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Abstract 

The composition of extracellular matrix (ECM) in tendon depends on the secretion profile of 

resident cells known as tenocytes. For tissues with a mechanical role like tendon, mechanical 

strain is known to play an important role in determining the secretion profile of resident cells. 

Previously we explored the idea of estimating average concentrations of ECM molecules as a 

function of tendon strain environment, i.e. tendon strain and number of loading cycles. 

Specifically, we developed a model of the mechanical fatigue damage of tendon collagen 

fibers and introduced elementary cell responses (ECRs) by which local cellular level events, 

combined with the fatigue damage model, were scaled up to predict tissue level responses. 

Using this approach, we demonstrated that the proposed model is capable of estimating 

average concentrations of ECM molecules that qualitatively accord with experimental 

observations. In this study, we extend this approach to consider the implications of a non-

uniform collagen fiber distribution and the influence of time delay when repairing damaged 

collagen fibers. We focus on the average tenocyte secretion profile for active transforming 

growth factor beta (TGF-β). We find that increasing fiber length dispersion and/or increasing 

repair delay leads to increasing  active TGF-β concentrations and less sensitivity to tendon 

strain on the average secretion profile of active TGF-β.  

Keywords: Tendon extracellular matrix, Strain, Fiber damage, TGF-β, Collagen.    
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1 Introduction 

Tendon tissue undergoes constant remodeling (1-3). In a previous study, we adopted this idea 

and first developed the new concept of an Elementary Cell Response (ECR) (4). An ECR 

defines a normal reference secretion profile of a molecule by a tenocyte in response to the 

tenocyte’s local strain (4). We then developed a mechanical fatigue model of tendon tissue 

describing the relationship between tendon straining conditions, i.e. tendon tissue strains and 

number of loading cycles, and the portion of collagen fibers that are damaged by fatigue. 

Damaged fibers in our model are taken to be broken, so experience no further strain until they 

are repaired. We then combined the ECRs with the amount of fatigue damage using an 

upscaling scheme to predict the average concentrations, referred to as tissue-level response 

(TLR), of various molecules in the ECM of a tendon that is subject to different straining 

conditions.  

Our model predictions are consistent with experimental findings made in numerous studies of 

loaded tendon. Our main finding from the previous study indicates ‘U-shaped’ (for some 

inverted) TLRs for our molecules of interest as tensional strain and number of loading cycles 

in tendon is increased from zero up to damaging levels (4).  

In this paper we wish to explore the implications of non-uniform collagen fiber length 

distributions (5), and time delays in the repair of damaged collagen fibers on tendon 

composition. For brevity, we particularly focus our attention on average secretion profile of 

TGF-β in tendon, for it is known that active TGF-β is a master regulator of cell 

differentiation, proliferation and ECM production in tendon (6, 7). Indeed, it has been shown 

that TGF-β is essential for tendon formation (8). While several other anabolic molecules play 

important roles in ECM regulation including IGF-1, PDGF and bFGF, we take TGF-β as 

being representative of all anabolic growth factors in tendon tissue (9, 10). 
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Here we assume a normal distribution of collagen fiber lengths and we use the fiber damage 

data and the TGF-β ECR that we developed in our previous work (4) in an upscaling scheme 

to calculate TLRs of TGF-β. To account for cumulative tendon fiber damage and repair over 

time we discretize time. Fiber damage at each time interval is calculated as a function of 

tendon strain conditions at that interval and added to the residual damage from previous time 

intervals. To account for repair we introduce time-dependent repair responses initiated by 

mechanical damage sustained at each time interval. This allows us to predict the tissue level 

concentrations for active TGF-β with tendon strain under a variety of conditions. 

2 Methods 

In this section, we first define a normal distribution of fibers from which we calculate fiber 

strains from tendon strain. We then calculate probability of damage for different fibers at 

different tendon straining conditions, i.e. tendon strains and number of loading cycles, using a 

fatigue damage model. Damage data is used to re-estimate fiber strains, which are then used 

to calculate TLRs as a function of tendon straining conditions. Finally, we introduce a 

damage initiated repair model to account for a time dependent repair response. Each of these 

model components are described in turn. 

2.1 Fiber distribution 

To capture the non-uniform fiber length distribution in tendons (11, 12), we adopt a truncated 

normal probability distribution though it is likely that actual distribution of fiber lengths in 

tendons may depart somewhat from this idealization. Using this assumption, the relative 

frequency of fibers at length 𝐿f can be estimated by the total probability of a fiber length 

between 𝐿f and 𝐿f + 𝑑𝐿f, expressed by: 

𝑝F = 𝒩𝐿μ

𝜎T(𝐿f) ⋅ 𝑑𝐿f (1) 



2 Methods Tendon Secretion Model 

 

 Page 5 

 

where 𝒩𝐿μ

𝜎T is the normal density function of the fiber at length 𝐿f in a population of fibers 

with mean fiber length 𝐿μ and standard deviation (SD) of 𝜎T. The mean fiber length in our 

model is taken to be also representative of the tendon length (𝐿T ≈ 𝐿μ) and relative 

frequencies of fibers with lengths 𝐿f < 𝐿μ − 3𝜎T or 𝐿𝑓 > 𝐿μ + 3𝜎T are assumed to be 

negligible (Figure 1).  

Using the above assumptions, the strain experienced by a fiber of length 𝐿f in a tendon 

undergoing tensional strain 𝜀T is: 

𝜀f = {

(𝐿T + 𝐿T ⋅ 𝜀T) − 𝐿f

𝐿f
if 𝐿T + 𝐿T ⋅ 𝜀T > 𝐿f

0 if 𝐿T + 𝐿T ⋅ 𝜀T ≤ 𝐿f

 (2) 

Choosing the above definitions of tendon length and fiber straining, even for very small 

amounts of tendon strain, the shorter half of the fiber population is strained in the reference 

state, see equation (2). For the relatively small physiological fiber length SDs ≤ 4% 

considered in our study, making the assumption 𝐿T ≈ 𝐿𝜇, enables us to conveniently compare 

secretion profiles of tendons of identical lengths and straining conditions while only varying 

their fiber length SD.  

Defining the normalized length of a fiber by 𝑙f = 𝐿f/𝐿T we can decouple our calculations 

from any specific tendon lengths and focus our attention on relative changes in the fiber 

length distribution. Thus relative frequency of a fiber at normalized length 𝑙f for the 

normalized SD of 𝜎 = 𝜎T/𝐿T is estimated by: 

𝑝f = 𝒩1
𝜎(𝑙f) ⋅ 𝑑𝑙f (3) 

Consequently fiber strain of a normalized fiber length 𝑙f is expressed by: 

𝜀f = {

1

𝑙f

(1 + 𝜀T) − 1 if 1 + 𝜀T > 𝑙f

0 if 1 + 𝜀T ≤ 𝑙f

 (4) 
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2.2 Damage model 

Cyclic stimulation of tendons is known to induce damage to this tissue (13-15). This activity-

dependent damage is collectively referred to as ‘mechanical fatigue damage’ (14, 16-21). The 

fatigue response of human Achilles tendon to cyclic mechanical loading is best demonstrated 

in the experimental studies of Wren TAL et al. (19).  

To quantify damage to individual tendon fibers at different tendon straining conditions, we 

adopted the fatigue curve from Wren TAL et al. (19) and interposed a generic exponential 

cumulative damage probability function to represent a graded damage response for the whole 

tendon (22). Details of our mechanical damage function can be found in our previous paper 

(4). Assuming the whole-tendon fatigue curve of Wren TAL et al. (19) also for individual 

fibers, probability of mechanical damage to a fiber of normalized length 𝑙f subject to the 

loading conditions: fiber strain 𝜀f and number of loading cycles N, is expressed by equation 

(5).  

𝑃M(𝜀f, 𝑁) = −𝛽 + 𝛽 ⋅ exp (𝛼
𝑁

𝑁fail
)  (5) 

where  𝑁fail(𝜀f, 𝑁) is the number of loading cycles to failure for a given fiber straining 

condition defined from the experimental data of Wren TAL et al. (4, 19). The parameters, 

𝛼 = 4.4 and 𝛽 = 0.0125 are fitting constants and can be altered for different damage 

sensitivity requirements (4).  

2.3 Estimating the tissue level response for active TGF-β concentration 

Cellular deformation and secretion profile in response to the tendon strain is believed to occur 

by binding of tenocytes, via integrins and other surface receptors, to the ECM proteins such 

as collagen and fibronectin (23). There are potentially scores of signaling molecules present 

in tendon tissue (3, 13, 24, 25), and so scores of ECRs. Clearly different molecules will be of 

interest depending on the particular application. For simplicity, here we select transforming 
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growth factor β (TGF-β) as representative of all anabolic signaling molecules (which induces 

tenocytes to increase secretion of collagen Type I and aggrecan). Here we focus on active 

TGF-β rather than latent TGF-β (6, 10). It is important to note that the methods introduced in 

this section are applicable to other molecules of interest. In our previous work (4), we defined 

the average tissue-level concentration of a molecule, referred to as tissue-level response 

(TLR), in terms of an average volume integral of individual cells ECRs, expressed by: 

𝑐�̅� = ∑
∫ 𝑐𝑖

𝑗
⋅ 𝐻(𝑉 − 𝑣𝑖

𝑗
)𝑑𝑉

∫ 𝑑𝑉

𝑛

𝑗=1

≈
∑ 𝑐𝑖

𝑗
⋅ 𝑣𝑖

𝑗𝑛
𝑗=1

∑ 𝑣𝑖
𝑗𝑛

𝑗=1

≈
∑ 𝑐𝑖

𝑗𝑛
𝑗=1

𝑛
 (6) 

where 𝑖 and 𝑗 indexes refer to the 𝑖th molecule and the 𝑗th cell, 𝑐𝑖 and 𝑐�̅� respectively refer to 

the ECR and TLR of molecule 𝑖. Total number of tenocytes is denoted by 𝑛, and 𝐻 refers to 

an indicator function that is zero for the entire tissue except over the local volume 𝑣𝑖
𝑗
, where 

it is equal to one. For simplicity, we may assume uniform local volumes for all cells and 

secreted molecules (𝑣𝑖
𝑗

= 𝑣). 

For a tendon consisting fibers of different lengths, the TLR of the 𝑖𝑡ℎ molecule at a given 

tendon straining condition, i.e. tendon strain 𝜀T and number of loading cycles 𝑁, is a 

weighted sum of the ECRs of tenocytes associated with the damaged and the remaining intact 

fibers, that is: 

𝑐�̅�(𝜀T, 𝑁) =
∫ [𝑅D

f ⋅ 𝑐𝑖(𝜀c = 0) + 𝑅I
f ⋅ 𝑐𝑖(𝜀c = 𝜀f)] ⋅ 𝑛f ⋅ 𝑝f

𝑙f
max

𝑙f
min

∫ 𝑛f ⋅ 𝑝f
𝑙f

max

𝑙f
min

 (7) 

where 𝑛f is the number of tenocytes per a fiber of length 𝑙f, taken to be identical for all the 

fibers of length 𝑙f. 𝑐𝑖(𝜀c) refers to the ECR of the 𝑖th molecule, 𝑅D
f  and 𝑅I

f respectively refer to 

the total fractions of damaged and intact fibers at fibers of normalized length 𝑙f. Boundaries 

of integration, 𝑙f
min and 𝑙f

max respectively refer to the normalized lengths of shortest and 
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longest fibers in tendon, and 𝑝f refers to the relative frequency of fibers at normalized length 

𝑙f. Assuming an equal number of tenocytes associated with every fiber, equation (7) is 

simplified to: 

𝑐�̅�(𝜀T, 𝑁) = ∫ [𝑅D
f ⋅ 𝑐𝑖(𝜀c = 0) + 𝑅I

f ⋅ 𝑐𝑖(𝜀c = 𝜀f)] ⋅ 𝑝f

𝑙f
max

𝑙f
min

 (8) 

2.4 Tendon damage and repair over time 

Virtually all cell signaling responses to mechanical and chemical stimuli develop over time 

and tenocytes are no exception (26). To maintain tendon homeostasis, tenocytes constantly 

adjust their secretion profile to remove damaged and unwanted tissue while then repairing 

damaged ECM (2, 25). 

In order to investigate the implications of repair delay on ECM composition over time, we 

propose a simple time-dependent damage and repair model, as shown in Figure 2. In this 

figure, time is divided into discretized intervals (Δ𝑡𝑖) at the end of which all mechanical 

damage sustained by the intact fibers during the interval is represented by a step function (𝑃𝑖). 

Time-dependent repair response of the 𝑖th interval (𝑄𝑖) triggers at the end of the interval in 

response to the interval damage 𝑃𝑖. Initiation and development of an internal repair response 

is independent of other intervals, Figure 2. Tendon composition and loading conditions 

during a single interval are taken to be constant and are updated at the end of each interval. 

In Figure 2, 𝑡𝑖 indicates the end of the 𝑖𝑡ℎ time interval with 𝑡0 denoting the start of 

observations. Using the notions in this figure, the total residual mechanical damage 

(accumulated damage) of fibers at length 𝑙f at a given time 𝑡 > 𝑡1 can be expressed by the 

following expression: 

𝑃R
f (𝑡) = {

 ∑ 𝑅I
f(𝑡𝑖−1) ⋅ (𝑃𝑖

f(𝑡) − 𝑄𝑖
f(𝑡))

𝑇

𝑖=1

for 𝑡 ≥ 𝑡1 

 0 for 𝑡 < 𝑡1

 (9) 
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𝑇 = 𝑛    for 𝑡𝑛 ≤ 𝑡 < 𝑡𝑛+1 (10) 

𝑅I
f(𝑡𝑛) = 1 − 𝑃R

f (𝑡𝑛) (11) 

Where 𝑃R
f ≤ 1 represent the total residual damage, 0 ≤ 𝑃𝑖

f ≤ 1 is the probability of 

mechanical damage of fibers of length 𝑙f, subject to fiber strains 𝜀f and loading cycles 𝑁 

during the 𝑖th time interval. Assuming loading conditions to remain constant during the time 

intervals, the step function representing damage at the end of the 𝑖th interval can be expressed 

by: 

𝑃𝑖
f(𝑡) = {

𝑃M(𝜀f(𝑡𝑖), 𝑁(𝑡𝑖)) for 𝑡 ≥ 𝑡𝑖

0 for 𝑡 < 𝑡𝑖

 (12) 

where 𝜀f(𝑡𝑖) and 𝑁(𝑡𝑖) represent the fiber strain and number of cycles during the 𝑖th interval. 

In equation (9), 𝑅I
f ≥ 0 denotes the fraction of intact fibers of length 𝑙f at the beginning of the 

𝑖𝑡ℎ interval. A positive residual damage indicates fewer intact collagen fibers in tendon (i.e. 

𝑅I
f < 1) whereas a negative residual damage indicates an adaptive repair response resulting in 

new collagen fiber formation and tendon strengthening (i.e. 𝑅I
f ≥ 1). The effect of residual 

damage on tendon straining conditions over time is discussed later in this section. 

Using the notion of damage and repair and assuming equal number of tenocytes associated 

with all fibers, the TLR expressed in equation (3) can now be re-written as: 

𝑐�̅�(𝜀T, 𝑁, 𝑡) =
∫ [𝑅D

f (𝑡) ⋅ 𝑐𝑖(0) + 𝑅I
f(𝑡) ⋅ 𝑐𝑖(𝜀f)] ⋅ 𝑝f

𝑙f
max

𝑙f
min

∫ 𝑅T
f (𝑡) ⋅ 𝑝f

𝑙f
max

𝑙f
min

 (13) 

𝑅D
f = 𝑃R

f ⋅ 𝐻(𝑃R
f ) (14) 

𝑅T
f (𝑡) = 𝑅D

f (𝑡) + 𝑅I
f(𝑡) (15) 

where 𝑝f is the initial relative frequency of fibers of normalized length 𝑙f and 𝑅T
f (𝑡) refers to 

the total fraction of collagen fibers at normalized length 𝑙f. In general 𝑅T
f ≥ 1 where it can 

assume values greater than one in an adaptive repair response wherein total number (or cross 
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sectional area) of collagen fibers increases. In equation (14), 𝐻 represents the Heaviside step 

function and is used such that the fraction of damaged functions is always: 0 ≤ 𝑅D
f ≤ 1. 

2.5 Modelling repair response 

To represent the repair response at any given time, and recognizing there are upper and lower 

limits to nearly all cellular responses (26), we adopt a general Hill function: 

𝑄𝑖(𝑡) = {

𝑄𝑖
max ⋅  (𝑡 − 𝑡𝑖 − 𝑏𝑖)

𝛾𝑖

(𝑄𝑖
m)𝛾𝑖 + (𝑡 − 𝑡𝑖 − 𝑏𝑖)𝛾𝑖

for 𝑡 ≥ 𝑡𝑖

0 for 𝑡 < 𝑡𝑖

 (16) 

where 𝑄𝑖 is the repair response to the mechanical damage 𝑃𝑖 sustained during the 𝑖th interval 

as expressed by equation (7). 𝑄𝑖
max is the maximum repair response. 𝑄𝑖

max < 𝑃𝑖 results in a 

positive residual damage that eventually leads to tendon degeneration, whereas 𝑄𝑖
max ≥ 𝑃𝑖 is 

indicative of an adaptive repair response involving fiber growth (either in number or 

diameter). For simplicity, in the present study, we only consider the cases where maximum 

repair capacity of an interval is equal to the damage sustained at that corresponding interval 

(𝑄𝑖
max = 𝑃𝑖). 

In equation (16) 𝑏𝑖 is an initiation offset and 𝑄𝑖
m indicates the time from initiation until repair 

reaches half its maximum capacity, see Figure 3. The exponent 𝛾𝑖 controls the response rate. 

Defining 𝑘%-repair delay (for 0 < 𝑘 ≤ 100) as the time from trigger to the time repair 

reaches 𝑘% of 𝑄𝑖
max, then we have:  

𝑡𝑖
𝑘 = 𝑄𝑖

m ⋅ √
𝑘

1 − 𝑘

𝛾

 (17) 

Thus the time for response to reach 50% and 90% of its maximum capacity are: 

𝑡𝑖
50% = 𝑄𝑖

m (18) 

𝑡𝑖
90% = 𝑄𝑖

m ⋅ √9
𝛾

 (19) 
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Hereafter we estimate the total repair completion delay by the 90% repair delay time using 

equation (19). In practice all the parameters in equation (16) are dependent on bio-mechano-

chemical conditions.  

2.6 Tendon adaptation and straining over time 

Under constant tendon force, as collagen fibers are damaged, the strain on the remaining 

intact fibers increases. To quantify this effect, here we propose a simple model to calculate 

tendon strain at a given time as a function of initial tendon strain (𝜀0) and the fraction of 

intact fibers. 

For a tendon that is subject to a tensional loading force (𝐹T), tendon strain (𝜀T) can be 

expressed by the familiar stress-strain relation: 

𝐹T

𝐴T
= 𝐸f ⋅ 𝜀T (20) 

In equation (20) we choose 𝐴T to be representative of the total cross sectional area of the 

intact (load bearing) collagen fibers at any given time. We also assume a constant and 

uniform Young’s modulus for all collagen fibers is a scaled version of tendon’s apparent 

Young’s modulus, i.e.: 𝐸f = 𝑎 ⋅ 𝐸T. Note that the actual values of 𝐸𝑇 and the scaling factor 𝑎 

do not affect the following calculations. 

Accumulation of mechanical damage following tendon use leads to a lower fraction of intact 

fibers in tendon and thus a lower 𝐴T. In contrast, for an adaptive repair response, the fraction 

of intact fibers and 𝐴T increases. The total cross sectional area of intact fibers at any time t is: 

𝐴T(𝑡) = ∫ 𝐴f ⋅ 𝑅I
f(𝑡) ⋅ 𝑝f

𝑙f
max

𝑙f
min

 (21) 

where 𝐴f is the cross sectional area of fibers, taken to be uniform for all fibers. Rearranging 

equation (20), the tendon strain ratio from one interval to the next can be expressed by: 
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𝜀T(𝑡𝑖+1)

𝜀T(𝑡𝑖)
=

𝐹T(𝑡𝑖+1)

𝐹T(𝑡𝑖)
⋅

𝐴T(𝑡𝑖)

𝐴T(𝑡𝑖+1)
  (22) 

Assuming constant tendon force across all time intervals, i.e.: 𝐹T(𝑡𝑖) = 𝐹 that is 

representative of a constant activity intensity for all intervals, tendon strain at time 𝑡 can now 

be calculated using: 

𝜀T(𝑡) =
𝜀0

∫ 𝑅I
f(𝑡) ⋅ 𝑝(𝑙f)

𝑙f
max

𝑙f
min

  
(23) 

where 𝜀0 = 𝜀T(𝑡0) is the initial tendon strain during the first time interval (Figure 2). If 

residual damage is increasing over time, tendon strain, thus fiber strain, in response to a 

constant tendon force progressively increases. This progressive increase in tendon strain, 

leads to higher probability of fiber damage in subsequent time intervals, leading to further 

changes in secretion profile of tenocytes. 

3 Results 

In this section, we first present the results on the effect of fiber length distribution on TLRs of 

TGF-β at equilibrium without including a repair response. We then explore the effects of both 

fiber length distribution and repair delay on TLRs and tendon integrity over time.  

Repair delay time in our results refers to the uniform 90%-repair delay for all fiber lengths 

(𝑡90%), as defined in equation (19). Time and repair delays in this section are presented as 

integer multiples of the length of an interval (𝑡𝑖 − 𝑡𝑖−1). Depending on the chosen 

computational resolution, interval lengths can vary. Nevertheless for practical reasons and to 

accord with the reported average activity levels of human Achilles tendon, i.e. 5,000 loading 

cycles per day on average (27), interval lengths in the present study are chosen to represent 

24-hours.  
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3.1 Effect of fiber length distribution on equilibrium TLRs 

The ECR and the corresponding TLRs of TGF-β at equilibrium for a range of fiber length 

SDs and tendon straining conditions, i.e. tendon strains and number of loading cycles, are 

shown in Figure 4. In TLR calculations of Figure 4 (b, I to IV) no repair process is explicitly 

involved. For all straining condition data points of TLRs, all collagen fibers are assumed to 

be initially intact, then tendons are subjected to only one interval of straining and the TLRs 

are reported. As indicated by these plots, higher fiber length SDs generally lead to flatter and 

more elevated minima in the TGF-β TLRs. 

3.2 Effect of fiber length distribution and repair delay on equilibrium TLRs 

To explicitly account for both the fiber distribution and delay in the repair process, 

simulations under constant tendon loading conditions are run until mechanical damage, 

residual damage, tendon strain and TLRs all reach steady state (i.e. reach equilibrium). Figure 

5 demonstrates a sample case for an initially intact tendon with fiber length SD = 2%, 

constant repair delay = 4t, constant tendon force corresponding to an initial tendon strain (𝜀0) 

= 4% with constant number of loading cycles (𝑁) = 5,000 cycles per interval. As shown for 

the time delay = 4t , interval mechanical damage (𝑃M), residual damage (𝑃R), tendon strain 

(𝜀T) and TGF-β TLR reach steady levels only after the 10
th

 interval. 

For simplicity, in all time-dependent case studies of this section (Figures 5 to 7), the applied 

tendon force, repair delay and loading cycles (𝑁 = 5,000) (27) are kept constant for all 

intervals. Furthermore, the maximum magnitude of repair response from an interval is taken 

to be equal to the magnitude of the corresponding interval’s mechanical damage (𝑄𝑖
max = 𝑃𝑖) 

disregarding any potential for impaired repair or adaptive responses.  

Figure 6 (part I and part II) presents TGF-β TLRs of tendons obtained after reaching steady 

state for a range of initial tendon strains (columns a to d), fiber length distributions (top to 
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bottom rows), and repair delays (inside legends 0 ≤ 𝑡90% ≤ 10𝑡). Intact tendons are first 

subjected to the reported initial strains 𝜀0 and number of loading cycles per interval. 

Simulations are run to reach steady state involving the repair response. After reaching steady 

state, tendons are subjected to the new straining conditions independently and simulations are 

run to reach new steady states. The TGF-β TLR values are then reported as demonstrated in 

Figure 6. We observe that tendon loading conditions (including initial and subsequent tendon 

strain levels and number of loading cycles per interval) and tendon characteristics (fiber 

length SD and repair delay) all affect the TLRs. In particular higher initial tendon strains, 

higher fiber length SDs and longer repair delays lead to flatter and more elevated levels of 

TGF-β TLRs as shown in Figure 6.  

Figure 7 (part I and part II) shows the progressive increase in the steady state levels of 

interval residual damage, tendon strain and TGF-β TLRs (respectively from top to bottom 

row), as tendon initial strain, repair delay and fiber length SD are increased. Results are 

explicitly plotted for initial tendon strain 3% ≤ 𝜀0 ≤ 6% and number of loading cycles 

𝑁 = 5,000 per interval, fiber length distribution 0% ≤ SD ≤ 3% and repair delays 0 ≤

𝑡90% ≤ 10𝑡. Cases where the steady state tendon residual damage ≥ 50% are of particular 

interest as they all result in steady state tendon strain levels ≥ 10%,
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4 Discussion 

There have been two major contending hypotheses on the underlying cellular mechanisms of 

disruption of tendon homeostasis (4, 5, 23, 28). The first hypothesis associates abnormal 

tissue changes to high cyclical loading of tenocytes, secondary to tissue over-straining, 

pushing tenocytes towards catabolic secretion profiles (29-31). The alternate hypothesis 

proposes under-straining of tenocytes as the origin of catabolic secretion profiles for both 

under and over-straining conditions (23, 32, 33). Our first paper demonstrated a quantitative 

computational model that generated model predictions consistent with the second hypothesis 

(4). 

In this study we extended our previous model to exploring the important implications of non-

uniform collagen fiber length distributions and time delays in the repair of damaged collagen 

fibers on TLRs of the specific molecule active TGF-β in tendons. The key finding, shown in 

Figures 4 and 6, is that the TLRs are qualitatively consistent with the U-shape results 

obtained in our previous study (4). However, the TLRs in Figures 4 and 6 indicate that both 

widely dispersed fiber lengths and long repair delays reduce responsiveness of tendon ECM 

concentrations to tendon loading conditions. In vivo this implies a reduction in the tendon’s 

capacity to maintain tissue homeostasis or adapt when challenged by new environmental 

loadings.  

Tendon stiffness is shown to decrease with age (34, 35) thus experiencing higher strains com-

pared to the same load at a younger age. The stiffening of tendon in response to tendon train-

ing has been reported in numerous studies (36-40). Mechanisms such as tendon hypertrophy 

and changes in material properties of tendon have often been postulated as the underlying 

causes of this phenomenon (41, 42). Interestingly though, Woo et al. observed a marked in-

crease in stiffness of digital flexor tendons of miniature swine after 12 months of exercise, 

with no significant change in collagen content and only moderate tendon hypertrophy (36).  
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Similar observations of increased tendon Young’s modulus, with no significant increase in 

tendon cross sectional area (40), along with Figure 8 may suggest an alternative (or compli-

mentary) mechanism to tendon stiffening, i.e. homogenization of tendon fiber lengths. 

Interestingly, in Figure 4 the extrema in the midsection of TLRs of tendons with lower fiber 

length dispersions (SD < 2%), reach the homeostatic levels of their corresponding ECRs for 

tendon straining conditions that fall very well within the reported normal range of daily 

activity of humans and animals, i.e. 3% ≤ 𝜀T ≤ 6% (41, 43, 44) and 5,000 ≤ 𝑁 ≤ 8,000 

(27). Our results from a separate study of Achilles tendon remodeling over time, also point to 

a favorable fiber length SD of around 1-2% (5). This fiber length SD is favorable in the sense 

of minimizing both collagen turnover and muscle activation energy cost during normal daily 

activity (5). 

A closer inspection of Figures 6 and 7 demonstrates the relative order of interaction of the 

studied parameters, initial tendon strain (𝜀0), fiber length distribution (SD) and damage repair 

(𝑡90%) with the steady state TLRs of TGF-β. At low initial tendon strains 𝜀0 = 3% 

corresponding with lower tendon force, as observed by the plots of Figure 6 (part I, column 

a), TGF-β trends are mainly affected by the change in fiber length distribution. This is clearly 

demonstrated by the elevated levels of minimum TGF-β trends from top row (SD = 1%) to 

the bottom row (SD = 3%). TGF-β trends in tendons with various repair delays are relatively 

aligned showing lower sensitivity of TGF-β TLRs to repair delay relative to fiber length 

distribution at low intensity tendon straining conditions. Figure 7 highlights the strong effect 

of initial tendon strain (columns a to d) and then fiber length distribution (inside legends) and 

then repair delay (x-axis), correspondingly, in perturbing the steady-state tendon markers. For 

a uniform distribution of fiber lengths (SD = 0%), tendon markers remain relatively 

unchanged for all variations in initial tendon strain and repair delay. Yet, for more realistic 

fiber length distributions SD>0% almost all tendon markers changes with a change in the 
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other two parameters. Once again, for low initial tendon strains, change in tendon markers is 

mostly affected by fiber length distributions rather than repair delay. However, as initial 

tendon strain increases (from column a to d), tendon marker plots of Figure 7 start to 

demonstrate highly non-linear behavior, leading to tendon failure, that is more pronounced as 

fiber length SD increases (inside legends).  

Like any other, this study comes with a number of assumptions that limit the scope and 

accuracy of our results. To focus our attention on the effect of fiber length distribution and 

repair delay, here we assumed a normal distribution for collagen fiber lengths and uniform 

collagen fiber cross sectional area. Relaxing the assumptions on these parameters decouples 

our calculations from choosing only a limited range of available data and makes the 

framework applicable to a range of anatomically different tendons. 

Here, all damaged fibers are assumed to be repaired to their initial length, disregarding the 

lengthening or shortening effects of mechanical and proteolytic modes of damage. With the 

dynamic and complex physiology of tendon tissue, future work incorporating such details 

with a more detailed view of the transient changes to tendon ECM in a damage and repair 

process is warranted.  
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Conclusion 

Tendon homeostasis, damage, healing and adaption are greatly affected by its mechanical 

environment (1, 5). In the present study, focusing our attention particularly on average 

secretion profile of TGF-β, we explored the implications of varying fiber length distributions 

as well as delay in repair of damaged collagen fibers on molecular composition of tendon 

ECM over time. In qualitative agreement with results from our previous study and a number 

of in vivo an in vitro observations, our results predicted U-shaped tissue level TGF-beta 

concentrations, referred to as tissue level responses (TLR), as a function of tissue straining 

conditions. But most importantly, these TLRs indicate that both widely dispersed fiber 

lengths and long repair delays lead to elevated TGF-β  concentrations and a reduced 

responsiveness of TGF-β concentration to tendon loading conditions. In vivo this implies a 

reduction in tendon’s capacity to maintain tissue homeostasis or adapt when challenged by 

new environmental loads. Future work investigating other molecules and defining failure 

zones will provide further insight in the dynamics of tendon adaptation. 
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Figure Legend 

Figure 1. Differential fiber straining and damage in a non-uniform fiber length tendon. 

Short fibers (𝐿f < 𝐿μ) experience higher strains and more susceptible to mechanical damage 

leading to lower straining of local tenocytes. Long fibers (𝐿f > 𝐿μ) experience lower strains 

thus delivering lower strains to the local tenocytes. 

Figure 2. Tendon damage and delayed repair response. Time is discretized into intervals. 

Step functions (𝑃𝑖) represent probability of fiber damage during the 𝑖th time interval, all 

sustained at the end of the interval, and the curves (𝑄𝑖) represent the delayed repair in 

response to the interval damage 𝑃𝑖. 

Figure 3. Repair response modelling. The step function 𝑃𝑖 represents the fraction of fibers 

damaged during the 𝑖th interval and 𝑄𝑖(𝑡) represents the time-dependent repair response to 𝑃𝑖. 

Figure 4. Cell and tissue-level response of TGF-β at equilibrium. a) Elementary cell 

response (ECR) for TGF-β as a function of cell strain, b) Average tissue-level response (TLR) 

as a function of tendon tissue strain and number of loading cycles (N) for a range of fiber 

length standard deviations (SD = 0%, 1%, 2% and 4%), I to IV respectively. 

Figure 5. Approach to steady state for a transient tendon repair and damage model. a) 

interval damage 𝑃M and repair 𝑄 at different time intervals, b) interval damage 𝑃M and 

residual damage 𝑃R reach steady state values after the 10
th

 time interval, c) tendon strain 𝜀T 

and average tissue level TGF-β reach steady state after the 10
th

 time interval. Results are 

plotted for an initially intact tendon with fiber length distribution SD = 2%, subject to N = 

5,000 loading cycles per interval, initial tendon strain 𝜀0 = 4%, and uniform repair delay 

𝑡90% = 4𝑡. 
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Figure 6. (part I). Steady state TGF-β TLRs in a delayed damage and repair response. 

Results are reported for initial tendon strains (a) 𝜀0 = 3%, and (b) 4%; initial fiber length 

distributions with SD = 1%, 2% and 3% (top to bottom row) and tendon repair delays 𝑡90% = 

0 to 10t (inside legends). 

Figure 6. (part II). Steady state TGF-β TLRs in a delayed damage and repair response. 

Results are reported for initial tendon strains (c) 𝜀0 = 5%, and (d) 6%; initial fiber length 

distributions with SD = 1%, 2% and 3% (top to bottom row) and tendon repair delays 𝑡90% = 

0 to 10t (inside legends). 

Figure 7 (part I). Steady-state tendon markers in a delayed damage and repair 

response. Results are reported for tendon characteristics (repair delay and fiber length SD) 

and tendon straining conditions, N = 5,000 cycles, initial tendon strain: a) 𝜀0 = 3%, b) 

𝜀0 = 4%. 

Figure 7 (part II). Steady-state tendon markers in a delayed damage and repair 

response. Results are reported for tendon characteristics (repair delay and fiber length SD) 

and tendon straining conditions, N = 5,000 cycles, initial tendon strain: c) 𝜀0 = 5%, d) 

𝜀0 = 6%. 

Figure 8. Effect of fiber length distribution on tendon stiffness. Tendons with lower fiber 

length SD, exhibit higher stiffness. All tendons are of identical length and identical number of 

fibers with varying fiber length SDs. Tendon forces are normalized to a tendon with uniform 

fiber length (SD = 0%). 
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Figure 1. Differential fiber straining and damage in a non-uniform fiber length tendon. 
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Figure 2. Tendon damage and delayed repair response. Time is discretized into intervals. 

Step functions (𝑃𝑖) represent probability of fiber damage during the 𝑖th time interval, all 

sustained at the end of the interval, and the curves (𝑄𝑖) represent the delayed repair in 

response to the interval damage 𝑃𝑖. 
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Figure 3. Repair response modelling. The step function 𝑃𝑖 represents the fraction of fibers 

damaged during the 𝑖th interval and 𝑄𝑖(𝑡) represents the time-dependent repair response to 𝑃𝑖. 
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Figure 4. Cell and tissue-level response of TGF-β at equilibrium. a) Elementary cell 

response (ECR) for TGF-β as a function of cell strain, b) Average tissue-level response (TLR) 

as a function of tendon tissue strain and number of loading cycles (N) for a range of fiber 

length standard deviations (SD = 0%, 1%, 2% and 4%), I to IV respectively. 
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Figure 5. Approach to steady state for a transient tendon repair and damage model. a) 

interval damage 𝑃M and repair 𝑄 at different time intervals, b) interval damage 𝑃M and 

residual damage 𝑃R reach steady state values after the 10
th

 time interval, c) tendon strain 𝜀T 

and average tissue level TGF-β reach steady state after the 10
th

 time interval. Results are 

plotted for an initially intact tendon with fiber length distribution SD = 2%, subject to N = 

5,000 loading cycles per interval, initial tendon strain 𝜀0 = 4%, and uniform repair delay 

𝑡90% = 4𝑡. 
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Figure 6. (part I). Steady state TGF-β TLRs in a delayed damage and repair response. 

Results are reported for initial tendon strains (a) 𝜀0 = 3%, and (b) 4%; initial fiber length 

distributions with SD = 1%, 2% and 3% (top to bottom row) and tendon repair delays 𝑡90% = 

0 to 10t (inside legends). 
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Figure 6. (part II). Steady state TGF-β TLRs in a delayed damage and repair response. 

Results are reported for initial tendon strains (c) 𝜀0 = 5%, and (d) 6%; initial fiber length 

distributions with SD = 1%, 2% and 3% (top to bottom row) and tendon repair delays 𝑡90% = 

0 to 10t (inside legends). 
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Figure 7 (part I). Steady-state tendon markers in a delayed damage and repair 

response. Results are reported for tendon characteristics (repair delay and fiber length SD) 

and tendon straining conditions, N = 5,000 cycles, initial tendon strain: a) 𝜀0 = 3%, b) 

𝜀0 = 4%. 
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Figure 7 (part II). Steady-state tendon markers in a delayed damage and repair 

response. Results are reported for tendon characteristics (repair delay and fiber length SD) 

and tendon straining conditions, N = 5,000 cycles, initial tendon strain: c) 𝜀0 = 5%, d) 

𝜀0 = 6%. 
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Figure 8. Effect of fiber length distribution on tendon stiffness. Tendons with lower fiber 

length SD, exhibit higher stiffness. All tendons are of identical length and identical number of 

fibers with varying fiber length SDs. Tendon forces are normalized to a tendon with uniform 

fiber length (SD = 0%). 

 


