images presented in its original greyscale ( A ), and after the 

segmentation protocol outlined in Section 2.2 ( B ). The extent of the region of interest shown is 10.2 μm in both x and y . A small amount of cellular material can be seen 

in the top right corner. C : Schematic illustrating how the values of ξ (p , i, j ) ( Eq. (1) ) are generated for a pair of planes. For this simplified example of three fibrils in planes 

p and p + 1 , the 3 × 3 matrix of the values of ξ (p, i, j) would contain smaller values along the leading diagonal than the off-diagonal elements, as these are the correct 

(i, j) pairings. D : The red fibril segment i highlighted in plane p is compared to all the segments j in plane p + 1 in the white square, including those touching the border, 

and each value of ξ (p, i, j) is calculated and added to the error function matrix. This is repeated for every fibril segment i in plane p to evaluate the best matches for the 

segments in planes p and p + 1 , then repeated for all planes in the volume. The white square has side length equal to 10 times the MFD of the fibril being tracked (single, 

red fibril, left), and is centred on its centroid. E : Measuring fibril chirality. Starting from the segment at the top of the image stack, the trajectory in the x − y plane of a 

helical fibril is plotted. Since a right-handed helix will twist in a clockwise fashion, the cross product can be used to determine the chirality of the fibril. The position vectors 

of three consecutive fibril segments (u 1 , u 2 , u 3 ) are used to calculate the cross product in Eq. (13) . The only non-zero entry of the resulting vector is always its third entry as 

the position vectors are co-planar in the x − y plane. For a clockwise path between three adjacent fibril segments, this value will always be negative and for an anticlockwise 

path, it will be positive. The sign of this cross product is calculated along the whole length of the fibril to quantify its chirality (see Eq. (13) ). (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 

t

t

h

-

F

2

e

s  
he fibril segments were measured using Scikit-image [63] , with 

he exception of the MFD, which was calculated using the convex 

ull of each object and a custom script (included as part of the FTA 

 see the Research Data statement for details on how to access the 

TA). 
338 
.4. Error minimisation method 

To join fibril segments together, we use a metric we call the 

rror function, which is a measure of the likelihood that two fibril 

egments i and j in planes p and p + 1 , respectively, are part of the
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Table 1 

Image processing pipeline for segmenting tendon fibrils from the extrafibrillar matrix and cells in SBF-SEM volumes. 

Step Justification Relevant quantities and details 

Crop Isolate region of interest The original image, of size 4096 × 4096 pixels, was 

cropped to 1000 × 1000 pixels, which corresponds to 

10.2 × 10.2 μm. 

Gaussian filter Smooth and remove imaging artefacts σ = 1 pixel. This is the standard deviation of the kernel 

to be used for blurring. A larger value of sigma induces 

more blurring. 

Thresholding Separate objects of interest from the background Adaptive thresholding was used, with a window size of 

40 pixels. This was to account for uneven illumination in 

the image. The thresholding algorithm tests for a value 

where the cross-entropy between the foreground and the 

background is minimised. 

Remove objects that are too large or 

too small 

Remove cells Cells sometimes get split into many pieces in the 

thresholding step, so, by filtering for objects of width 

larger than 10 nm and smaller than 400 nm, the majority 

of the cell debris is removed. The fibrils are still mostly 

touching at this point, so no fibrils are removed at this 

stage. 

Opening Smooth the edges of the fibrils Morphological opening allows the spaces between the 

fibrils to be revealed, and removes small bridging 

artefacts and smooths the fibril edges after the 

thresholding step. A disk matrix of size 3 pixels was used. 

Watershedding Separate touching fibrils Local minima (the centroids of the fibrils) are calculated, 

and then the image is treated topographically. The image 

is ‘flooded’, from the local minima, and the fibril 

boundaries are introduced at the points where the pools 

touch [63] . 

Remove border objects Remove fibrils which are not fully in the field of view We do not wish to include fibrils which are bisected by 

the field of view to ensure that only whole fibril 

segments are tracked. 

s

ξ

a

t  

s

w

m

(  

s

S

r  

W  

i

l

t

2

t

i  

t  

j

l

ξ

w

c  

(  

s

d

b

s

c

b  

p

t

L

i

2

(

s

c

b

t

e

m

e

 

a

i

a

ξ

a

ξ

w  

s

a  

t

2

 

t

ame continuous fibril. The error function ξ is defined as 

(p, i, j) = 

1 

α + β + γ
(αξc + βξd + γ ξa ) , (1) 

 weighted sum of three contributions, ξc , ξd , and ξa , which quan- 

ify the differences in the centroid (c) , MFD (d) and area (a ) , re-

pectively, of segments i and j. The values of ξc , ξd , and ξa are 

eighted by the constants α, β , and γ , respectively, and ξ is nor- 

alised by their sum. The default values of the parameters are 

α, β, γ ) = (1 , 1 , 1) and these values were used to produce the re-

ults in this paper. The selection of these values is discussed in 

ection 3.2 . The error function has been designed so that the most 

ealistic candidates for matching will yield an error ξ (p, i, j) < 1 .

e use a coordinate system which defines the x - and y -axes as be-

ng in the plane of each cross-sectional image and the z-axis as fol- 

owing the axis of the image stack, which is broadly aligned with 

he tendon axis. 

.4.1. Centroid error: ξc 

The centroid is the most important component of ξ (p, i, j) as 

wo consecutive cross-sections of the same fibril will be at a sim- 

lar location in x and y . To calculate ξc , the Euclidian distance be-

ween the centroids of the i th object in plane p and the jth ob-

ect in plane p + 1 is calculated and normalised by a characteristic 

ength scale for the data. Thus, ξc is given by 

c (p, i, j) = 

1 

L i 

∥∥∥∥
(

x p 
i 

y p 
i 

)
−

(
x p+1 

j 

y p+1 
j 

)∥∥∥∥, (2) 

here ‖ . ‖ denotes the Euclidian distance (L2 norm) between the 

entroids of fibril i in plane p, (x 
p 
i 
, y 

p 
i 
) , and fibril j in plane p + 1 ,

x 
p+1 
j 

, y 
p+1 
j 

) , and L i is a chosen length scale. This length scale

hould be selected by the user to be the maximum likely in-plane 

istance between two consecutive cross-sections of the same fi- 

re. For the SBF-SEM tendon data we analysed in this paper, we 

elected this value to be the MFD of object i , D 

p 
i 

. The value of L i 
an be chosen differently for other data sets by manual inspection 
339 
efore running the FTA. We have chosen to vary the value of L i de-

ending on the object being considered, but the user could choose 

o use the same value for all objects if required. Careful selection of 

 i ensures that, for realistic object pairings, the value of ξc (p, i, j) 

s less than or equal to 1. 

.4.2. Minimum Feret diameter and area errors: ξd , ξa 

The MFD and area are both included in the error function 

 Eq. (1) ) to ensure that fibril matching accounts for the size and 

hape of each segment as well as its location. This is necessary be- 

ause of cases when, due to fibril undulation and artefacts caused 

y sample sectioning, the segment whose centroid is nearest to 

he target segment in the previous slice is actually from a differ- 

nt fibril. It is clear by eye that such cross-sections should not be 

atched, but an algorithm based on centroid location alone would 

rroneously do so. 

The errors ξd (p, i, j) , ξa (p, i, j) , which correspond to the MFD

nd area, respectively, are calculated in the same way, by quantify- 

ng the differences in these quantities for two objects i and j. They 

re expressed as 

d (p, i, j) = 

∣∣D 

p 
i 

− D 

p+1 
j 

∣∣
D 

p 
i 

, (3) 

nd 

a (p, i, j) = 

∣∣A 

p 
i 

− A 

p+1 
j 

∣∣
A 

p 
i 

, (4) 

here D 

p 
i 

and A 

p 
i 

are the MFD and area of fibril i in plane p, re-

pectively. These errors thus represent fractional changes in MFD 

nd area. The errors ξ f (p, i, j) and ξa (p, i, j) will always be posi-

ive and for a good match of an i , j pair, they will be small. 

.5. Details of the tracking algorithm 

In the first plane ( p = 0 ), an n 0 × n 1 array (where n 0 and n 1 are

he numbers of objects present in planes 0 and 1, respectively) of 
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values is created. To improve computational efficiency, only ob- 

ects j which lie within a square with side length equal to 10 times 

he size (MFD) of the object i and centred on its centroid are used

o populate the array. This is represented visually in Fig. 1 D. The 

values are then sorted in ascending order, and the correspond- 

ng i , j pairs listed in order of increasing ξ . An iterative process of

ssigning pairs is then conducted as follows: 

1. the pair with the lowest value of ξ , (i 0 , j 0 ) , is assigned as a

match, 

2. the object j 0 is appended to the entry in the fibril record which 

contains object i 0 , 

3. every other (i, j) pair where i = i 0 or j = j 0 is removed from

the list. 

This process is then repeated, each time removing unwanted 

otential matches from the sorted list at each step. Not all seg- 

ents in plane p will have a match in plane p + 1 . Some fibrils

eave or enter the field of view, or merge to a neighbouring fib- 

il, or stop entirely. After a number of iterations, all of the true 

atches will have been made between plane p and plane p + 1 , 

nd the remaining values of ξ in the list will be relatively large 

corresponding to unfit matches). We set a threshold value of ξ
 ξlim 

) which corresponds to the point at which we consider all fur- 

her matches to be inaccurate. Here that value is set at ξ= 1 (we

iscuss this choice in Section 3.4 ). 

At this point, we establish a record of our joined segments, we 

ark any unmatched segments in plane 0 as discontinued, and 

dd any unmatched segments in plane 1 to the end of the fib- 

il record, denoting them as potential starts of new fibrils to be 

raced in subsequent planes using the same process. This process 

s repeated through successive planes until all the good matches 

 ξ < ξlim 

) have been made in all planes. 

.5.1. Selecting fibrils of interest 

As mentioned previously, fibrils are regarded to be structurally 

ontinuous throughout tendons, though in the sample imaged by 

BF-SEM, we may not see fibrils that are continuous throughout 

he whole volume. This is because the field of view travels in 

 fixed z-direction (which is perpendicular to the plane of sec- 

ioning), and the fibrils themselves are not straight, as they are 

rimped. Additionally, the sample will likely not have been aligned 

ell enough for the longitudinal axis of the tendon to perfectly 

o-align with the z-axis at the image stack. As a consequence, 

any of the fibrils seen in the first plane leave the field of view

n a subsequent plane. Therefore, our algorithm produces a fibril 

ecord which catalogues many joined segments of various lengths. 

epending on the application, at this point, a subset of the fibril 

ecord can be extracted for analysis. As an example, in this paper, 

e select fibrils which appear through a continuous distance of at 

east 10 μm in the z-direction, and discard the remainder. Once the 

opulation of interest has been selected, it can be measured. The 

aw output of the algorithm is a database, with entries correspond- 

ng to individual fibrils, which records their centroid co-ordinates, 

FD, cross-sectional area and eccentricity (measured by fitting an 

llipse) of each fibril in each plane. 

.6. Measuring the tracked fibril population 

Below we provide some examples of quantities we have chosen 

o measure. We report the fibril relative length, MFD (as a mean 

alue along each fibril’s length), alignment with respect to the fas- 

icle in which it is embedded, chirality and tortuosity. Using the 

bril record generated at the end of the procedure described in 

ection 2.5 , it is also possible to measure the variation of MFD or 

rea along the length of the fibres, as well as their eccentricity us- 

ng an elliptical fit, for example. With further computations using 
340 
he centroid values of the fibril population, a study into nearest 

eighbours or fibril separation distance could also be conducted, 

oth in-plane and variably along the z-direction. As it is adaptable 

o the research question being asked, the FTA is able to generate a 

ide range of metrics of the tendon microstructure. 

.6.1. Fibril length and tortuosity calculations 

Across the tracked fibril population, we calculate the relative 

ength λi of fibril i , which is a measure of how long an individual

bril is compared to the fascicle in which it is embedded. This is 

n important parameter when predicting the mechanical behaviour 

f a tendon [64–66] . To calculate this, we calculate a parameter we 

all the equivalent fascicle length . The equivalent fascicle length is 

alculated from the mean movement of the fibrils in each plane as 

ollows: 

 

f 
i 

= 

p i 2 −1 ∑ 

p= p i 
1 

∥∥∥∥∥
( 

x̄ p 
ȳ p 
z p 

) 

−
( 

x̄ p+1 

ȳ p+1 

z p+1 

) 

∥∥∥∥∥, (5) 

here ( x̄ p , ȳ p ) is the average in-plane centroid location of all the 

racked fibrils in plane p, and z p is the z-coordinate of plane p. We

um between plane p i 
1 

and p i 
2 
, the first and last planes in which

bril i appears. Using this quantity we calculate λi as 

i = 

l i 

l f 
i 

, (6) 

here l i is the tracked length of fibril i , which is calculated by 

umming the Euclidean distances between consecutive centroids 

long the fibril’s arc length: 

 i = 

p i 2 −1 ∑ 

p= p i 
1 

∥∥∥∥∥∥
( 

x i p 
y i p 
z i p 

) 

−

⎛ 

⎝ 

x i p+1 

y i p+1 

z i p+1 

⎞ 

⎠ 

∥∥∥∥∥∥, (7) 

here (x i p , y 
i 
p , z 

i 
p ) is the centroid location of fibril i in plane p. 

The tortuosity τi of fibril i was calculated as 

i = 

l i 

l SL 
i 

− 1 , (8) 

here, l SL 
i 

is the straight-line distance between the centroid of the 

rst and last fibril segment. A greater difference between these 

wo lengths increases τi and indicates a more tortuous fibril. 

.6.2. Fibril alignment calculations 

Fibril alignment is calculated by determining the angle between 

he fibril and the fascicle in each plane. We define the unit vector 

ˆ  i p , which gives the direction of a particular fibril i in a particular 

lane p, as 

ˆ  i p = 

r i p+1 − r i p ∥∥r i 
p+1 

− r i p 
∥∥ , (9) 

here r i p is the position vector of fibril i in plane p. We similarly 

efine another unit vector ˆ v 
f 
p , which describes the direction of the 

ascicle in plane p as 

ˆ  f p = 

r̄ p+1 − r̄ p ∥∥r̄ p+1 − r̄ p 
∥∥ , (10) 

here r̄ p is the mean position vector of all the traced fibrils in 

lane p and r̄ p . The alignment θi of fibril i with respect to the 

ascicle is calculated as the mean angle between fibril i and the 

ascicle over all the planes in which fibril i is present: 

i = 

1 

p i 
2 

− p i 
1 

p i 2 −1 ∑ 

p= p i 
1 

cos −1 ( ̂  v i p · ˆ v f p ) . (11) 
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.6.3. Fibril chirality calculations 

Fibrils have been observed to follow helical paths within tendon 

67] . To quantify the helical nature of fibrils, in this work, the fib-

il paths in the x − y plane were used, collapsing the z-direction. If 

he 2D fibril path spirals in a clockwise fashion, the helix is right- 

anded, and it is left-handed if the fibril path spirals in an anti- 

lockwise fashion. Using a Savitzky–Golay filter to smooth the 2D 

bril path, the following cross product was calculated, 

0 , 0 , C i k ) = ( u 

i 
k − u 

i 
k −1 ) × ( u 

i 
k +1 − u 

i 
k ) , (12) 

here C i 
k 

is a quantity that is related to the local chirality of fibril

 at point k , for 1 < k < N i , where N i is the number of points that

ake up the smoothed path of fibril i and u 

i 
k 

is the position vec- 

or of point k , which will have 0 as its third entry since all points

ave been collapsed onto a single plane. The sign of C i 
k 

indicates 

he local direction of curvature: when C i 
k 

< 0 , the path is curving

n a clockwise fashion locally, and when C i 
k 

> 0 , it is curving in an

nticlockwise direction. This is illustrated in Fig. 1 E. The number 

f positive and negative values of C i 
k 

are counted for each fibril. A 

bril which is helical will amass an imbalance of positive or nega- 

ive values, whereas a straight or non-helical curved fibril will have 

oughly equal numbers of positive and negative values of C i 
k 
. A chi- 

ality parameter H i , which quantifies how helical the fibril is, was 

alculated for each fibril as follows: 

 i = 

1 

N i 

N i −1 ∑ 

k =2 

sgn (C i k ) , (13) 

here sgn is the sign function. The fibril paths in the x − y plane

ere inspected manually to discern a threshold value of H i to dis- 

inguish between helical and non-helical fibrils. It was observed 

hat fibrils whose chirality parameter satisfies H i < −0 . 15 were 

ight-handed, and those whose chirality parameter satisfies H i > 

0 . 15 were identified as left-handed; the remainder (with −0 . 15 ≤
 i ≤ 0 . 15 ) were regarded as non-helical. 

. Results 

The FTA provides a novel method for automatically segmenting 

brils in volumetric SBF-SEM image data (this approach could also 

e applied to other 3D imaging methods such as XCT). Some ex- 

mple results are shown in Fig. 2 . The aim was to trace tendon

brils in 3D and gather corresponding morphological data from 

he reconstructed volume. A colourised volume displaying the full 

D reconstruction of a tendon sample is shown in Fig. 2 A and an

nimation moving through each plane is shown in video 1. This 

emonstrates the ability of the algorithm to trace large numbers 

f fibrils through a considerable distance in z, which was one of 

he primary aims of this work. 

.1. Observed microstructural measurements 

Selected microstructural information derived from the recon- 

tructed volume in Fig. 2 A is plotted in Fig. 2 B–D. Fibril length rel-

tive to the fascicle length is plotted in Fig. 2 C). We have fitted a

ormal distribution to this data, which gives a mean relative fibril 

ength of 1.034, illustrating that the fibrils in this volume are, on 

verage, 3.4% longer than the fascicle in which they are embedded. 

nother important measurement is that of the diameter distribu- 

ion ( Fig. 2 C), which is important when studying healthy tendon 

evelopment, ageing and disease as mentioned in Section 1.1 . To 

his data, we fitted a bimodal probability density function (PDF), 

hich consists of the weighted sum of two normal distributions: 

 (μ1 , σ1 , μ2 , σ2 , w ) = w N (μ1 , σ
2 
1 ) + (1 − w ) N (μ1 , σ

2 
1 ) , (14)

here N is the normal PDF, w (which is confined to the range 

 < w < 1 ) is the weighting factor, μ and μ are the means
1 2 

341 
f the two normal distributions and σ1 and σ2 are the asso- 

iated standard deviations. This composite distribution fits the 

ata reasonably well and highlights two populations of colla- 

en fibrils. The first population has an MFD of 138 nm and a 

tandard deviation of 44.1 nm and the second has a mean of 

27 nm and a standard deviation of 17.1 nm, the weighting factor, 

 = 0 . 7 . 

Our data show that the fibrils are also closely aligned with 

he longitudinal axis of the fascicle. A histogram showing the fre- 

uency of each angle of alignment, as defined in Eq. (11) , is plotted

n Fig. 2 D. We have fitted a log-normal distribution to the data as 

is strictly positive, which gives a mean alignment of 6 ◦ relative 

o the fascicle. 

Using the method described in Section 2.6.3 , the chirality of 

ach fibril was calculated using Eq. (13) . The spread of H i values 

s given in Fig. 2 E. These data were fitted with a skew normal dis-

ribution with location parameter μ = 0 . 041 , scale σ = 0 . 147 and

hape a = −1 . 28 . We found that 883 of the 4075 fibrils (22%) in

his image volume were helical, of which 763 (86%) are right- 

anded and 120 (14%) are left-handed. Safa et al. found tendon 

brils to have 62% right handed helices [69] , though they used a 

uch smaller sample size of 21 fibrils. 

The calculated fibril tortuosity is given in Fig. 2 F. These results 

isplay greater tortuosity than Safa et al. found [67] . They reported 

hat τ is typically less than 1%, whereas, here, we found the dis- 

ribution of τ to be centred around 5%. To these data, we have 

tted a log-normal distribution, as the values of tortuosity are all 

ositive ( Fig. 2 F). We did not find any notable correlation of tor- 

uosity with fibril diameter for helical fibrils or non-helical fibrils, 

hich does not agree with the findings of Safa et al., who reported 

 negative correlation of tortuosity with increasing fibril diameter 

n helical fibrils. These findings may arise from the much larger 

ample size in this work, the difference in how the chirality was 

etermined and calculated, and the fact that this image volume is 

rom an energy-storing (Achilles) and not a positional (tail) tendon, 

s in Safa et al. [67] . 

.2. Accuracy of the algorithm 

The accuracy of the tracking algorithm is visible in video 1, 

here each fibril track is simultaneously colourised. Segments 

hich belong to tracks that are too short, and are thus not in- 

luded in the final population are white in this video. Fig. 3 A il-

ustrates the accuracy of the algorithm in the central plane of the 

olume. As can be seen, the vast majority of fibrils are captured 

shown in red), whereas only a small fraction of the fibrils and 

ome other objects (shown in grey) are discarded. Some of these 

bjects are cellular debris and are excluded on the basis of their 

orphology (since they are far from circular). 

To test the robustness of the algorithm, we compared the MFD 

f the fibrils which are tracked to the MFDs of all fibrils in a few

ample planes which were hand-selected to ensure that no cellu- 

ar matter was present. This was done to ascertain whether the 

racked fibrils are representative of the whole fibril population. The 

racked fibrils, as mentioned in Section 2.5.1 , are fibrils that span 

ore than 10 μm in the z-direction, and all other tracks are ex- 

luded. Fig. 3 B shows the MFD distributions plotted together. As 

een in the plot, the FTA tracks large fibrils with high accuracy, 

icking up more than 90% of those with an MFD above 150 nm, 

ut is less successful at tracking small fibrils, finding only 60% of 

hem with MFD under 120 nm. One reason for this is that smaller 

brils can get lost at the image segmentation step, either by be- 

ng grouped with a nearby large fibril, or because they have in- 

ufficient contrast to be detected in some planes. This can mean 

hat even if the fibril is traced, the track is disjointed and dis- 

arded on the basis of not meeting the 10 μm z-depth condition. 
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Fig. 2. Results. A : 3D visualisation of tracked fibrils. B: Distribution of fibril lengths relative to the equivalent fascicle length. The red line is a log-normal probability density 

function fitted to the data. C: The minimum Feret diameter of the tracked fibril population. A multimodal distribution of fibril diameters is seen here, in agreement with 

previous work [19,68] . The red line is a bimodal normal probability density function fitted to the data. D : The orientation of the fibrils relative to the fascicle. The red line 

is a log-normal probability density function fitted to this data. E : The chirality of the fibrils, calculated using Eq. (13) . The dashed, black line is a skew normal probability 

density function fitted to the data, with location, scale and shape parameters μ, σ , a . Fibrils which had a chirality value greater than 0.15 or less than −0 . 15 were observed to 

be helical, by inspection. F : Fibril tortuosity, calculated using Eq. (8) . The fit given is a log-normal distribution. The parameters in the legend for D and F are the log-normal 

distribution parameters, which represent the mean and standard deviation of the variable’s natural logarithm, not the mean and standard deviation of the variable itself. 

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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epending on the research question being asked, this may not be 

oo important. 60% is still the majority of fibrils in this popula- 

ion, and they are the least mechanically relevant. If the propor- 

ion of lost, small fibrils is consistent across different samples, it 

ill still be possible to compare them bearing this limitation in 
ind. A

342 
.3. Handling of imaging artefacts 

One of the issues raised by SBF-SEM specifically is artefacts in 

ectioning which can cause the whole sample to slip in a particu- 

ar direction. An example slipping artefact is displayed in Fig. 3 C. 

 sample slip such as this renders this plane unusable. In a typi- 
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Fig. 3. Model validation A : FTA accuracy at the plane in the middle of the volume. Red objects are tracked, grey objects are not tracked. B : The MFD of the tracked fibrils 

(blue) and the whole fibril population in a randomly selected 2D plane (grey). The dashed, black line represents the proportion of fibrils of each size that were successfully 

tracked, which ranges from approximately 60% to 100%. The FTA successfully tracks fibrils with an MFD of 150–300 nm, but is less successful in tracking fibrils with an MFD 

of less than 150 nm. C : A typical broken plane. This is seen where the sectioning is unsuccessful. In a volume of 700 planes, there are typically fewer than 10 broken planes 

like this. It is important that the FTA correctly handles these artefacts, otherwise erroneous matches or discontinuities in the fibril tracks will occur. D : The response of the 

FTA to broken planes. The arrows indicate the locations of broken planes within the volume, and the vertical axis indicates the number of fibril termini which are not close 

to the edge of the image (they are more than 5% of the width of the image from the border to exclude fibrils that leave the field of view from the calculation). There are 

typically fewer than 10 termini per plane, which, in principle, could either be true fibril ends or an artefact of tracking. Broken planes do not tend to lead to a large increase 

in termini, indicating that the FTA is handling them successfully. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 

of this article.) 
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al SBF-SEM volume, such as the ones used in this study, typically, 

ewer than 1 in 100 planes are affected in this way, but they can 

ause errors in the FTA. Here, we have dealt with this via an in-

ut to the algorithm which lets the program know which planes 

o skip over. It is thus necessary to check through the volume and 

anually input any unusable planes to the FTA. To test the impact 

hese broken planes have on the overall tracking, Fig. 3 D shows 

ow many fibril ends there are in each plane. In the first and last 

lane, we see the most, since the fibrils in the volume are largely 

ontinuous through all 700 planes. At each plane, we see a cer- 

ain number of fibrils that terminate there. Some of these will be 

rroneous, but they are mostly fibrils either entering or leaving 

he field of view. If the algorithm was poor at handling broken 

lanes, we would see a large increase in fibril ends after a dam- 

ged plane, as the algorithm would be unable to find appropriate 

atches. This is generally not the case. In Fig. 3 D, the locations 

f damaged planes are represented by arrows, and it is evident 

hat, with the exception of at the black arrow, where several planes 

ere damaged relatively close to each other, there is not a notice- 

ble increase in fibril ends before or after them. Even at the black 

rrow, only 22 fibrils were lost, which is a very small number com- 

ared to the total number of fibrils that were successfully tracked 
343 
hrough this slice. This shows that the algorithm is robust enough 

o handle this kind of artefact. 

.4. The error function 

When matching consecutive fibril segments, the error thresh- 

ld determines which matches are accepted. If we set this thresh- 

ld too high, inaccurate matches are made, whereas if we set it 

oo low, not all tracks are properly captured. The value of the error 

hreshold used in this work is based on the maximum likely values 

f ξc (p, i, j) , ξd (p, i, j) , ξa (p, i, j) being equal to 1. Since we have

et the constants (α, β, γ ) = (1 , 1 , 1) , the default error threshold

s also ξ = 1 by Eq. (1) . The effect of using this threshold value

s displayed in Fig. 4 A. Fibril segments from a randomly selected 

ubset of those that appear in a randomly selected plane are each 

epresented by a coloured line, and their MFDs are given in the 

egend. For each fibril segment, the potential candidates to match 

o in the next plane are ranked. The numbers on the horizontal 

xis represent the ranking of each candidate and the correspond- 

ng error is given on the vertical axis. The error threshold which 

e have set is represented by the dashed line at ξ = 1 . As can be

een, all but one, small segment (MFD = 61 nm) has several suit- 
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Fig. 4. Parameter optimisation in the error function. A : Illustration of the error threshold. The dashed line at ξ = 1 represents the error threshold used in this work. Each 

coloured line corresponds to a different, randomly chosen fibril, with a range of MFDs represented (see legend). The plot illustrates the 15 closest matches of each fibril 

segment in plane p to segments in plane p + 1 . All fibrils have a suitable match with the exception of that which has an MFD of 61 nm (represented by the darker blue line). 

B : Optimisation of the parameter values α, β, γ . The FTA was run with α = 1 , 0 ≤ β ≤ 3 and 0 ≤ γ ≤ 3 , and the proportion of fibrils that terminated in any given plane is 

plotted. A lower value (see legend) corresponds to a greater number of long fibril tracks, which are represented by darker blue areas in this heatmap. Partial fibril mappings 

for 50 random fibrils are plotted for three points of interest C : (i) represents the default values, (α, β, γ ) = (1 , 1 , 1) , (ii) and (iii) respectively correspond to when the value 

of α is high and low relative to β and γ . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ble matches, whereas for the small segment (the darker blue line), 

ven the candidate that is ranked first produces a high error, so no 

atching will occur. This shows that the FTA is good at finding 

atches for all but very small fibrils, which is discussed below. 

The error minimisation equation used in the FTA ( Eq. (1) ) is 

esigned to be flexible regarding the importance of centroid lo- 

ation, MFD and area when matching consecutive segments. We 

esigned the three errors ξc (p, i, j) , ξd (p, i, j) , ξa (p, i, j) to be non-

imensional and the weights associated with these errors, α, β , 

, can be varied to ascertain whether greater accuracy can be 

chieved in the parameter space around the point (α, β, γ ) = 

1 , 1 , 1) . The results of varying these parameters are plotted in

ig. 4 B. This heat map represents the fraction of failed matches be- 

ween randomly selected planes. It is generated by setting α = 1 , 
344 
hilst β and γ are varied from 0 to 3. Since the three constants 

re normalised by their sum ( Eq. (1) ), it is the relative values of α,

, γ that are important and not the values themselves, which is 

hy α remains fixed. In the parameter space where α, β , γ > 0 , 

here is little variation on matching frequency, as shown by the 

arrow range of values (2–3%) in this plot. Nevertheless, to in- 

estigate the effect that varying these parameters has on match- 

ng, we have presented the results of tracking for three different 

oints in the parameter space, for a random sample of 50 fibrils 

or ease of viewing ( Fig. 4 C(i)–C(iii)). The first image presented 

ere (i) corresponds to our starting values, (α, β, γ ) = (1 , 1 , 1) ,

nd shows continuous fibrils, demonstrating that the default pa- 

ameter values capture fibril tracks with high accuracy. The second 

mage (ii) shows what happens when we set (α, β, γ ) = (1 , 0 , 0) ,
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o that only centroid information, and no geometrical information 

MFD or area), is incorporated. This leads to errors, as matches are 

ade which select the nearest objects and effectively skip over 

o a different fibril track, leading to both inaccurate continuous 

racks and disjointed short ones. The third image (iii) corresponds 

o (α, β, γ ) = (1 , 1 . 5 , 1 . 8) , which represents the greatest number

f matches per plane (the darkest region). This mapping is reason- 

bly accurate most of the time, but still leads to errors, as this pa-

ameter combination favours the morphology of fibril segments in 

he next plane over their location, which leads to erroneous jumps 

etween clearly distinct fibril tracks. This investigation shows the 

esign of the algorithm at (α, β, γ ) = (1 , 1 , 1) is fit for purpose,

nd that it is robustly and accurately tracking fibrils. For other ap- 

lications, there is the flexibility to vary these three parameters 

epending on the microstructure of the material being studied. For 

xample, to track fibres that each have a different cross-sectional 

ize and shape or that are obliquely aligned, it would be benefi- 

ial to increase the values of the morphology parameters β and γ , 

hereas for fibres with similar cross-sections, these values could 

e lowered. 

. Discussion 

.1. Limitations of SBF-SEM 

This study was completed with SBF-SEM, which is a common 

echnique for imaging structures that are of a size below the 

iffraction limit of optical microscopy. To prepare samples for SBF- 

EM, tissue is chemically fixed, dehydrated, embedded in resin 

nd baked at a high temperature (example protocol available in 

tarborg et al. [38] ). This process can be damaging to tissue and 

auses shrinkage due to dehydration (measured at 19% in lung tis- 

ue [70] ). It has been shown that some kinds of dehydration and 

xation can cause reorganisation of collagen structure, both af- 

ecting the D-period and alignment [71] . This means that there 

ill be a discrepancy between recorded microstructural informa- 

ion and the true structure in vivo when using images acquired in 

his way; therefore, measurements using this technique should be 

onsidered as indicative of the in vivo structure, but not quantita- 

ively precise. For 3D work measuring objects of the size of colla- 

en fibrils, SBF-SEM is the best and most commonly used imaging 

echnique currently available and tissue shrinkage affects all stud- 

es that use this imaging technology in the same way. Some cryo- 

lectron microscopy (EM) techniques such as those of Keene et al. 

72] are able to preserve microstructure with higher fidelity, but 

hese can currently only produce 2D images. We expect measure- 

ents of interfibrillar spacing, in particular, to be affected as the 

xtra-collagenous phase is more greatly impacted by the dehydra- 

ion step [70] , though there are no existing techniques to quantify 

nd validate precisely how shrinkage affects each phase individu- 

lly. If such measurements are reported in the future, it may be 

ossible to apply non-affine transformations to the images to ex- 

and the fibrils and interfibrillar space to reflect their true mor- 

hologies in vivo . We note that, if a sample preparation protocol 

s developed in the future which ensures uniform shrinkage across 

ifferent phases of the material, then relative microstructural mea- 

urements, such as the relative fibril length distributions measured 

n this paper will be unaffected by shrinkage. Furthermore, in spite 

f the issues associated with sample shrinkage, since all samples 

tudied using SBF-SEM are affected in the same way, comparisons 

etween different samples are still meaningful. 

We have shown that our algorithm robustly deals with the 

maging artefacts caused by SBF-SEM ( Section 3.3 ) which occur be- 

ause this technique is destructive. As this is the most common 

ethod for resolving the 3D structure of collagenous tissues, it 

as important for us to account for these artefacts when designing 
345 
he algorithm so it is applicable to these contexts. The FTA, how- 

ver, is agnostic to the method of imaging. In a study of parallel 

bres captured using a non-destructive imaging technique without 

amaged planes, the algorithm will run without skipping over any 

lanes if the user does not specify to. This applies to XCT data, 

hich is commonly used for 3D imaging of materials with larger 

icrostructural features than those seen in connective tissue. 

.2. Image segmentation 

As with any computational work using biological images, the 

uality of analysis is dependent on that of the images and seg- 

entation. If they are of insufficient contrast or resolution, or con- 

ain sectioning or staining artefacts, the subsequent analysis can 

e erroneous. In tendons, such issues can make it difficult to dis- 

inguish individual fibrils from one another, or can create uncer- 

ainty in their sizes if their edges are not sufficiently sharp. This 

an occur if the images are taken at too low magnification, or if 

he staining and processing of the tissue itself is unsuccessful. If 

he stain fails to penetrate the tissue properly, the images will 

ave insufficient contrast. Consequently, it is important to ensure 

hat sample preparation and imaging is undertaken with precision 

nd skill by specialists, as we have done in this study. When track- 

ng tendon fibrils, it is of interest to ensure that cells and non- 

brillar objects are excluded from the analysis. Here, we have re- 

oved cells in the segmentation step in the CellProfiler script (see 

able 1 and the script provided as described in the Research Data 

tatement). This is based on their size and shape compared to the 

brils. Some fragments of cells may still remain at this stage, but 

re necessarily discarded in the tracking process, as they are not 

ligned or present through enough consecutive planes to meet the 

riterion we have specified that traced objects must span 10 μm in 

he z-direction. To improve efficiency in the future, a mask could 

e applied to remove the cells from the volume before segmenta- 

ion, to avoid fragments of cells remaining in the image volume. 

e have not done this here since tendons do not contain many 

ells (cell fraction is measured at 2% by volume in adult rats [14] ),

nd to minimise the number of manual steps. Masking cells, how- 

ver, would improve speed and efficiency as the FTA would not be 

eeking matches for non-fibrillar objects in the interfibrillar spaces. 

.3. Tracking accuracy 

Fig. 3 B and D, together with video 1, illustrate the accuracy of 

he FTA in tracking fibres, in spite of the artefacts typically caused 

y this imaging modality. Small diameter fibrils are not captured as 

ell as the larger diameter fibrils ( Fig. 3 B), the proportion of fibrils

hat are smaller than 150 nm that are tracked represents approxi- 

ately 60% of the objects of this size seen in-plane. If this sample 

ize is insufficient for a given study, it would be straightforward 

o trace the small numbers of missing smaller fibrils manually af- 

er running the FTA. This hybrid approach would still save the user 

ime and resources, and enable them to capture a much greater 

eld of view than is practical using manual segmentation alone. 

To improve the automatic detection of small fibrils, however, 

xamining short tracked segments which are not long enough for 

he minimum length threshold (see Section 2.5.1 ) to stitch them 

ogether could be a useful strategy. This would produce longer 

racks and prevent them being discarded. To match short, jointed 

racks, the error threshold could be lowered. Furthermore, small 

brils are more prone to being lost in the image segmentation 

tep, so it could be beneficial to search more than one plane ahead 

n order to find the next segment. Alternatively, after running the 

hole FTA, the fibrils which are already successfully tracked could 

e stored and removed from the images, and the tracking algo- 

ithm could be run again using a different combination of α, β and 
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Fig. 5. Fibril branch point. The orange fibril branches to become two separate fib- 

rils. The algorithm currently records them as two separate fibrils and does not 

record the branching. (For interpretation of the references to colour in this fig- 

ure legend, the reader is referred to the web version of this article.) 
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in the error function. This would allow the capture of segments 

eft behind in the first iteration of the algorithm. The latter option 

ould be relatively easy to implement and could be repeated until 

o new tracks of the desired length are obtained. 

Any of these techniques could be implemented in a research 

tudy where the small fibrils are of interest. For example, Szczesny 

t al. have suggested that small fibrils play a role in interfibrillar 

oad transfer [73] , and Chang et al. [19] have found that the small

brils are replenished throughout a circadian (24 h) time period. 

hough the capture of small fibrils could be improved in a number 

f ways, the FTA is a marked improvement on manual segmenta- 

ion, which is commonly used [38,67] , and captures much of the 

endon structure, as the larger diameter fibrils make up most of 

he volume. The FTA opens up a broader scope for microstructural 

nd statistical analysis after tracking is complete, as much larger 

umbers of fibres can be traced than is practical manually. 

Combination of the FTA with other computer vision techniques 

ould be of benefit to improve tracking of small fibres. Almutairi 

t al. studied a similar problem using a mixed approach of ma- 

hine learning and statistical techniques [74] . A supervised learn- 

ng technique called Random Forests was used by Almutairi et al. 

o identify and classify fibres and a Kalman Filter was employed in 

he tracking stage to identify and later check and correct fibre con- 

ections. Classifying and correcting mistakenly disconnected short 

bril tracks found by the FTA, using machine learning techniques, 

ould improve its accuracy in future work. 

Another potential improvement to the FTA could come from dif- 

erential tracking, where the centroid error ξc would not be calcu- 

ated using the location of fibril i in plane p to compare to the 

entroid of fibrils in plane p + 1 ( Eq. (2) ), but a prediction of the

ocation of the next segment in plane p + 1 would be made us-

ng a projection based on the recent history of the fibril’s cen- 

roid movement between planes p − 1 and p. This technique com- 

rises part of the work of Almutairi et al. discussed previously [74] . 

e have tested implementing this approach in the FTA; however, 

hen it encountered a damaged plane (discussed above, Fig. 3 C), 

he predicted centroid location was often erroneous, leading to the 

lgorithm seeking the next segment in the wrong location. In this 

ork, predictive mapping proved to be counter productive, as the 

lgorithm was no longer flexible enough to overcome sectioning 

rtefacts. This type of artefact is relatively common in SBF-SEM 

ata, but would not be an issue for other 3D imaging techniques, 

uch as XCT. Thus, it could be worth re-introducing this differential 

racking method for data without sectioning artefacts, as it may be 

eneficial for fibres with weaker alignment with the longitudinal 

xis of the image stack than those in this study. 

Of course, these additional potential features would add a com- 

utational cost. Presently, the algorithm takes around 2 h to run on 

 single 16 gigabyte core for an image stack of 700 image planes 

f 10 0 0 × 10 0 0 pixels. This is fast in research computing terms,

nd so this computational cost will not be a hindrance for future 

ork. The image segmentation and tracking scripts do not cur- 

ently make use of parallelisation, though for bigger jobs it may 

e worthwhile to do so to speed up computation. 

.4. Unusual structures: Branching, fibril ends, hairpins, rogue fibrils 

Several unusual fibril features have been reported in the litera- 

ure. Fibril ends are of interest in developmental studies [75] , and 

hough rare across the depths typically covered by SBF-SEM, ta- 

ered fibril ends have been observed in tendon volumes [67] . It 

as been reported that fibril ends taper at a rate of approximately 

0 molecules per 67 nm D-period [76] , and so the total tapering 

egion would stretch over a few microns depending on the size 

f the fibril [21] . As the FTA does not require fibrils to have the

ame diameter along their entire length, but instead only requires 
346 
pproximate agreement locally (between adjacent planes, which 

re typically spaced 70–100 nm apart in SBF-SEM), the FTA would 

ikely be able to track tapering fibrils. To identify the locations of 

bril ends, a natural point to start is with the termini indicated 

n Fig. 3 D. In principle, these could either be true ends or fibrils 

hat have not been successful matched to the next plane; however, 

ince fewer than ten ends is typical in each plane, they can be in- 

pected manually. We did not find any genuine fibril ends in the 

olume we analysed. 

Highly tortuous small diameter fibrils often move much greater 

istances in-plane than their larger counterparts, often twisting 

nd wrapping around larger diameter fibrils [19,67] . To account for 

his, the weighting of the centroid error in Eq. (2) could be made 

o vary with fibril diameter, allowing for greater lateral movement 

etween planes for smaller fibrils. Hairpin-shaped fibrils (fibrils 

hat turn back on themselves) have also been observed [21] . As 

he FTA typically traces fibrils from one end of the volume to the 

ther, it cannot currently track loops of this kind. Hairpin bends 

ill appear as two adjacent fibril tracks which merge and then 

isappear entirely. Similarly, fibril branching, where fibrils merge 

r separate, has been observed in tendons [21,40,67] . When fibrils 

ranch, the algorithm will interpret this as one continuous fibril 

long one of the branches, and the other as terminating at the 

ranch point. This is illustrated in Fig. 5 , where the orange fib- 

il track splits into two tracks. Currently, the algorithm does not 

ecord branch points or hairpin bends and implicitly assumes fib- 

ils are all continuous and are not connected; however, the pres- 

nce of branched and hairpin-shaped fibrils in tendons could have 

n effect on tendon mechanical properties and fibril recruitment 

21] . This is something that could be considered in the future, by 

ntroducing a criterion based on the centroids of the tracked fibrils 

ecoming close to each other in regions in the vicinity of where 

ne or both of the tracks end. 

. Conclusions 

The FTA presented here can trace and characterise the geometry 

f large volumes of fibres from 3D imaging data, quantifying both 

he transverse and longitudinal geometry of the fibre population. 

e have used the algorithm to characterise the 3D microstruc- 

ure of tendon fibrils, which are typically challenging to image, and 

heir arrangement is difficult to characterise. This is due to their 

iameters being below the optical diffraction limit and their dense 

acking. In the field of tendon research, the FTA has the potential 

o be used in studies which utilise animal models and EM to study 

geing, disease, development and injury. The FTA can enable this 

ype of biological research to move beyond traditional 2D SEM to 

haracterise and analyse microstructural features for different ten- 

on phenotypes. We have developed the FTA in a general way, so 

t is suitable for analysing any material with approximately aligned 
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bres, such as blood vessels or ligaments, as well as engineered 

omposite materials and textiles. In summary, the FTA is a pow- 

rful and flexible tool for studying structure-function relationships 

n a range of materials, is written exclusively using open source 

oftware, and is freely available to download and use. 
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