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a b s t r a c t 

Tendons are collagen-based connective tissues where the composition, structure and mechanics respond 

and adapt to the local mechanical environment. Adaptation to prolonged inactivity can result in stiffer 

tendons that are more prone to injury. However, the complex relation between reduced loading, struc- 

ture, and mechanical performance is still not fully understood. This study combines mechanical testing 

with high-resolution synchrotron X-ray imaging, scattering techniques and histology to elucidate how re- 

duced loading affects the structural properties and mechanical response of rat Achilles tendons on mul- 

tiple length scales. The results show that reduced in vivo loading leads to more crimped and less orga- 

nized fibers and this structural inhomogeneity could be the reason for the altered mechanical response. 

Unloading also seems to change the fibril response, possibly by altering the strain partitioning between 

hierarchical levels, and to reduce cell density. This study elucidates the relation between in vivo loading, 

the Achilles tendon nano-, meso–structure and mechanical response. The results provide fundamental 

insights into the mechanoregulatory mechanisms guiding the intricate biomechanics, tissue structural or- 

ganization, and performance of complex collagen-based tissues. 

Statement of significance 

Achilles tendon properties allow a dynamic interaction between muscles and tendon and influence force 

transmission during locomotion. Lack of physiological loading can have dramatic effects on tendon struc- 

ture and mechanical properties. We have combined the use of cutting-edge high-resolution synchrotron 

techniques with mechanical testing to show how reduced loading affects the tendon on multiple hierar- 

chical levels (from nanoscale up to whole organ) clarifying the relation between structural changes and 

mechanical performance. Our findings set the first step to address a significant healthcare challenge, such 

as the design of tailored rehabilitations that take into consideration structural changes after tendon im- 

mobilization. 

© 2023 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 

Collagen is the major component of all connective tissues and 

epresents approximately one quarter of the total dry weight of 
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ammals [1] . One of the functions of connective tissues is to 

ransmit forces. To perform the task effectively, collagen must 

e disposed along the direction of mechanical loads, such as in 

endons [ 2 , 3 ]. The structure of tendons is complex and ranges

ver multiple hierarchical levels. From the nanoscale, the collagen 

olecules arrange into fibrils, which align together to form col- 

agen fibers, which can be comprised in bundles [4] . This struc- 

ural arrangement leads to an anisotropic tissue with high tensile 

trength, flexibility, and damping properties [5–7] . 
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Human studies and animal models have shown that mechanical 

orces are fundamental to maintain tendon health [ 8 , 9 ]. Reduced 

echanical stimuli can lead to a reduced cross-sectional area of 

he tendon, changes in structural organization and impaired ten- 

on biomechanical properties [ 4 , 10 ]. Mechanical loading can also 

ffect collagen production, and it can e.g. be increased by exercise 

nd decreased by reduced loading [ 8 , 11 , 12 ]. Although, there is a

ange in which loading is beneficial to the tendon, both insuffi- 

ient and excessive loading can be detrimental [ 13 , 14 ]. In particu-

ar, in Achilles tendons the stiffness was reported to decrease by 

28% in patients after 20 days of bed rest [15] , ∼58% after 90 days

f simulated microgravity [16] , and ∼59% after a period of paral- 

sis [17] . Furthermore, athletes returning to heavy training quickly 

fter a period of inactivity face a high risk of tendon rupture [18] ,

s well as people living mostly a sedentary lifestyle in later life 

hile intermittently engaging in recreational sports [ 19 , 20 ]. Thus, 

he adaptation of tendons in response to prolonged inactivity, may 

irectly affect the incidence of rupture. However, the refined de- 

ails of how tendon microstructure, mechanical performance, and 

ollagen production are affected by loading are not known [21] . 

herefore, a detailed investigation of the tendon hierarchical or- 

anization is important to improve our understanding of the bio- 

hemical, biomechanical, and structural adaptation of Achilles ten- 

ons in relation to physical activity and lack thereof. 

In this study we have investigated the rat Achilles tendon which 

s the largest tendon in the human body and operates as a bridge 

or muscular force transmission by connecting the calf muscle to 

he heel bone [ 22 , 23 ]. Achilles tendons are formed of 3 distinct

ub-tendons that connect to the soleus (SOL), and to the lateral 

nd medial gastrocnemius muscles (LG and MG, respectively) [24] . 

arlier studies that investigated the microstructure of Achilles ten- 

ons primarily focused on 2D microscopy in combination with 

hemical staining and immunohistochemistry [ 25 , 26 ]. In this study, 

e extend our current understanding of the relation between 

icro- and nano- structure and the mechanics of Achilles tendons 

y 3D high-resolution visualization using synchrotron X-ray imag- 

ng and scattering techniques, such as phase-contrast enhanced 

ynchrotron micro-tomography (SR-PhC- μCT) and small-angle X- 

ay scattering (SAXS) ( Fig. 1 ). SR-PhC- μCT is suitable for studying 
ig. 1. Outline of the multimodal and multiscale methodology to investigate the mech

rganization of rat Achilles tendons, exposed to full loading (FL) or unloading (UL) in viv

icro-tomography, small-angle X-ray scattering in combination with mechanical testing, a

265
he complex 3D microstructure of soft tissues, including tendons 

27–29] . At the nanoscale, SAXS can be used to probe the peri- 

dically arranged tropocollagen molecules inside the fibrils, and 

rovide information about structural properties at the nanoscale 

 10 , 30 , 31 ]. SAXS, in combination with in situ mechanical loading,

rovides information on collagen fibril strain, strain heterogeneity, 

bril organization, and degree of orientation in response to loading 

32–36] . By performing SR-PhC- μCT, histology, SAXS and mechan- 

cal testing we have used a multimodal approach to investigate 

icrostructural organization, collagen fibril structural response to 

n situ loading, biomechanical properties, and extracellular matrix 

rotein content of rat Achilles tendons which were either unloaded 

UL) by Botox injections in combination with ankle immobilization 

r were normally loaded (full loading, FL) through free cage ac- 

ivity. With this data, we contribute to closing existing gaps be- 

ween the mechanobiological adaptation of the whole-tendon me- 

hanics and micro- and nanoscale structural response, strength- 

ning our understanding of how mechanical stimulation, struc- 

ure, and performance are linked. We hypothesized that reduced 

echanical stimulation affects nano- and micro-organization of 

ollagen, which impairs the mechanical response of Achilles 

endons. 

. Materials and methods 

.1. Animal model 

Female Sprague-Dawley rats (specific pathogen free (SPF), age 

0–12 weeks, from Janvier, Le Genest-Saint-Isle, France, n = 55) 

ere used to characterize the effect of in vivo loading ( Table 1 ).

he rats were kept two per cage with a light-dark cycle of 12 h, 

nd in controlled humidity (55%) and temperature (22 °C). Food 

as provided ad libitum. The rats were randomly divided into two 

roups with different in vivo loading scenarios: 1) full loading (FL) 

hrough free cage activity and 2) unloading (UL) through Botox in- 

ections combined with joint fixation using a steel-orthosis [37] . 

otox (3U, Botulinum toxin, Allergan, Irvine, CA) was injected dur- 

ng sedation in the right calf muscle (soleus, gastrocnemius lat- 

ralis and medialis, 1U (0.02 ml) / muscle) before the start of 
anobiological adaptation of the Achilles tendon tissue. The hierarchical structural 

o, were studied at different length scales by phase-contrast enhanced synchrotron 

nd by histology. The mechanical response at the whole organ level was also tested. 
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Table 1 

Experimental setup and number of rats/tendons assessed with the different characterization tech- 

niques. 

Experiment Fully loaded (FL) Unloaded (UL) 

Microstructural characterization (SR-PhC- μCT) 7 7 

Collagen response to loading (in situ SAXS) 

• Ramp to failure 6 4 

• Stress relaxation 4 4 

Tissue mechanical response ( ex situ mechanical testing) 9 10 

Extracellular matrix and cell content (histology) 5 6 
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he experiment, to induce plantar flexor muscle paralysis. The rats 

ere sacrificed after 4 weeks, based on previous studies showing 

hat Botox injections in the rat calf muscle remain effective during 

his time [ 10 , 38 , 39 ]. After the rats had been sacrificed, the right

chilles tendon was dissected free from the skin and harvested to- 

ether with the calcaneus and calf muscles. The tendons were then 

tored at −20 ° until measurements, which should not cause any 

etrimental effect on the tissue mechanical properties [40–42] . The 

xperiments adhered to the institutional guidelines for care and 

reatment of laboratory animals. The study was approved by the 

egional Ethics Committee for animal experiments in Linköping, 

weden (Jordbruksverket, ID1424), and was performed in compli- 

nce with the ARRIVE Guidelines. 

.2. Phase contrast enhanced synchrotron X-ray tomography 

SR-PhC- μCT) 

The imaging was performed at the X02DA TOMCAT beamline 

t the Swiss Light Source (SLS), Paul Scherrer Institute (Villigen, 

witzerland) [43] . The images were acquired using a high nu- 

erical aperture microscope setup, 4x magnification, field of view 

FOV) of 4.2 × 3.5 mm and a voxel size of 1.63 ×1.63 ×1.63 μm 

3 .

 propagation distance of 150 mm was chosen, and the X-ray 

nergy was set at 15 keV. 2001 projections were acquired over 

80 ° of continuous rotation. The exposure time was 33 ms re- 

ulting in about 90 s scans. Image analysis was performed in 

ATLAB, volume renderings and visualizations were performed 

n ImageJ and Dragonfly (v 4.1, ORS software) [ 44 , 45 ]. The ori-

ntation distribution of collagen fibers in tendons was deter- 

ined in 3D by performing a structure tensor analysis, adapt- 

ng a MATLAB script based on Saxena et al. and on Krause et al. 

 46 , 47 ]. For more information about the SR-PhC- μCT experiment 

nd data analysis see Supporting information, Method S1 and 

igure S1. 

.3. In situ loading combined with small-angle X-ray scattering 

SAXS) 

SAXS measurements were conducted at the coherent small- 

ngle X-ray scattering beamline (cSAXS) at the Swiss Light Source 

SLS), Paul Scherrer Institut (PSI), Switzerland using a similar pro- 

ocol as previously developed by the authors [48] . Measurements 

ere conducted using a beam energy of 12.4 keV (wavelength λ of 

1 Å), an exposure time of 50 ms, a beam size of 150 ×125 μm 

2 

nd a sample-detector distance of ∼7.14 m, enabling data acquisi- 

ion in the q-range of ∼0.02–1.45 nm 

−1 . SAXS measurements were 

cquired from one spot in the center of the tendon. 

SAXS measurements can be performed during in situ loading 

 30 , 32 , 33 , 36 ], i.e. by mechanically loading the whole tendon while

imultaneously acquiring scattering data. This allows to determine 

ollagen mechanical response at the nanoscale. For in situ mechan- 

cal tests, tendons were first preloaded to 1 N and then loaded at 

 mm/min, by either ramp to failure, or stress relaxation ( Table 1 ).

uring ramp to failure, SAXS measurements were acquired at inter- 

als of 1.2 s. During stress relaxation, the tendons were displaced 
266 
or two steps of 0.3 mm, followed by 300 s relaxation. For each 

tep, 10 SAXS measurements at 1.2 s intervals followed by 12 mea- 

urements at 25 s intervals were acquired. With this setup, the re- 

ults are not significantly affected by radiation damage to the sam- 

le, as previously described [48] . Analysis of the 2D scattering pat- 

erns was performed using in-house codes in MATLAB [31] follow- 

ng our previously described protocols [48] . For more information 

bout SAXS experiment and data analysis see Supporting informa- 

ion, Method S2, Figure S2 and Table S1 A. 

.4. Ex situ mechanical testing 

To elucidate how the tendon mechanical response is affected by 

nloading at the organ scale, mechanical tests were performed in 

he lab on FL and UL tendons (without concurrent scattering as in 

.3, therefore called ex situ). 

Rat tendons (physiological data are reported in Supporting in- 

ormation table S1 B) were mechanically tested using an Instron 

511 load frame (Instron, USA) connected to an Interface SMT1- 

50 N load cell (Interface, USA), and controlled by MTS TestStarII 

MTS Systems, USA). Tendons were first preloaded to 1N and then 

oaded in tension (Supporting information, Figure S2 B). The test- 

ng protocol consisted of three loading regimes: a) cyclic load- 

ng: 10 cycles of 6% strain at 0.1 mm/s followed by 300 s of 

est; b) 2 steps of stress relaxation: 8% and 16% strain at 1 mm/s, 

ach followed by 500 s relaxation time; and c) ramp to failure at 

 mm/s. For more information about the testing protocol and data 

nalysis see Supporting information, Method S3, Table S1 B and 

igure S3. 

.5. Histology 

Rat tendons were embedded in OCT, snap-frozen, sectioned lon- 

itudinally (7 μm thickness), hydrated in PBTD (PBS containing 

.1% Tween20 and 1% DMSO), and fixed in 4% formaldehyde. Sec- 

ions were stained with primary polyclonal antibodies from rabbit 

gainst collagen type I / collagen type III / or elastin followed by a 

oat anti-rabbit IgG secondary antibody, and lastly counterstained 

ith DAPI. Stained sections were examined using a Leica DMi8 mi- 

roscope. Nuclear fast red & alcian blue staining was also used (to 

isualize proteoglycans), as well as hematoxylin & eosin. For more 

nformation about histology and data analysis see Supporting in- 

ormation, Method S4 and Figure S4. 

.6. Statistics 

Some of our data was not normally distributed. Therefore, a 

on-parametric Mann-Whitney U test (unpaired, 5% significance 

evel) was performed to test for significant differences between FL 

nd UL Achilles tendons. A Wilcoxon signed rank test (paired, 5% 

ignificance level) was performed to test for significant differences 

etween different locations within the same tendon (MG, LG and 

OL). 
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. Results 

.1. Achilles tendon collagen fibers are more crimped when loading is 

educed 

SR-PhC- μCT provided a comprehensive insight into the com- 

lex 3D internal collagen fiber microstructure ( Fig. 2 and video S1), 

here UL tendons were more crimped compared to FL tendons. 

he fiber orientation analysis (based on the use of 3D structural 

ensors) showed that azimuth and elevation angle distributions for 

L fibers have tails that were not present in the angle distributions 

or fibers from FL tendons ( Fig. 2 B arrows). The mean full width at

alf maximum (FWHM) of both azimuth and elevation angles indi- 

ates a wider orientation spread in fibers from UL compared to FL 

endons (azimuth spread UL: 77 ° ± 49 ° vs FL: 48 ° ± 22 °, elevation 

pread UL: 22 ° ± 7 ° vs FL: 17 ° ± 6 °). 
The bivariate histograms, obtained by combining azimuth and 

levation angle distributions, were also significantly ( p = 0.007) 

ider in UL compared to FL tendons ( 0.4 ± 0.2 vs 0.2 ± 0.6), which

ndicates a wider range of orientations in UL tendons ( Fig. 2 C and

). However, UL and FL tendon bivariate histograms had similar 

ross-sections at high angle occurrence (area at 75% of the to- 

al counts, Fig. 2 C), which shows that the longitudinal axis of the 

bers were mostly oriented along the main tendon axis in both UL 

nd FL tendons. Even so, the lower part of the bivariate histograms 

as wider for fibers in UL compared to FL tendons (area at 25% of 

he total counts, Fig. 2 C), which indicates local orientation hetero- 

eneities. Thus, in many small regions of UL tendons, fibers were 

ore crimped and diverged from the tendon main axes ( Fig. 2 A 

nd video S1). The differences in the shape of bivariate histograms 

ere quantified as skewness and kurtosis, showing significant dif- 

erences between UL and FL tendons ( Fig. 2 D). Furthermore, the 

bers were less densely packed in UL tendons ( Fig. 2 D, UL fiber

ensity: 78–88 % vs FL: 82–92 %). 

When testing for local variations in fiber orientation, fibers in 

L tendons were in general less homogeneously oriented than 

bers in FL tendons. However, local differences (e.g. due to crimp- 

ng) and standard deviations were larger in UL tendons (Supporting 

nformation Figure S5). 

The fiber orientation analysis for different sub-tendons was per- 

ormed close to the musculo-tendinous junction. The medial and 

ateral gastrocnemius sub-tendons (MG and LG) were character- 

zed by a similar level of fiber organization, while the soleus sub- 

endon (SOL) was significantly less organized, irrespective of load- 

ng regimen ( Fig. 2 F and Supporting information Fig. S6). It should 

owever be noticed that fibers close to the musculo-tendinous 

unction were less organized and more crimped compared to the 

id-tendon region for all the three sub-tendons and both loading 

egimes ( Fig. 2 E and F, Supporting information Fig. S6). 

.2. Fibrils can be oriented along one main axis or two axes 

epending on the orientation of the sub-tendons 

Small-angle X-ray scattering (SAXS) provided further under- 

tanding of the structural organization of collagen at the fibril 

evel. Two types of scattering patterns were detected from the 

AXS data, either a single population of fibrils ( Fig. 3 A i) or two

ub-populations with almost equal number of fibrils in each sub- 

opulation ( Fig. 3 A ii). The orientations of the two sub-populations 

ere clearly distinct and comparable to the one observed at the 

endon level, between the MG and LG main axes ( Fig. 3 B). The

wo sub-populations were more commonly seen in UL than FL 

endons (UL 4 tendons vs FL 1 tendon). When only one popula- 

ion was present, the most aligned fibrils strained more during 

he in situ loading compared to the average of the whole pop- 

lation. Whereas, when two sub-populations were observed, one 
267 
ub-population strained more and the other less than the average 

opulation ( Fig. 3 , i and ii, right). 

.3. Mechanical response in fibrils is delayed in unloaded tendons 

During SAXS with concurrent tensile loading (in situ) UL ten- 

ons displaced more than FL in a ramp to failure (Supporting in- 

ormation Fig. S7A). However, there was no difference in stiffness 

UL: 41 ± 14 N/mm; FL: 38 ± 15 N/mm) and similar maximum 

issue stress was reached, as well as tissue stress at maximum d - 

pacing and tissue stress at yield (Supporting information Fig. S7A 

i). The initial fibril strain was less in UL than in FL tendons ( Fig. 4 A

), whereas the tissue strains at the point of maximum d -spacing 

nd yield point were similar, indicating that the fibrils failed close 

o tissue yield in both cases (Supporting information Fig. S7A iii). 

owever, in some of the tendons, the fibrils may have failed prior 

o tissue yield as the tissue strain at yield were larger than at max- 

mum d -spacing. The initial d -spacing was the same for UL and FL 

endons, and the two groups reached similar maximum d -spacing 

alues and maintained similar values at yield ( Fig. 4 A iv). No clear 

ifferences in intrafibrillar disorder were observed ( Fig. 4 A ii and 

). The relative fibril strain heterogeneity in UL tendons was ini- 

ially smaller, but then at tissue yield became slightly larger than 

n FL tendons ( Fig. 4 A iii and vi). 

During in situ SAXS, in a stress relaxation configuration, UL ten- 

ons were characterized by higher stress relaxation ratio during 

he first step (1st step UL: 0.59 ± 0.22, FL: 0.38 ± 0.12; 2nd step 

L: 0. 38 ± 0.10 MPa, FL: 0.41 ± 0.09 MPa, Supporting information 

igure S7B iii) and reached lower stresses for the same strain com- 

ared to FL (1st step UL: 1.2 ± 0.5 MPa, FL: 3.9 ± 2.3 MPa; 2nd 

tep UL: 3 ± 1 MPa, FL: 4 ± 2 MPa, Supporting information Figure 

7B i-ii). Fibrils in UL tendons generally strained less than fibrils 

n FL tendons (1st step UL: 0.16 ± 0.07%, FL: 0.6 ± 0.5%; 2nd step 

L: 0.35 ± 0.06%, FL: 0.8 ± 0.5%, Fig. 4 B i and ii), as observed dur-

ng ramp to failure tests. During the second step of stress relax- 

tion, UL tendons exhibited slightly larger fibril strain relaxation 

atios compared to FL tendons (2nd step UL: 0.55 ± 0.08 s, FL: 

.3 ± 0.2 s, Fig. 4 B iii), and had faster fibril relaxation times (1st 

tep UL: 29 ± 13 s, FL: 57 ± 42 s; 2nd step UL: 22 ± 13 s, FL:

2 ± 28 s, Fig. 4 B iv). 

Generally, fibril stress relaxation was 10–20% slower than tis- 

ue stress relaxation ( Fig. 4 B iv and Supporting information, Fig- 

re S7B iv), irrespective of loading regimen. The ratios of tissue to 

bril level relaxation times were similar between UL and FL ten- 

ons (1 st step UL: 0.9 ± 0.4, FL: 0.8 ± 0.5; 2 nd step UL: 0.9 ± 0.7,

L: 0.9 ± 0.5). 

.4. Unloading impairs the mechanical response of the whole tendon 

Achilles tendons were mechanically tested by cyclic loading, fol- 

owed by two steps of stress relaxation, and lastly ramp to failure. 

L tendons were characterized by larger standard deviations com- 

ared to FL tendons. During cyclic loading at 6% strain ( Fig. 5 A),

L and FL tendons reached similar stress, and had similar elas- 

ic moduli ( Fig. 5 A ii and iii). However, UL tendons had signifi-

antly longer toe regions during the first cycle (UL: 0.028 ±0.008 vs 

L: 0.02 ±0.11, p = 0.02, Fig. 5 A iv). UL tendons exhibited slightly 

onger cyclic periods, which resulted in an accumulated time de- 

ay with increasing cycles, compared to FL tendons ( Fig. 5 A i-ii). In

he second step of stress relaxation ( Fig. 5 B), UL tendons reached 

ower stress than FL tendons (UL: 18 ±11 N/m 

2 vs FL: 29 ±7 N/m 

2 ,

 = 0.013), higher stress relaxation ratio (UL: 0.7 ± 0.1 vs FL: 

.50 ±0.06, p < 0.0 0 01), and faster relaxation times (UL: 16 ±5 s vs

L: 23 ±2 s, p < 0.0 0 01). The elastic modulus of UL tendons was

lightly lower compared to FL tendons during the second step, 

ut the difference was not significant (UL: 273 ±131 MPa vs FL: 
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Fig. 2. Fiber organization in the center of fully loaded (FL) and unloaded (UL) tendons. FL fibers are well orientated, whereas UL fibers are more crimped. A) Colormaps 

showing fiber organization for FL and UL tendons in the center of the tendon tissue, the magnifications show well orientated fibers in FL and crimped fibers in UL tendons. 

B) Mean and standard deviation of azimuth ( θ ) and elevation ( �) angles for FL (top, in blue) and UL tendons (bottom, in red). C) Bivariate histograms showing 3D fiber 

orientation distribution for FL (top) and UL (bottom) tendons. On the right, cross sections are shown at 75% and 25% of the curves as indicated by the cutting planes. 

D) Orientation heterogeneity, fiber density, skewness (describing the symmetry of the data distribution) and kurtosis (describing the "tailedness" of the data distribution). 

Individual data points (dots) and mean ± standard deviation (black lines) are shown. Statistically significant differences between UL (red) and FL (blue) tendons ( ∗ p < 0.05) 

are indicated. E) SR-PhC- μCT volume renderings showing fibers from the same FL tendon; i) in the center, and ii) at in upper region of the tendon (close to the muscles). 

F) Fiber orientation heterogeneity in the 3 sub-tendons (medial, MG, and lateral gastrocnemius, LG, and soleus, SOL, sub-tendons,) compared to mean values and standard 

deviations for the center of the tendon tissue (the results are indicated by the dashed lines for the mean values, and by shadowed areas indicating the standard deviations). 

UL are in red and FL in blue. Significant differences are indicated ( ∗ p < 0.05). 
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Fig. 3. Nanoscale fibril orientation and its relation to sub-tendon macro arrangement. A) Left: SAXS scattering patterns of a representative tendon with one population 

of fibrils (i) compared to a tendon with two sub-populations (ii). Middle: Angularly integrated curves ( θ ) of SAXS patterns and schematic illustrations of fibril orientation. 

Right: The response in d -spacing of fibril sub-populations azimuthally integrated within their respective main orientation ± 10 ° (indicated by the correspondingly colored 

lines on the scattering patterns) compared to the overall response of the full fibril population (black lines), azimuthally integrated within the average orientation ± 60 °
(indicated by the white lines on the scattering pattern). B) SR-PhC- μCT renderings in gray scale and colormap (0 °−90 °) showing differences between the main orientation 

of MG (red-orange) and LG (yellow-green) sub-tendons. 
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75 ±86 MPa, Fig. 5 B ii). During ramp to failure, both maximum 

tress and elastic modulus were significantly lower in UL tendons 

ompared to FL tendons (maximum stress UL: 30 ±20 N/m 

2 vs FL: 

9 ±14 N/m 

2 , p = 0.012, and elastic modulus UL: 401 ±199 MPa vs

L: 728 ±234 MPa, p = 0.005, Fig. 5 C). 

.5. Cell number decreases in unloaded tendons whereas content of 

xtracellular matrix proteins is unchanged 

Immunohistochemical staining for collagen type I, collagen type 

II, and elastin showed no statistical difference in the mean inten- 

ity measurements between UL and FL tendons. However, a slight 

eduction in elastin content may occur ( Fig. 6 A and B ii-iv). Im-

ge quantification of cell nuclei staining (DAPI) showed that cell 

umber density was significantly lower in UL compared to FL ten- 

ons (UL: 0.93 ±0.06, vs FL: 0 .7 ± 0.2, p = 0.017), as shown by H&E

taining (Supporting information, Figure S8A). Staining with alcain 

lue revealed no significant differences in proteoglycan content be- 

ween the two groups (Supporting information, Figure S8B). 
269 
. Discussion 

This study presents an extensive multiscale investigation of 

he effect of reduced mechanical stimulation on collagen-based 

issues, exemplified by the Achilles tendon. The complex hierar- 

hical structure of the Achilles tendon was probed from the or- 

an tissue-level, down to the nano-level of fibrils, using cutting- 

dge high-resolution synchrotron techniques. The results show that 

echanical stimuli are fundamental to preserve Achilles tendon 

hysiological microstructure required for an effective mechanical 

esponse. 

It has previously been hypothesized that the mechanical prop- 

rties of human tendons undergo considerable changes following 

xtended disuse, which may be partly due to altered structure and 

omposition [ 8 , 12 , 17 ]. Rat models represent a powerful tool to in-

estigate the effect of unloading in the Achilles tendon [49] . In hu- 

ans, Achilles tendons are usually examined only when injuries 

ccur, whereas animal models enable us to investigate the tendon 

issue under controlled conditions, even in the absence of injuries, 
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Fig. 4. Fibril response to in situ loading. A) Ramp to failure test comparing the average fibril behavior of FL (blue) and UL (red) tendons, showing: i) average relative 

response in fibril strain, ii) intrafibrillar disorder, iii) fibril strain heterogeneity, iv) absolute values of d -spacing, (v) intrafibrillar disorder, and (vi) strain heterogeneity at 

the start point of loading (t0), maximum d -spacing (maxD), and tissue yield (yield). B) Stress relaxation measurements comparing the average fibril behavior of FL and UL 

tendons, showing: i) average relative response in fibril strain, ii) maximum d -spacing as well as iii) fibril relaxation ratio and iv) fast relaxation times of the two steps. Plots 

display individual data points (dots), with mean ± standard deviation (black lines) for each group. 
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uch as unloading of the Achilles tendon. Tendon biology and re- 

ponse to loading can vary among species, albeit certain funda- 

ental mechanisms may be shared. The forces and strains applied 

o rat tendons may not accurately reflect the forces experienced by 

uman tendons during daily activities, but they can provide a valu- 

ble starting point for understanding tendon response to loading. 

hus, our results represent a first step for further research to de- 

ign tailored approaches to help patients that undergo long periods 

f inactivity to regain tendon properties. In particular, our results 

how that 4 weeks of reduced loading on rat Achilles tendons re- 

uced the microstructural fiber organization, which could explain 

he deferred mechanical response. This study shows that in vivo 

oading is crucial for tendons to maintain their mechanical proper- 
270 
ies. Reduced loading led to unorganized collagen structure and a 

ecreased number of tenocytes, which can impair the Achilles ten- 

on ability to withstand muscle forces making it more vulnerable 

o injuries [16] . 

.1. Mechanical properties at tissue level are impaired by reduced 

oading 

Previous studies have suggested that Achilles tendons adapt to 

educed loading by showing a decrease in elastic modulus, and 

hat the stiffness decrement may be directly correlated to the du- 

ation of unloading [ 15–17 , 50 ]. Our data confirm and expand these 

bservations showing that UL tendons are characterized by a sig- 
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Fig. 5. Mechanical testing of fully loaded (FL) and unloaded (UL) tendons. A) Cyclic loading comparing the average behavior (normalized by cycle period) of FL (blue) and 

UL (red) tendons, showing: i) cyclic period (time at peak force), ii) stress at peak, iii) elastic modulus (E), iv) toe strain (extension of the toe region), and v) hysteresis ratio, 

for cycle 1, 5 and 10. B) Stress relaxation, comparing the average behavior of FL and UL tendons, showing: i) stress at peak, ii) elastic modulus (E) and iii) stress relaxation 

(SR) ratio, for the two steps. C) Ramp to failure, comparing the average behavior of FL and UL tendons, showing: i) stress at peak and ii) elastic modulus (E). In panels i-v, 

individual data points (dots) and mean ± standard deviation (black lines) are indicated for each group. Significant differences are indicated ( ∗ p < 0.05). 
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Fig. 6. Histological comparison of fully loaded (FL) and unloaded (UL) tendons by immunohistochemistry. A) Longitudinal sections of Achilles tendons stained with 

DAPI (cell nuclei: blue) and antibodies against three different extracellular matrix proteins as follow: i) Collagen I (red) showing the calf muscle, and ii) Collagen I (red), iii) 

Collagen III (red) and iv) elastin (red) showing tendon collagen fibers in the middle of the tendon tissue (scale bars: 50 μm). B) Quantification of cell number density (from 

DAPI staining, i) and quantifications of the mean intensity for collagen I, collagen III, and elastin (from antibodies staining, ii-iv). Graphs show individual data points (dots) 

and mean ± standard deviation (black lines) for FL (blue) and UL (red) tendons. Significant differences are indicated ( ∗ p < 0.05). 
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ificantly lower elastic modulus and increased stress relaxation ra- 

io, compared to FL tendons. Furthermore, our results show that 

L tendons relax faster than FL tendons, possibly due to micro- 

amage which may already be occurring in UL tendons during the 

econd step of stress relaxation (8–16% strain). This is further sup- 

orted by the fact that 3 out of 10 UL tendons ruptured during 

he second step of stress relaxation whereas all FL tendons could 

ithstand 16% strain. 

.2. Increased fiber crimping due to reduced loading and fibril 

echanical response 

Our results show that differences in mechanical performance 

etween UL and FL tendons could originate from a combination of 

tructural factors at different length scales. In particular, as crimp 

traightening occurs at low strains, increased crimping after un- 

oading could explain the altered tendon mechanical response [51–

3] . Increased fiber crimping would increase the time required for 

he fibers to straighten and orient homogeneously. This is further 

upported by the significantly longer toe region observed for UL 

endons. A similar microstructure-mechanics relationship was hy- 

othesized for another collagenous connective tissue, the lower 

ermis [54] . Wavy collagen fiber bundles necessitate time for un- 

rimping and reorienting to straighten enough before being able 

o withstand the applied stress causing a lower dynamic modu- 

us compared to when thin fibers are more organized and densely 

acked. Furthermore, an in vitro study has previously shown how 

ollagen microstructure affects strain transmission and the overall 

iscoelastic behavior of the tissue [55] . When collagen is locally 
272
riented perpendicular to the loading direction, the structure can- 

ot support the tensile load at high strain values causing some lo- 

al micro-failure to occur by buckling. A similar scenario may oc- 

ur in UL tendons in specific regions where fibers are extremely 

rimped. When abrupt and substantial changes in fiber orientation 

ccur, the fibers can be, in small areas, almost perpendicular to the 

ain tendon axes. This exemplifies how the local architecture of 

he fibers, as crimp, can impact the tendon mechanical response. 

oreover, when fibers are more crimped and less homogeneously 

ligned as in UL tendons, they are also less efficiently packed (ex- 

ressed in this study as lower fiber density) which can further hin- 

er fiber recruitment. Additionally, the difference in structural or- 

anization between UL and FL tendons may affect the extent of 

liding of fibers and fibrils, as well as the ability of fibrils to reor- 

anize within the fibers. However, at the fibrillar level no substan- 

ial differences in fibril order were observed. In UL tendons, fib- 

ils exhibited a delayed mechanical response but, after the initial 

hase, presented a similar behavior to FL tendons. Although fib- 

il strain relaxation ratios were increased and fibril relaxation time 

as faster in UL than in FL tendons, the relationship between tis- 

ue to fibril level remained similar between the two groups. Con- 

equently, the differences in mechanical response between UL and 

L tendons are most likely not due to inherently different fibril 

roperties but are instead most likely translated from other length 

cales. However, interestingly, our in situ data showed that the re- 

axation of the fibrils is 10–20% slower than the relaxation at the 

rgan level. This is possibly due to the strain partitioning through 

ierarchical levels [ 56 , 57 ]. Previous mechanical studies on isolated 

brils revealed that, when extracted from the matrix, fibrils relax 
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aster than the whole organ [ 57 , 58 ]. However, fibrils are function-

lly discontinuous within the tendon tissue, which allows them to 

tretch and slide. Thereby the applied load is partitioned between 

ifferent structural levels [ 36 , 48 , 59 ]. 

Recently more and more studies have been showing the impor- 

ance of computational approaches to better understand the com- 

lex tendon biomechanics [ 32 , 60–62 ]. Experimental data from all 

endon hierarchical levels that consider the interactions occurring 

etween different length scales are needed to validate these com- 

utational models. Thus, the results presented in our study could 

e beneficial in the future to tune parameters necessary for mate- 

ial modeling [ 63 , 64 ]. 

.3. Compositional differences in tendon tissue due to reduced 

oading 

The extracellular matrix protein elastin dominates the mechan- 

cal response of highly flexible collagenous tissues like the heart 

alve, arteries and some ligaments [65–67] . Recent studies have 

hown that elastin also plays a role in tendon mechanical prop- 

rties [ 68 , 69 ]. Elastin mainly contributes to the tissue mechani- 

al behavior in the toe region of the stress–strain curve, and it 

an also contribute to load support in the linear region [70] . In 

act, elastin stabilizes the crimp wave-pattern at low strains eas- 

ng the recruitment of fibers during the passage to the linear re- 

ion of the stress–strain curve [71] . Consequently, elastin may help 

o prevent micro-structural failure during loading. Moreover, in 

he aortic valve leaflet elastin helps collagen fibers to return to 

heir specific configuration between successive loading cycles, and 

t is thus critical to maintain functional tissues that are cyclically 

oaded [72] . Our results indicate that in tendons elastin content 

ay slightly decrease as a consequence of reduced loading. In turn, 

his could cause a reduction in interfibrillar sliding and destabi- 

izing the crimp-pattern at low strains in UL tendons contributing 

o the biomechanical differences observed between UL and FL ten- 

ons. As in this study the tendons were exposed to reduced load- 

ng for 4 weeks, it would be of interest in the future to investigate

f a longer unloading would decrease elastin content further. 

Interestingly, our results show that cell density is significantly 

educed in UL compared to FL tendons. A decrease of tendon cells 

ay over time lead to macroscopic alterations in composition and 

tructure of the tissue, leading to altered mechanical properties 

 73 , 74 ]. Therefore, a longer period of reduced loading would also 

e of interest for future studies, as the effect of the cell reduction 

n extracellular matrix composition and structure may take longer 

o fully occur. 

Another important part for tendon structure and function is col- 

agen cross linking which was not investigated here. Cross links are 

ssential in preventing sliding by tying collagen triple helixes to 

ach other [ 8 , 75 ]. A reduced level of cross-links in tendon tissue

ould also be associated with reduced loading and altered mechan- 

cal properties, which can be of interest for future research. 

Although collagen is the main load-bearing component in ten- 

ons, non-collagenous proteins also play a part in tendon mechan- 

cs by affecting the bonding between fibrils [76] . Proteoglycans are 

undamental constituents of the extracellular matrix performing 

ifferent mechanical functions, e.g. transmitting tensile loads like 

ecorin [77] , or altering compressive stress, like aggrecans [78] . In 

endons, proteoglycans, being substantially less stiff than the fib- 

ils, can transfer some of the shear stress [78] . Even if this study 

id not reveal differences in proteoglycan content between UL and 

L tendons, future studies may show a connection between un- 

oading and other extracellular matrix proteins. 

Furthermore, manual measurements of the cross-sectional area 

CSA), indicted that UL tendons have 40–60% larger CSA compared 

o FL tendons (Supporting Information, Table S1). This could be 
273 
ssociated with an increase in water content, because of the less 

ffective fiber packing in UL tendons due to crimping. However, 

easurements of CSA in SR-PhC- μCT images only showed a 10% 

ncrease in UL vs FL loaded tendons (Supporting Information, Fig- 

re S10). The tomograms showed an increased presence of adi- 

ose deposits and other tissues surrounding the UL tendons (Sup- 

orting Information, Figure S10), which were most likely included 

n the manual measurements and could explain the differences 

etween the two measurements. This observation further under- 

ines the power and importance of using high resolution 3D imag- 

ng to accurately determine structural properties and elucidate the 

bserved differences in mechanical response. However, to avoid 

adiation induced damage, tendons mechanically probed in this 

tudy were not imaged before the test. Therefore, the calculations 

or mechanical properties still rely on manual CSA measurements, 

hich can be seen as a limitation. 

.4. Local variability of the intra-tendon structure 

Computational studies have demonstrated that deformations 

ithin Achilles tendons are region specific and closely linked to 

ariations in mechanical properties between the proximal (muscle 

ide) and distal (bone side) tendon [79] . In the proximal region, 

tress is ∼70% lower and stiffness is ∼30% lower than in the in- 

erior portion of the Achilles tendon [79] . In turn, these region- 

pecific variations in mechanical properties could be reconducted 

o structural and conformational differences. In human Achilles 

endons, fascicles close to the muscles can twist and, thereby re- 

istributing stress within the tissue [80] . In rat tendons, fascicles 

re not distinguishable. However, the 3 sub-tendons separate close 

o the muscles allowing for more effective twisting, as observed 

uring the ex situ mechanical tests in this study. The twisting al- 

ows strain concentrations in the tendon to be redistributed to 

ider areas, leading to higher effective tissue strength [80] . Our 

esults show that close to the tendon-muscle junction, fibers were 

ore crimped in both UL and FL tendons. The reason for this 

ould be that at the tendon-muscle junction, the fibers become 

xtremely rippled to effectively intercalate with the muscles (Sup- 

orting Information, Figure S9). Longitudinal differences in struc- 

ure and mechanical properties may allow the muscle junction por- 

ion of the tendon to function as a mechanical buffer to protect 

he stiffer lower portion of the Achilles tendon from injury. How- 

ver, in FL tendons there is a clear distinction between the struc- 

ural order in the center and close to the muscles, whereas in the 

L tendons fiber organization is more similar between the two 

egions. 

We have also shown that SOL fibers are significantly less ori- 

nted than MG and LG fibers. Mechanical differences between 

he SOL sub-tendon and the other two sub-tendons have previ- 

usly been observed, showing that the SOL strains almost twice 

s much as MG and LG when all muscles are stimulated simul- 

aneously [ 81 , 82 ]. Furthermore, the anterior part of the Achilles 

endon, where the SOL is located, elongates and strains more than 

he posterior part, where MG and LG are located [ 81 , 82 ]. Our re-

ults indicate that the higher levels of crimping in the SOL could 

e the reason why this sub-tendon can sustain higher strain com- 

ared to MG and LG sub-tendons [ 83 , 84 ]. Additionally, previous 

tudies have suggested that heterogeneous loading within the ten- 

on leads to non-uniform stress distribution, which causes tendons 

o be more prone to injury [85] . Therefore, further investigations 

f these aspects could be of great interest. The use of synchrotron 

-ray tomography in combination with in situ mechanical loading 

nd digital volume correlation [86–88] could represent a success- 

ul approach to elucidate the complex relation between local tissue 

trains, the specific microstructure in Achilles sub-tendons and in 

ivo loading regimes. 
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. Conclusions 

Lack of physiological mechanical loading can have detrimen- 

al effects on tendon structure and mechanical properties. This 

ultiscale and multimodal study provides new insights about the 

elation between in vivo loading, the Achilles tendon nano- to 

eso– structure and tendon mechanical properties. For the first 

ime, we have visualized and explained where the altered me- 

hanical response originates from. We have shown that structural 

roperties, such as orientation, are transmitted through hierarchi- 

al levels, and that structural inhomogeneity at the fiber-level, 

aused by reduced in vivo loading, impairs the viscoelastic prop- 

rties of the Achilles tendon. Additionally, reduced loading de- 

reases cell density which could impair the turnover capacity in 

he tissue and thus the structure and composition and mechan- 

cal properties of the tendon. The results provide novel under- 

tanding of the mechano-regulatory mechanisms that regulate the 

tructural organization and biomechanics of a complex collagen- 

ased tissue. In the future, these findings might help to design 

ailored rehabilitation protocols, after a period of immobilization, 

o better regain performance for tendons or other collagen-based 

issues. 
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