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Abstract  Fibrillar collagen in tendons and its natural development in rabbits are 

discussed in this paper. Achilles tendons from newborn (~7 days) to elderly 

(~38 months) rabbits were monitored in intact (ntendons = 24) and microtome 

sectioned (ntendons = 11) states with label-free SHG microscopy. After 

sectioning, the collagen fibre pattern was irregular for the younger animals 

and remained oriented in parallel to the load axis of the tendon for the older 

animals. In contrast, the collagen fibre pattern in the intact samples 

followed the load axis for all the age groups. However, there was a 

significant difference in the tendon crimp pattern appearance between the 

age groups.  The crimp amplitude (𝐴) and wavelength (𝛬) started at very 

low values (𝐴 = 2.0 ± 0.6 µm, 𝛬 = 19 ± 4 µm) for the newborn animals. 

Both parameters increased for the sexually mature animals (> 5 months 

old). When the animals were fully mature the amplitude decreased but the 

wavelength kept increasing. The results revealed that the microtome 

sectioning artefacts depend on the age of animals and that the collagen 

crimp pattern reflects the physical growth and development. 

 

Keywords collagen, aging, crimp, fibre orientation, and tendon. 
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1 Introduction 

The hierarchical architecture of tendon consists of collagen molecules which form fibrils, 

fibre bundles and fascicles (Wang, 2006). The structural arrangement remodels with disease, 

diet, physical activity, or age at each hierarchical level (Clemmer, et al., 2010; Holzapfel, 

2008; Svensson, et al., 2013). At the fibre level the major arrangement, which zig-zags, 

following the longitudinal load axis (Maeda, et al., 2007), is termed the crimp pattern. It has 

been proposed that the crimp pattern is linked to the contraction of tendon fibroblasts 

(Herchenhan, et al., 2012), or to a sudden twist in the direction of fibrils that is marked by 

nanoscopic knots/hinges (Franchi, et al., 2010), but no dedicated structure was found for the 

knot/hinge region (Raspanti, et al., 2005). In general, the crimp pattern is represented by two 

parameters; length and angle/height (Legerlotz, et al., 2014; Patterson-Kane, et al., 1997). 

These parameters often vary among different studies depending on species, anatomical 

location, strain state, loading history or tendon region (Hansen, et al., 2002; Legerlotz, et al., 

2014; Wang, et al., 2012; Zhao, et al., 2015). Commonly a crimp pattern oscillates with a 

periodicity between 10 µm and 100 µm whilst the variability in the crimp height is much 

lower (~ 5 µm) (Freed & Doehring, 2005). Certain disagreement also appears among studies 

which compare the crimp length and height/angle with respect to aging. For instance, 

Patterson-Kane et al. published that both the crimp length and angle had a decreasing 

tendency with age in the central region of superficial digital flexor tendon (Patterson-Kane, et 

al., 1997). On the other hand Legerlotz et al. stated that the crimp height and length 

development with age was parabolic (Legerlotz, et al., 2014). These results confirm some 

heterogeneity among the studies and consequent discussion about the factors which influence 

the crimp pattern parameters and development, for instance cell-matrix interactions, exercise 

or increased number of cross-links. Not only is development of the crimp pattern still 

a subject of discussion but its function also is (Raspanti, et al., 2015). The most frequent 

suggestion for the function of the crimp pattern is that it acts as a mechanical buffer (Franchi, 

et al., 2007). 

 To image the crimp pattern, polarization light microscopy is generally favoured as 

collagen fibres are birefringent (Vidal, 2003). The orientation of collagen fibres is calculated 

from images acquired under different polarization angles (Dickey, et al., 1998; Thomopoulos, 

et al., 2006). Other conventional imaging methods frequently utilized for imaging collagen 

fibres include widefield microscopy with histochemical or immunochemical staining. 

However, these methods are often restricted to superficial imaging because of light scattering 
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(Ntziachristos, 2010) or limited penetration depth of labels (Melvin & Sutherland, 2010). To 

overcome these limitations, the sample undergoes multi-step preparation including 

sectioning, staining, rinsing, (de)hydrating, or fixation with chemicals before data acquisition. 

Then the orientation of collagen fibres is retrieved from the images using techniques such as 

the gradients of image intensity (Courtney, et al., 2006; Karlon, et al., 1998), fractals 

(Thomason, et al., 1996), Hough transform (Bayan, et al., 2009), Fourier transform 

(Sivaguru, et al., 2010), Gabor transform (Osman, et al., 2013) or Wavelet transform 

(Castellano, et al., 2004), or their combination (Frisch, et al., 2012). Despite the quality of 

these algorithms, the multi-step preparation can lead to biased results (Carlo & Stevens, 

2011; Dorph-Petersen, et al., 2001; Janacek, et al., 2012; Park, et al., 2015).  

Unlike these conventional imaging methods, second harmonic generation (SHG) 

microscopy does not require destructive multi-step sample preparation (Stoller, et al., 2002). 

This non-linear label-free qualitative method benefits from the presence of fibril-forming 

type I collagen and its unique non-centrosymmetric molecular composition (non-zero second-

order susceptibility tensor χ(2) (Pavone & Campagnola, 2013; Rocha-Mendoza, et al., 2007; 

Su, et al., 2011)) (Myllyharju & Kivirikko, 2004). This composition generates the 

frequency-doubled SHG signal in the sample when interacting with the electric field. The 

intensity of the signal does not depend only on the strength of the electric driving field, but 

also on the density of the molecule and on the orientation of the molecule axis relative to the 

polarization state of the incident laser beam (Cicchi, et al., 2013). As  a short-pulse near 

infrared laser beam is used, the imaging depth is significantly extended (Deniset-Besseau, et 

al., 2009; Zhuo, et al., 2007) and consequently, the observed intact volume becomes larger, 

and the photodamage to the sample becomes smaller (Chen, et al., 2012a). 

To enrich the existing knowledge in sample processing and connective tissue aging, this 

study presents two elementary challenges. (1) First, it investigates the impact of sample 

microtome sectioning on the interpretation of the fibre morphology with respect to aging and 

it also searches for an efficient, quantitative technique to determine the orientation regularity 

(changes in orientation of fibres with distance in longitudinal plane) from a single image. (2) 

Second, it examines the trends in the development of the collagen crimp pattern in samples of 

the Achilles tendon of rabbits from birth to elderly and compares these results with the 

images acquired from microtome sections.  



4 

2 Methods 

2.1 Tendon subjects: sections and intact samples 

The rabbit Achilles tendon (tendo calcaneus communis) served as model connective tissue 

because of its high content of parallel type I collagen fibres and explicit in vivo load 

directionality. The group of animals consisted of New Zealand white, Czech Spot and 

Belgian Hare crossbred rabbits. The animals were bred in hutches and originated from 

different litters. The legs were received as animal waste. The animals were selected to 

represent the main developmental stages, newborn (up to 6 weeks), sexually mature 

(5 to 7 months) and elderly (up to 5 – 7 years) (Houdebine & Fan, 2009; Varga, 2013). The 

tendons were dissected from both hind legs. The tendon samples were left intact (zero-load 

state, 24 tendons from 13 animals between 7 days and 38 months) or mounted with 

Cryomount (Histolab Products AB, Sweden), cryocut into 20µm sections (zero-stress state, 

11 tendons from 6 animals between 4 weeks and 37 months) with the Leica CM1850 cryostat 

(Leica, Germany) and covered with phosphate-buffered saline. The microtome sections were 

performed in steps of 100 µm along the approximately 1 mm depth from the tendon’s 

surface. 

2.2 Tendon imaging using SHG microscopy 

The microscope image acquisition was performed on two independent systems in order to 

increase the robustness of the investigation. The first system (System I) consisted of 

a confocal scanning head (Leica TCS SP2 AOBS, Leica, Germany) mounted to an inverted 

microscope (DMIRE2, Leica, Germany) and coupled with a femtosecond tunable pulse laser 

(Ti:Sapphire Chameleon Ultra, Coherent Inc., USA). The laser was set to 860 nm and the 

horizontally polarized incident beam reached the sample through the objective (HC PL APO 

20x/0.75 IMM, image resolution 1024x1024, pixel size 732 nm or HCX PL APO 63x/1.2 W, 

image resolution 2048x2048, pixel size 51 nm, Leica, Germany). The detection of the SHG 

signal was in backwards, non-descanned mode. To guarantee the SHG selectivity, an IR 

blocking filter (703HSP, Laser Components GmbH, Germany) and a single band-pass filter 

(HQ430/20 M-2P, Chroma, USA) were placed before a photomultiplier tube (PMT) detector. 

The second system (System II) consisted of a confocal scanning microscope (Zeiss LSM 

510 META, Zeiss, Germany) linked to a motorized inverted Axiovert 200M (Zeiss, 

Germany) and coupled with a femtosecond tunable pulse laser (Mai Tai DeepSee, Spectra-
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Physics, USA). The 810 nm horizontally-polarized incident beam entered the samples 

through an objective (Plan-Apo 20x/0.75 dry, image resolution 2048x2048, pixel size 

220 nm, Zeiss, Germany). In the emission pathway, the light was collected in the forward 

direction passing through an in-house built condenser (adjustable numerical aperture 0 to 

0.8), the appropriate set of filters (FT 442, Zeiss, Germany and BP 405/10, Semrock, USA) 

and entering a multi-alkali PMT detector. 

The samples were placed on microscope cover slips, moistened with phosphate-buffered 

saline and left uncovered to prevent deformation. The microtome sections from each tendon 

were optically scanned by System I in the central Z depth at up to three randomly selected 

positions. The intact samples were scanned by System I or System II in the central XY 

position of the tendon from the top to an average depth of 100 µm. 

2.3   Fibre orientation analysis in microtome sections 

The structural organization of collagen in the unstained microtome sections was quantified 

through the fibre orientation regularity. In this approach, the fibre orientation was given by 

the local tensor representation (Jähne, 2005). First, the image was scanned with a 16 x 16 

pixel sliding window that moved over the image coordinates 𝑥, 𝑦 with an 8-pixel step. Each 

16 x 16 pixel window-cropped image was transformed into the frequency domain by Fast 

Fourier Transform (FFT). The major peak 𝐺𝑖,𝑗  of the centred FFT modulus |𝐹𝑖,𝑗| was 

established using reconstruction by dilation of the modulus |𝐹𝑖,𝑗| around the central pixel 

(Soille, 2013). The structure tensor  𝐽𝜉,𝜂 was calculated from the 2nd order moments 

 

𝐽𝜉,𝜂 = [
∑ 𝐺𝑖,𝑗𝑖,𝑗 (𝑖 − 𝑖)̅2 ∑ 𝐺𝑖,𝑗𝑖,𝑗 (𝑖 − 𝑖)̅(𝑗 − 𝑗)̅

∑ 𝐺𝑖,𝑗𝑖,𝑗 (𝑗 − 𝑗)̅(𝑖 − 𝑖)̅ ∑ 𝐺𝑖,𝑗𝑖,𝑗 (𝑗 − 𝑗)̅2 ] =  [
𝐽11 𝐽12

𝐽21 𝐽22
],  (1) 

 

where 1 ≤ 𝑖 ≤ 16, 1 ≤ 𝑗 ≤ 16,  𝑖̅ = 𝑗̅ = 8.5,   𝐽12  =  𝐽21 . 

This gives a 2 x 2 symmetric tensor 𝐽𝜉,𝜂 for each rescaled pixel 𝜉, 𝜂 where 𝜉 =  
𝑥

8
, 𝜂 =  

𝑦

8
. 

Indirectly, the matrix defines the values for hue, saturation and value (HSV) colour format. 

Inspired by Jähne (Jähne, 2005),  the hue 2𝜑 was calculated by rotating the structure tensor 

into the canonical coordinate system by angle −𝜑. The matrix multiplication yields the pixel 

orientation angle 𝜑 as 

  

tan 2𝜑𝜉,𝜂 =
2𝐽12

𝐽22−𝐽11
, where 𝜑 ∈ < 0, 𝜋 >, (2) 
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the value 𝑣 (pixel brightness) as the trace of the tensor, 

 

𝑣𝜉,𝜂 = 𝐽11 + 𝐽22, (3) 

 

and the saturation 𝑠 as coherence calculated from 𝐽11, 𝐽12,   𝐽22 as 

 

𝑠𝜉,𝜂 =
√(𝐽11−𝐽22)2+4𝐽12

2  

𝐽11+𝐽22
. (4) 

 

Finally, the HSV image is converted to red-green-blue (RGB) format, the changes in 

colour and intensity represent the orientation irregularity.  

To interpret the data objectively, the fibre organization in the image was computed 

through an autocorrelation approach using the aforementioned spatial variables: orientation 

angle 𝜑𝜉,𝜂, value 𝑣𝜉,𝜂, and saturation 𝑠𝜉,𝜂. First, the complex value 𝑝𝜉,𝜂 for each pixel is 

calculated as a combination of trigonometric functions 

 

𝑝𝜉,𝜂 = 𝑣𝜉,𝜂𝑠𝜉,𝜂(𝑐𝑜𝑠 2𝜑𝜉,𝜂 + 𝒊 𝑠𝑖𝑛 2𝜑𝜉,𝜂)  (5) 

 

where 𝒊 is the imaginary unit. Then the complex 𝑐𝑘,𝑙 and modulus 𝑟𝑘,𝑙   autocorrelation 

functions for 𝑝𝜉,𝜂  were calculated as  

𝑐𝑘,𝑙 = ∑ ∑ 𝑝𝑟,𝑠�̅�𝑟+𝑘,𝑠+𝑙
𝑆−1
𝑠=0

𝑅−1
𝑟=0  (6) 

 

and 

 

𝑟𝑘,𝑙 = ∑ ∑ |𝑝𝑟,𝑠||𝑝𝑟+𝑘,𝑠+𝑙|
𝑆−1
𝑠=0

𝑅−1
𝑟=0 ,  (7) 

 

where 0 < 𝑘 ≤ 𝑅 − 1, 0 < 𝑙 ≤ 𝑆 − 1,  𝑝 ̅ denotes the complex conjugate of 𝑝, |𝑝𝑟,𝑠| and 

|𝑝𝑟+𝑘,𝑠+𝑙| the moduli, and 𝑝𝑟,𝑠 = 0  if  𝜉 > 𝑅 − 1 or 𝜂 > 𝑆 − 1 for the zero padded 𝑝𝑟,𝑠. 

In the next step, the distances in the image were sectioned into 32 equal annular intervals 

by 𝛥𝑑 =  
𝑥𝑠𝑖𝑧𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑚𝑎𝑔𝑒

32
. The returned autocorrelation ratios 

|𝑐𝑘,𝑙|

𝑟𝑘,𝑙
 were subscribed to these 

relevant intervals according to distance 𝑑 =  √𝑖2 + 𝑗2 where 𝑑𝑚 ≤ 𝑑 < 𝑑𝑚+1. The resulting 

values for the correlogram 𝐶(𝑑𝑚), where 𝑚 is the interval/bin number, were calculated as the 

average values of the 𝑛𝑚 ratios  
|𝑐𝑘,𝑙|

𝑟𝑘,𝑙
  in each 𝑑𝑚, i.e. 

  

𝐶(𝑑𝑚) =
1

𝑛𝑚
∑ (

|𝑐𝑘,𝑙|

𝑟𝑘,𝑙
)

𝑞

𝑛𝑚
𝑞=1 . (8) 
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The  
|𝑐𝑘,𝑙|

𝑟𝑘,𝑙
  ratio was used to emphasize the role of orientations in autocorrelations. For 

a perfectly oriented isotropic pattern, 𝐶(𝑑𝑚) equals 1.  The resulting graphs were fitted with 

an exponential model 𝑦 = 𝐵𝑒−𝐶𝑥 + 𝐷 where 𝐵, 𝐶, and 𝐷 are freely adjustable parameters. The 

coefficient of determination was calculated, and the residual plot was performed. Models that 

explained more than 90 % of the variability of the data were subjected to further analysis. 

2.4   Crimp analysis and comparison with microtome sections 

In the intact samples, the crimp amplitudes and wavelengths were extracted manually 

(Fig. 1). 

Based on this manual measurement, the mean crimp amplitude and wavelength were stated 

for each age group, and the results were simulated in a grayscale value image 𝐼𝑥,𝑦 using 

 

  𝐼𝑥,𝑦 =  sin(2𝜋𝐹(𝑥 + 𝐴 sin(
2𝜋𝑦

𝛬
))),   (9) 

 

where 𝑥, 𝑦 are the coordinates of the image, 𝐹 defines the thickness of the fibres, 𝛬 is the 

measured wavelength of the crimp pattern, and 𝐴 stands for the measured amplitude of the 

crimp pattern. After that, these simulated grayscale value images were analysed by the same 

algorithm as the images of the microtome sections. The results were again expressed in 

correlograms. Finally, the correlograms for the simulated images of the intact samples 𝐶𝑠𝑖𝑚 

and microtome sections 𝐶𝑠𝑒𝑐 were compared by mean percentage difference (MPD) 

 

 𝑀𝑃𝐷 =  
1

𝑛
∑

|𝐶𝑠𝑒𝑐(𝑑)−𝐶𝑠𝑖𝑚(𝑑)|

(𝐶𝑠𝑒𝑐(𝑑)+𝐶𝑠𝑖𝑚(𝑑))/2

𝑛
𝑑=1 × 100,  (10) 

 

where 𝑛 = 32 bins. 

2.5 Statistical analysis 

The exponential models of microtome sections, which quantify the fibre orientation 

regularity, were grouped by age and displayed in a box-and-whisker plot (Fig. 3(b)). The plot 

represents the relationship between age and the orientation regularity after microtome 

sectioning. The minimum number of sections per tendon was three, the maximum was nine.  

The crimp patterns were analysed through the Z-stacks. The measured parameters 

(amplitudes and wavelengths) were assigned to the three main developmental stages, checked 

for normality (S-W test, Q-Q plot) and then compared using a One-way ANOVA followed by 
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a post-hoc Tukey’s HSD test (Little, 2013). The number of tendons in each developmental 

stage was; 9 for age < 1 month, 9 for age 1 month –12 months, and 6 for age > 12 months 

(Table 1). 

If not stated otherwise, the results are denoted as means with sample standard deviations. 

The significant value for rejecting the null hypothesis was set to p-value < 0.05. The data 

analysis was performed in Microsoft Visual C++ 2013 (Microsoft, USA) and Matlab 2015a 

(Mathworks, USA). The statistical evaluations were performed by using Matlab 2015a. 

3 Results 

3.1 Unstained microtome sections and orientation regularity analysis 

The images of the unstained microtome sections indicated that the collagen structural 

organization is age dependent (Fig. 2 – top row). This assumption was confirmed by the 

analysis of the images and displayed by means of their consequent pseudo-colour 

representation. The analysed images from young animals possessed rapid colour changes. In 

contrast, almost single-colour images were returned for the oldest animals (Fig. 2 – bottom 

row). The changes in the orientation regularity were also expressed numerically by a 

converging correlogram graph. The correlograms indicated that the fibres in the microtome 

sections from the very young animals change direction rapidly with distance and these 

changes do not follow a periodic, regular crimp pattern. On the other hand, the fibres in 

microtome sections from the older animals are perfectly aligned with the longitudinal axis of 

the tendon, i.e. the correlogram value is close to one and does not change with distance (Fig. 

3). It is clear that with increasing age the orientation regularity tends towards perfect fibrillar 

orientation anisotropy (Fig. 3(b)). 

3.2 Crimp pattern development 

The organization of the collagen fibres in the load-free, intact samples showed a 3-D 

frequency-modulated pattern with clear crystallinity. In contrast to the microtome sections, 

a highly regular crimp pattern was identified for all the age groups including the youngest 

(Fig. 4). The crimp pattern development with age is quantified in Table 1. Generally, the 

crimp pattern amplitude was small in the samples from the 7-day-old animal, 𝐴 = 2.0 ± 0.6 

µm. The amplitude then increased to a maximum of 𝐴 = 9.6 ± 3.3 µm when the animal was 4 

months old. After that, the crimp amplitude decreased to 𝐴 = 3.0 ± 1.1 µm which is very 

small compared to the wavelength for the 38-month-old animal. The wavelength started at its 
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minimum for the young animals. It reached the size of 𝛬 = 19 ± 4 µm for the 7-day-old 

animal and kept increasing steadily to 𝛬 = 122 ± 32 µm for the 38-month-old animal. Due to 

the low amplitude it was sometimes very difficult, or even impossible, to detect the unbiased 

crimp pattern for the elderly animals. When the amplitude and wavelength data were assigned 

to each developmental group (< 1 month, 1 month –12 months, > 12 months) and these 

groups were statistically compared, significant differences were found between all three 

groups. 

3.3 Crimp pattern simulation and comparison with microtome sections 

The correlogram for the simulated images decreased gradually with distance and 

oscillated for the young animals (Fig. 5). When comparing the correlograms based on the 

crimp pattern simulation and microtome sections by calculating MPD (Section 2.3), the MPD 

differed by 46.0 % for the 4-week-old group but only by 4.3 % for  36-week-old group. 

4 Discussions 

The orientation regularity analysis approach revealed a significant difference between the 

orientation regularity of collagen fibres in the microtome sections from the young and old 

animals. Representation with a traditional colour-coded scheme (Gillard, et al., 2009) often 

reduces the sensitivity for orientation detection (Peeters, et al., 2006) and neglects the 

dependency of neighbouring pixels. The algorithm presented here respects the coherency of 

the fibres by adjusting the pixel saturation and brightness accordingly. In addition, the spatial 

inhomogeneity in the scalar fields was described through autocorrelation functions. To 

prioritize the orientation over magnitude, the complex autocorrelation function was divided 

by the modulus (saliency) autocorrelation, and the returned correlogram quantified the 

anisotropy of the fibres within the images. This approach is fully automated and transferable 

for detection of the orientation regularity of any fibres imaged at sufficient resolution. 

Finally, this analysis approach is not limited only to superficial regions because it does not 

rely on the preservation of polarization state such as the SHG polarization analysis, and 

therefore does not suffer from the randomization of polarization state caused by scattering in 

tissue (Chen, et al., 2012b). This is important for analysing in-vivo experiments in which 

most of the light detected is backscattered. 

Unlike the microtome sections, all the intact samples in the load-free state possessed 

strong orientation regularity of the fibres in the direction of the main load-bearing axis. This 

shows that microtome sectioning can cause morphological changes in connective tissue. 
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Surprisingly, these alterations are highly dependent on the age of the subject, i.e. the younger 

the animal, the more pronounced the changes, and the higher value MPD reached. The cause 

of alterations to morphology can be explained through several underlying mechanisms. For 

example, a different level of residual stresses in the tissue due to the presence of fibril ends 

which disappear in mature tissue (Provenzano & Vanderby Jr, 2006) or a lower number of 

enzymatic and non-enzymatic cross-links (Avery & Bailey, 2005) at early developmental 

stages. 

All the intact tendons, including those from very young animals, displayed the crimp 

pattern. However, the parameters of the crimp pattern vary significantly among the intact 

samples. The amplitude of the crimp pattern exhibited a highly nonlinear dependency on age 

and reached its maximum at sexual maturity, but the wavelength of the crimp pattern seemed 

to grow steadily with age. This finding is in contrast to what is reported by Patterson-Kane et 

al. and Legerlotz et al. (Legerlotz, et al., 2014; Patterson-Kane, et al., 1997). Legerlotz et al. 

found almost no significant differences in the amplitude of crimps, and a decrease in the 

wavelength at the end of the observed period (mice from 3 weeks to 6 months). Patterson-

Kane et al. reported an even more dramatic decrease in the wavelength during the observed 

period (horses from 2 years to 15 years). This contradiction could be caused by several 

factors, for instance, by the sample source. In the Legerlotz et al. study, the rat tail tendon is 

not a typical muscle-bone connector in the way a rabbit Achilles tendon is. The Achilles 

tendon is a functional unit of the musculoskeletal system that must withstand enormous 

loading. This unit guarantees the most efficient force transfer during ontogeny, and therefore 

it must react to the muscle volume and power changes (Haus, et al., 2007). Therefore, the 

suggested role of the crimp pattern as a mechanical buffer (Franchi, et al., 2007) is 

questionable and, more likely, the crimp pattern has a preload function which decreases the 

amount of initial loading force from muscles. This ability can be lost as the body movements 

become limited and/or repetitive with age, and consequently the crimp pattern disappears. 

5 Conclusion 

(1) It has been shown by SHG microscopy that the standard microtome sectioning of tendon 

causes age-dependent changes to the structure. Therefore, the artefacts caused by sample 

sectioning or other processing techniques must be considered when interpreting the data, for 

instance, as a parameter for biomechanical structural models. In addition, a novel approach 

was successfully adopted to objectively quantify the fibre orientation regularity from a single 

SHG image. (2) It has been demonstrated that the investigated crimp pattern development is 
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not stationary and reflects remodelling and perhaps optimization of the musculoskeletal 

system over time. Additional insight could be obtained by investigating hierarchical 

composition of collagen and its crimp structure together with material properties, physical 

activity regimes and other proteins, for example glycosaminoglycans or cross-linkers. 
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Figures 

 

 

Fig. 1. Manual crimp analysis method. The acquired images were divided into a 3 x 3 selection grid. For each 

field of the grid, crimp amplitudes and wavelengths were calculated from a triangle that connects three adjacent 

extremes (arrows) of the crimp pattern for a single fibre. 

  

 

Fig. 2. SHG images of aging rabbit tendon microtome sections and colour coded analysis. Top row: microtome 

sections displayed differences in the structural pattern among 4-week, 5-week, 4-month, 9-month,  31-month 

and 36-month-old animals. Bottom row: pseudo-coloured RGB images returned by the fibre orientation 

regularity analysis of the corresponding top row images. The different colour tone symbolizes the change in 

orientation of the fibres. The higher the intensity, the more uniform the structural pattern in the 16 x 16 pixel 

analysed window. Scale bar = 25 µm. 
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Fig. 3. Orientation regularity correlograms of microtome sections from rabbit tendons. (a) The orientation 

regularity disappears with distance and drops to lower levels of 𝐶(𝑑𝑚) in the microtome sections from the 

younger animals. The fibre structures remain aligned with the expected, longitudinal axis of tendon in the 

sections from the older animals. (b) The main three developmental stages are clearly visible from the box-and-

whisker plot. The target marks highlight medians, the black boxes highlight 25th and 75th percentiles and the 

whiskers highlight maximum/minimum. n is equal to the number of analysed microtome sections per age group. 
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Fig. 4. Images of the crimp pattern in the intact Achilles tendons of rabbits. The global collagen orientation is 

predominantly arranged parallel to the longitudinal axis of the tendon in the intact samples. This axis is thought 

to be the main load-bearing axis, and the global orientation is naturally age-independent. In contrast, the local 

collagen orientation is highly age-dependent. The regular collagen crimp pattern propagates at a certain 

height/amplitude and periodicity/wavelength through the tendon. Scale bars = 100 µm. 

 

 

Fig. 5. For 4-week-old animals, the fibres in the microtome section (a1) change randomly and possess a little 

regularity (a2). On the contrary, the simulation preserves the crimp pattern (b1). The difference is also 

detectable by comparing the correlograms of real and simulated data (a3, b3). Scale bars = 25 µm. 

 

Table 1. Quantification of crimp pattern development with age. The development was quantified by the 

amplitude 𝐴 and wavelength  𝛬.  

 

$The animals were measured by System II. Mean ± SD. 

 

 


