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Abstract:

Physical exercise results in a duration and intensity dependent vascular response in healthy 

human tendon. In overused (tendinopathy) and damaged tendon, angiogenic pathways are 

activated and neovascularization is observed. Whereas no direct relationship exists between the 

amount of neo-vessels and degree of tendinopathy symptoms, almost all tendinopathic patients 

have elevated neovascularization and tendon blood flow, as assessed by Doppler ultrasound 

methodology. The enhanced flow in tendinopathy can be successfully abolished by heavy 

resistance training. Already in the early time-phase of tendinopathy (<3mths), neovascularization 

in the tendon exists but the causal sequence of vascular, metabolic, nociceptive, and matrix 

tissue changes in tendon pathology is not fully understood. Nevertheless, existing evidence point 

at neovascularization being an important component of pathogenesis and may occur already 

before the development of clinical symptoms in tendinopathy. 

(132 words)
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Introduction

Tendinopathies are common tendon disorders which frequently occur in Achilles-, patella-, 

shoulder rotator cuff- or elbow tendons (Wilson, 2005). They are problematic in relation to both 

quality of life for the individual and represent a significant health care cost for society (Dean et 

al., 2017). Tendinopathy includes pain with movement, tenderness upon palpation, 

morphological changes such as fibril disorganization, increased tendon thickness and enhanced 

intra-tendinous vascularization (Magnusson & Kjaer, 2019; Rio et al., 2014). Neovascularization 

as a result of angiogenesis and arteriogenesis has been studied in many other tissues such as 

skeletal muscle, but only to a smaller degree in tendon tissue. Overuse in the form of excessive 

physical activity and traumatic tendon injury accelerates angiogenesis within the tendon 

(Mousavizadeh et al., 2014; Pufe et al., 2001; Scott et al., 2008), probably resulting in an 

ingrowth of new capillaries (De Marchi et al., 2018; Öhberg et al., 2001). However, to what 

extent this neovascularity is one of several factors responsible for tendinopathy development is 

unclear. The purpose of this review is to present existing knowledge on the role of angiogenesis, 

neovascularization and blood flow in tendinopathy by highlighting: (1) physiological angiogenesis 

and regulation thereof in skeletal muscle comparing it to that of healthy tendon tissue, and (2) 

angiogenesis and neovascularization in patients with tendinopathy and its association with 

clinical symptoms and function. 

Vasculature of tendon

Tendons enable force generated by muscle to be transferred to bone, and thereby movement 

and comprises: (1) the tendon mid-substance proper, (2) the muscle-tendon junction, (3) the 

tendon-bone junction and (4) the tendon sheath i.e. the peritenon surrounding the tendon 

structure (Snedeker & Foolen, 2017). The tendon proper with its arrangement in fascicles with 

tightly bound collagen fibrils and few fibroblasts, surrounded by more loose matrix, allows for 

some vessels to be present in the interfascicular space (Kjaer, 2004; Screen et al., 2015; Snedeker 

& Foolen, 2017). Still, the vasculature of tendons is relatively sparse in comparison to that of 

muscle, and only 1-2% of the tendon extracellular matrix is occupied by vessels. The blood 

vessels supplying the tendon originate in the perimysium at the muscle-tendon junction or in the A
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tendon-bone junction, and longer tendons may have supply of several vessels along the length of 

the tendon (Kjaer, 2004). How well the tendon is supplied by vessels depends on whether the 

tendon is surrounded by synovial tissue or paratenon, e.g. the patella tendon is supplied by three 

arteries and an anastomotic arch of a fat pad (Pang et al., 2009), while the Achilles tendon is 

supplied by the peroneal and posterior tibial arteries (Schmidt-Rohlfing et al., 1992). Vessels of 

tendons must be able to endure repetitive stretching, accordingly, they are arranged in curves 

that can straighten upon tendon stretch (Brockis, 1953; Kannus, 2000). Further, it is possible that 

the blood supply of part of a tendon could depend on the position or situation of the respective 

muscle and bones attached to it. These so-called “critical zones” have been described in human 

supraspinatus (Lindblom, 1939; Rathbun & Macnab, 1970), Achilles (Stein et al., 2000) and 

monkey patellar tendon (Clancy et al., 1981), where they are often disposed to inflammation, 

development of tendinopathy and/or tendon rupture (Alfredson et al., 2001; Józsa & Kannus, 

1997). 

Angiogenesis in tendon and skeletal muscle

Angiogenesis is the formation of new capillaries from present capillaries as a reaction to 

alterations in mechanical or metabolic conditions, e.g. in the form of aerobic training (Hudlicka et 

al., 1992). In skeletal muscle, angiogenesis ensures optimal conditions for oxygen and nutrient 

diffusion between the blood and the muscle by expanding the capillary network within the 

tissue, thus allowing for maintenance or improvement of the mean transit time of the blood in 

the capillaries, resulting in more time for oxygen and nutrient diffusion to occur (Hoier & 

Hellsten, 2014). Although capillarization in muscle is closely coupled to oxidative metabolism, 

also stimulation of glycolytic muscle fibers (Egginton & Hudlická, 2000;), anaerobic training  

(Jensen et al., 2004) and resistance training (Gavin et al., 2007) have been reported to stimulate 

angiogenesis in skeletal muscle. For angiogenesis to occur, there must be activation, proliferation 

and migration of the vascular endothelial cells, processes regulated by a balance of several pro- 

and anti-angiogenic factors, where vascular endothelial growth factor (VEGF) is a pro-angiogenic 

factor of particular importance (Hoier et al., 2012; Hudlicka et al., 1992; Milkiewicz et al., 2006). 

To what extent angiogenic growth is stimulated in a similar manner in healthy and tendinopathic A
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tendon is unknown. However, it might be speculated that angiogenesis in tendon, measured by 

the presence of pro-angiogenic factors like VEGF, might induce formation of the neo-vessels that 

are found in tendinopathic tendons, often observed as increased blood flow.

In order to more closely understand neovascularization in tendon with exercise or 

overuse, it is useful to understand microvascular growth in skeletal muscle first. Depending on 

the stimulus, capillary growth can occur either through abluminal sprouting or by longitudinal 

splitting (Djonov et al., 2003; Hansen-Smith et al., 1996; Zhou, Egginton, Brown, et al., 1998; 

Zhou, Egginton, Hudlicka, et al., 1998). Abluminal sprouting refers to the growth of a new 

capillary from an existing capillary. The process requires activation, proliferation and migration of 

endothelial cells but also degradation of the capillary basement membrane to allow for the 

outgrowth of the new vessel (Brown & Hudlicka, 2003). Capillary growth by longitudinal splitting, 

on the other hand, occurs through division of a capillary whereby two functional capillaries are 

formed. This involves elongation but limited proliferation of endothelial cells. Basement 

membrane degradation is not required (Djonov et al., 2003). Several stimuli are believed to be 

involved in exercise-mediated angiogenesis in skeletal muscle; shear stress induced by increased 

blood flow or alterations in viscosity, stretch of the capillary endothelial cells, occurring with 

passive or active stretch of the muscle, and alterations in skeletal muscle metabolism (Brown & 

Hudlicka, 2003; Egginton, 2011). The role of shear stress and passive stretch in angiogenesis have 

been investigated in animal models using administration of vasodilatory drugs (Egginton, 2001) 

and surgical extirpation of muscles (Rivilis et al., 2002), respectively. These studies have revealed, 

that chronically elevated shear stress primarily leads to angiogenesis in the form of longitudinal 

splitting (Egginton, 2001), while passive stretch of muscle tissue leads to angiogenesis in the form 

of abluminal sprouting (Rivilis et al., 2002).  Muscle activity or alterations in metabolic conditions 

can also play a role in angiogenesis by release of pro-angiogenic factors like VEGF, adenosine and 

prostacyclin (Frandsen et al., 2000; Hellsten et al., 1998; Hoier et al., 2013; Hoier & Hellsten, 

2014a; Williams et al., 2006). Finally, reduced oxygen supply and thereby hypoxia could also 

stimulate angiogenesis via hypoxia-inducible factor-1 (HIF-1) and VEGF in skeletal muscle 

(Forsythe et al., 1996), but although this has some support in animal models in vitro and in vivo 

(Jewell et al., 2001; Wang & Semenza, 1995), the findings are not well documented in humans. A
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In tendon, VEGF is found in high expression in cells of fetal human tendon tissue, but the 

expression is lower later in life, indicating less pro-angiogenic capacity/properties, in adult 

human tendon (Petersen et al., 2002; Pufe et al., 2001). This could support the notion of a 

declining vascular supply during human tendon maturation, but whether or not this limits a 

potential for angiogenesis with aging in tendon is not known. 

Response of blood flow to loading in healthy tendon

In tendon, blood flow is in the resting state markedly lower than in skeletal muscle. Although 

studies have found that increases occur with acute exercise (Risch et al., 2018), these are 

substantially smaller than in muscle, since muscle flow was found to increase 20-fold, while 

tendon flow only increased 7-fold. (Boushel et al., 2000). To date there is no documentation that 

well trained individuals would have more densely vascularized tendons than untrained 

counterparts (Table 1) (Risch et al., 2021a).

Similar to muscle, oxygenation and nutrient diffusion in tendon tissue does take place, 

but to a much smaller extent, which fits with a substantially lower tissue turnover activity in 

tendon compared to skeletal muscle (Heinemeier et al., 2013). To what extent tendon responds 

to acute loading in terms of oxygenation and neovascularization remains unresolved, while the 

effects of habitual loading on tendon has been largely unexplored. It has been shown that there 

is up to a 4-fold increase in blood flow in response to 40 min of cyclic triceps surae contraction in 

the healthy human Achilles peritendinous space using near infrared spectroscopy (Langberg et 

al., 1998), and using contrast-enhanced ultrasound it has been shown that the microvascular 

blood volume of healthy Achilles tendons is elevated after 1 h of running exercise (Pingel et al., 

2013b). These data demonstrate that prolonged exercise produces a robust vascular response 

(Fig. 1), but this microvascular response of the Achilles tendon may already occur after 10 min of 

warm up exercise, such as running and plyometrics (Pieters et al., 2020). 

The aforementioned studies show that blood flow of the Achilles tendon is elevated when 

the triceps surae muscle group is activated and could suggest that the regulation of exercise 

hyperemia of the muscle could be coupled to that of the tendon (Boushel et al., 2000). Of note is 

that Achilles peritendinous blood flow can increase 7-fold during exercise, but the flow capacity A
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is actually estimated to be more than five-fold higher (Boushel et al., 2000). This is evaluated by 

comparing the flow observed during exercise with the highest flow obtained after cuff-release of 

obstructed tendon flow and measured during reactive hyperaemia. In this context it should be 

noted, that the capacity for blood flow to increase during reactive hyperaemia, has been found 

to be important for tendon healing, as it correlates with functional and patient-reported 

outcomes in patients with Achilles tendon rupture (Praxitelous et al., 2018). Most studies 

examining tendon blood flow have focused on the Achilles tendon, but it has been shown that 

changes in blood flow in response to exercise in the patellar tendon exceeds that of the Achilles 

tendon (Kubo & Ikebukuro, 2012), indicating variation between tendons. The reason for this 

difference remains unknown.

It is commonly assumed that age may negatively influence the blood flow response, but it 

has been shown that the exercise associated increase in tendon blood flow is largely unaffected 

by age when measured during prolonged repeated contractions (Langberg et al., 2001). 

However, in contrast, tendon blood flow at rest (Langberg et al., 2001) and the exercise 

associated rise in blood flow in the initial 10 min of exercise, may be hampered in middle age 

(Wezenbeek et al., 2018). 

Angiogenesis, neovascularization and nociception in tendon pathology

In ruptured adult human Achilles tendon, VEGF expression is high (Pufe et al., 2001) which 

indicates, that injury of the tendon initiates an angiogenic stimulus (Fig. 2). Although not 

addressing VEGF, studies have indeed reported an enlargement of the microvascular network 

both in animal tendon subjected to acute injury i.e. rupture (Ackermann et al., 2003; Gelberman 

et al., 1981; Kakar et al., 1998; Matthews, 1977; Potenza, 1962; Richards, 1980), and in human 

tendon objective to chronic injury i.e. tendinopathy (Table 1) (De Jonge et al., 2014; Öhberg et 

al., 2001; Yang et al., 2012; Zanetti et al., 2003). However, it is not clear, whether a potential 

increase in VEGF expression and resulting blood vessel growth in human tendons are causing the 

pathological development of chronic tendinopathy, or rather acts as a potentially healing 

response to the tendinopathy. 

Both in vivo (Nakama et al., 2006; Perry et al., 2005) and in vitro (Y. Kubo et al., 2020; 

Mousavizadeh et al., 2014, 2016; Petersen et al., 2004) experiments have found, that applying A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

cyclical mechanical load to tendon structures increases the expression and secretion of pro-

angiogenic factors, including VEGF, HIF-1 and angiopoietin-like 4 (ANGPTL4) in tendon 

fibroblasts (Fig. 2). This could implement overuse i.e. stretch in a too frequent or forceful 

manner, as a mechanism for stimulating angiogenesis within the pathogenesis of tendinopathy. 

Also, stretching of endothelial cells of preexisting blood vessels in the tendon could perhaps be a 

mechanism contributing to the angiogenic response, in accordance with the same previously 

described angiogenic mechanisms observed in muscle. Other angiogenic mechanisms observed 

in muscle, like increased metabolism and increased blood flow, could as well play a role in 

tendon angiogenesis. The beforementioned increases in tendon blood flow that accompanies 

physical activity and tendon loading is likely to result in increased shear stress of the tendon 

vasculature, and this could perhaps in itself, or in combination with increased metabolism, 

stimulate growth of the tendon microvasculature, as it is similarly believed to do in muscle 

(Brown & Hudlicka, 2003; Egginton, 2011). Acute tendon loading seems to increase blood flow to 

a similar degree in both healthy and tendinopathic tendons (Fig. 1) (Pingel et al., 2013; Risch et 

al., 2021a), suggesting that increased angiogenesis and resulting neovascularization in 

tendinopathy can probably not be explained by a larger blood flow and shear stress responses to 

loading compared to healthy tendons. However, a recent study observed that the increases in 

tendon blood flow following acute exercise potentially were of different durations, so that the 

healthy tendons had close to resting blood flow when measured 30 minutes after exercise, while 

some tendinopathic tendons showed a maintained elevation of blood flow past this timepoint 

(Risch et al., 2021a). A similar study investigated intra-individual differences in unilateral 

tendinopathy by comparing the blood flow response to acute exercise between the symptomatic 

and non-symptomatic side. This revealed a similar pattern wherein the blood flow increased to a 

similar degree in both the symptomatic and non-symptomatic tendon, however the non-

symptomatic tendons returned to resting values within 30 minutes, while the blood flow increase 

in symptomatic tendons persisted up to 120 minutes (Risch et al., 2021b). It is nevertheless, 

unclear whether the maintained elevation in blood flow results in larger amounts of shear stress 

and therefore could be tied to angiogenesis and perhaps the pathological development of 

tendinopathy, especially since there is data to suggest that a reduced increase in tendon blood 

flow after exercise is associated with future development of tendinopathy (Wezenbeek et al., A
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2018). Nonetheless, it might seem that tendon blood flow following exercise might differ in some 

respects between healthy and tendinopathic tendons, but additional investigations need to 

address this issue. 

Further, it has been proposed, that neurogenic inflammation leading to angiogenesis is 

initiated to facilitate healing of excessive microruptures in tendon areas with inadequate repair 

capacity due to lack of blood supply (van Sterkenburg & van Dijk, 2011). This process includes 

neural mediators regulating inflammation, pain and tendon homeostasis (Ackermann, 2013). 

Neurogenic inflammation occurs in the tissue around the tendon and increases the expression of 

MMPs, which facilitate degradation of the extracellular matrix and weakens the tendon. Further, 

the expression of cytokines, including VEGF, is upregulated. VEGF will facilitate angiogenesis, but 

also increase expression of MMPs and decrease tissue inhibitor of metalloproteinase 3 (Qi et al., 

2003; Sato et al., 2000), leading to further degradation of matrix and remodeling of the tendon 

(van Sterkenburg & van Dijk, 2011). The angiogenic stimulus in the tendon leads to ingrowth of 

vessels, possibly to repair a potentially injured area. However, these vessels are accompanied by 

ingrowth of nerves in models of traumatic tendon injury (Bjur et al., 2005; Forsgren et al., 2005). 

This is generally associated with tissue repair also in other tissues (Ackermann, 2013), and leads 

to an increase in the production of nociceptive substances (Alfredson et al., 2001; Andersson et 

al., 2007). Whereas this describes a role of angiogenesis in tendon healing after acute damage it 

does not necessarily transfer to tendinopathy which is not known to be directly initiated by an 

acute major damage of the tendon and thus perhaps not directly coupled to tissue regeneration. 

As mentioned, tendinopathy generally involves symptoms of pain in the affected tendon. 

Higher levels of glutamate have been reported in tendinopathic tendons compared to healthy 

tendons (Alfredson et al., 1999). Glutamate is involved in the mediation of pain (Dickenson et al., 

1997), and the increased glutamate in tendinopathic tendons could partly be responsible for the 

pain, especially since glutamate NMDR1 receptors have also been located inside the tendon 

(Alfredson et al., 2001). Although increased glutamate has not directly been correlated with pain 

symptoms in tendinopathy, the NMDR1 receptor was shown to be upregulated in the 

peritendinous tissue, while the activated NMDR1 receptor was upregulated in the tendon proper 

of tendinopathic patella tendons (Schizas et al., 2012). The neuropeptide substance P (SP) and 

SP-mRNA have also been located in tendinopathic tendons in increased amounts (Gotoh et al., A
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1998; Tran et al., 2020). Increased SP could also be involved in stimulating angiogenesis in 

tendinopathy, since tendon loading has shown to increase SP (Backman et al., 2011), and 

administration of exogenous SP has shown to facilitate angiogenesis and collagen organization 

during healing of tendon rupture (Ackermann, 2013). However, presence of SP for prolonged 

durations could perhaps also contribute to degenerative changes in the tendon (Ackermann, 

2013). In addition to this, elevated levels of lactate have been observed in human tendinopathic 

tendons, compared to healthy tendons (Alfredson et al., 2002), and this may reflect anaerobic 

i.e. hypoxic conditions. Healthy tendons normally maintain homeostasis by oxidation of glucose, 

however, tendon cell stress can induce a shift in metabolism to glycolysis with lactate formation, 

and this could be the result of tendon overuse or vascular insufficiency (Sikes et al., 2018). In a 

study by Sikes et al., (2018), tendinopathy induced by injection of TGF-ß1 in a murine model 

resulted in increased expression of HIF-1. As previously mentioned, HIF-1 is a response to 

hypoxia (Jewell et al., 2001; Liang et al., 2012; Wang & Semenza, 1995), and can stimulate 

angiogenesis by activating VEGF transcription in animal models (Forsythe et al., 1996; Sahin et 

al., 2012). It is, however, questionable if these findings in a murine model are relevant for 

tendinopathy in human tendons. Nevertheless, shoulder tendinopathy severity has been 

associated with accumulation of HIF-1 and cellular apoptosis, which both could be contributing 

to the degenerative pathology of shoulder tendinopathy in humans (Benson et al., 2010). 

Therefore, it is possible that alterations of glutamate, SP, metabolism, shear stress and/or lactate 

levels in the tendon, induced by tendon overuse, could stimulate angiogenesis, and thereby 

initiate a potentially painful neovascular response. 

Neovascularization and growth of accompanying nerves have been proposed to be the cause 

of painful symptoms in patients with tendinopathy. This proposition was based on an early study 

observing neovascularization and nerve ingrowth in painful tendons, but not in pain-free tendons 

(Alfredson et al., 2003). Many additional studies have since investigated the relationship 

between the severity of clinical symptoms, including pain, and the degree of neovascularization. 

However, the findings are not conclusive. Some studies have found a correlation between 

patient symptoms and the degree of neovascularization (Divani et al., 2010; Öhberg et al., 2001; 

Reiter et al., 2004; Yang et al., 2012). Other studies have found that neovascularization often is 

present, but that it does not necessarily correspond to pain or even a disease state (Boesen et A
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al., 2006; De Jonge et al., 2014; De Marchi et al., 2018; Movin et al., 1997; Peers et al., 2003; 

Richards et al., 2005; van Snellenberg et al., 2007; Zanetti et al., 2003). Of special interest are the 

findings, that both pain-free healthy and painful tendinopathic tendons can have 

neovascularization determined by Doppler flow (Boesen et al., 2006), and that tendinopathic 

tendons with symptoms of pain can present both with and without measurable 

neovascularization (Peers et al., 2003; Reiter et al., 2004). These findings could either put into 

question to what extent neovascularization actually is a cause of pain in tendinopathic tendons 

or question the validity of Doppler to determine neovascularization. 

Nonvascular innervation in tendon pathology

Even tough neovascularization per se might not be the cause for pain in tendinopathy, this does 

not rule out that tendinopathy-related nerve ingrowth, separate from neovessels, still could be 

the source of pain. In studies investigating ingrowth of neovessels, nerve fibers are often found 

located in the vicinity of blood vessels, hence they are interpreted to accompany the vessel 

ingrowth. However, some nerves are also located as single free nerve endings, not obligatory 

related to vessels (Ackermann, 2013; Spang et al., 2015) 

In the early phase (within first week) of animal model tendon healing, nerve ingrowth is 

primarily observed in the peritenon located near blood vessel walls. Subsequently, the nerves 

infiltrate the tendon proper and exist not only near blood vessels, but also as sprouting free 

nerve fibers (Ackermann, 2013; Ackermann et al., 2003). These free nerve fibers containing 

sensory neuropeptides are located among the tendon fibroblasts, and this could indicate a 

stimulatory role of the nerve fibers, involving them in tendon healing. This is supported by 

findings that sensory neuropeptides stimulate cell proliferation (Nilsson et al., 1985) and recruit 

stem cells to the site of healing (Hong et al., 2009), along with the fact that receptors for these 

sensory neuropeptides (SP and Calcitonin gene-related peptide) are upregulated at the same 

timepoint as the nerve fiber infiltration  (D. Bring et al., 2009b; Bring et al., 2009a). After this 

proliferative phase, a remodeling phase has been described, where the nerve fibers retract from 

the tendon proper to their original location in the peritenon (Ackermann, 2013).
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In human tendinopathy with associated chronic pain, the pattern of innervation observed is 

similar to that of the recently described proliferative phase in animal model tendon healing. 

Sensory nonvascular nerve fiber ingrowth is observed in the tendon proper, a finding that is not 

observed in healthy tendon controls (Lian et al., 2006). In addition, increased glutamate has been 

observed in nerve fibers invading the tendon proper, and it is shown to be coexisting with an 

upregulation of glutamate NMDR1 receptors (Schizas et al., 2010, 2012). Further, the 

upregulation of NMDR1 receptors has been correlated with increased occurrence of SP, 

indicating that SP could be involved in upregulating NMDR1 (Schizas et al., 2012). Nevertheless, it 

seems plausible that the occurrence of sensory and excitatory (glutamatergic) free nerve fibers 

are involved in pain signaling in tendinopathic tendons. 

As mentioned, in animal model tendon healing the invading nerve fibers retract from the 

tendon proper as a remodeling phase occurs (Ackermann, 2013). This does not seem to happen 

in chronically painful tendinopathy and the reason for this is unknown. However, nonvascular 

nerve fibers existing separately from neovascularization, could explain why studies haven’t found 

a clear correlation between pain symptoms and levels of neovascularization. 

The effect of exercise therapy and pharmacological treatment on 

neovascularization and pain

In symptomatic tendons with neovascularization, it does not appear that the measurable tendon 

blood flow disappears immediately after a single exercise session (Boesen et al., 2006, Pingel et 

al., 2013a). However, interestingly, several studies (Knobloch et al., 2007, Kongsgaard et al., 

2009, Beyer et al., 2015) but not all (Agergaard et al., 2021) have shown that the measured 

tendon blood flow is reduced after a longer period (12 weeks) of heavy resistance training in 

both chronic patellar and Achilles tendinopathy. One study investigating the effect of different 

loading protocols on Achilles tendinopathy found, that 12 weeks of exercise therapy of the 

tendon in form of resistance training reduced both symptoms of pain and the amount of 

neovascularization. However, these changes did not correlate in a significant way (Beyer et al., 

2015). Additional studies have investigated this matter (Agergaard et al., 2021; Kongsgaard et al., 

2009; Ohberg & Alfredson, 2004; Richards et al., 2010; van der Plas et al., 2012) and found in A
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most cases, that after long term exercise therapy complete regression of pain symptoms was 

accompanied by abolished neovascularization (Kongsgaard et al., 2009). However, they also 

demonstrated that, in rare cases, a low degree of neovascularization was maintained in the 

tendons, despite diminished pain (Ohberg & Alfredson, 2004; van der Plas et al., 2012). 

Systematic reviews have been conducted to evaluate the connection between pain and 

neovascularization. One review, including 18 studies, found strong evidence against an 

association (Drew et al., 2014), while a more recent review, including 21 studies, concluded that 

there is moderate evidence for an association between pain and neovascularization (Rabello et 

al., 2018). The earlier review by Drew et al., (2014) did neither differentiate between the location 

of tendinopathy nor between short- or long-term follow-up. These aspects could possibly explain 

the conflicting findings of the two reviews, since the review by Rabello et al., (2018) found an 

association between clinical outcome (including pain) and imaging outcome (including 

neovascularization) at short-term follow-up for patients with patella tendinopathy only, but not 

for patients with Achilles tendinopathy. Further, for patients with Achilles tendinopathy, there 

was an association between pain and neovascularization at long-term follow-up, but not at short-

term follow-up. These inconsistent findings could perhaps be explained by differences in function 

of the diseased tendon. Most cases of Achilles tendinopathy included in the review (Rabello et 

al., 2018) refer to the midportion of the tendon, while cases of patella tendinopathy refer to the 

insertion of the tendon. Biomechanical studies have found, that the midportion of the tendon 

primarily functions to store elastic energy during lengthening (Monroy et al., 2007; Roberts, 

2016), while the insertion of the tendon functions to dissipate tension (Benjamin et al., 2006). In 

this regard, a study found that these two tendons presented with dissimilar changes in elastic 

properties following tendinopathic development (Coombes et al., 2018). The inconsistent 

findings at different follow-up periods could be explained by a potential delayed effect of loading 

treatment on tendon structure. The fact, that some of the studies included in the reviews by 

Drew et al., (2014) and Rabello et al., (2018) found improvements in clinical outcome before 

potential changes in tendon structure, while other studies found simultaneous changes in both 

clinical outcome and tendon structure, indicates that the follow-up period is of importance, 

possibly because changes in clinical outcome simply occur before any changes in tendon 

structure. However, if this is the case, it cannot be ruled out that factors other than tendon A
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structure and neovascularization, e.g. cellular, biochemical or non-nociceptive changes as 

discussed elsewhere (Cook et al., 2016; Rio et al., 2014, 2015), might explain the positive effect 

of loading treatments on pain in tendinopathy. The reason for these inconsistencies needs 

further investigation, however, they should be considered, when concluding on the overall 

effects of loading protocols on pain and neovascularization. 

In humans with tendinopathy it has been attempted to block the tendon vasculature by 

ultrasound-guided injections of a sclerosing agent into the neo-vessels of chronic painful Achilles 

tendinopathy patients (Öhberg & Alfredson, 2002). At 6 months follow-up, the intervention had 

led to significant decreases in reported pain, alongside complete regression of the observed 

neovascularization in most patients. Persisting neovascularization was present in the remaining 

patients that still experienced pain, again pointing towards neovascularization as a cause for the 

remaining pain. On the basis of these promising results, many studies have since tested the 

effect of sclerosing of neovessels on pain in various kinds of tendinopathy, including Achilles 

(Alfredson et al., 2007; Alfredson & Öhberg, 2005; Clementson et al., 2008; Lind et al., 2006; 

Ohberg & Alfredson, 2003; van Sterkenburg et al., 2010; Willberg et al., 2008), patella (Alfredson 

& Ohberg, 2005; Hoksrud et al., 2006), lateral epicondyle (Zeisig et al., 2008; Zeisig et al., 2006) 

and supraspinatus (Alfredson et al., 2006). These studies have generally found some positive 

results, although less convincing than those of the original pilot study (Öhberg & Alfredson, 

2002), and many of the studies draw limited conclusions due to small sample sizes or short-term 

follow-ups. However, more recent studies with larger sample sizes and longer follow-up periods 

seem to find very little to no effect at all compared with placebo, of sclerosing treatment on pain 

(Ebbesen et al., 2018; Hoksrud et al., 2012). As mentioned, pain in tendinopathy could be the 

result of not only neovascularization with accompanying nerves, but also the ingrowth of 

nonvascular nerve fibers not targeted by sclerosing treatment. This could perhaps explain the 

ineffectiveness of sclerosing treatment on pain. Collectively, it seems that the initial positive 

findings of Öhberg & Alfredson, (2002) have been difficult to confirm in later research, 

questioning the effect on pain and use of sclerosing treatments in tendinopathy. 
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Other studies have investigated the effect of glucocorticoid injections on pain in 

tendinopathic tendons (Koenig et al., 2004; Kongsgaard et al., 2009). In these studies, painful 

tendinopathic tendons demonstrated neovascularization before the treatment, and alike the 

sclerosing injections used in the study by Öhberg & Alfredson, (2002), the glucocorticoid 

injections also resulted in a reduction of reported pain alongside regression of neovascularization 

at 3-6 months follow-up. Both studies did, however, find relapse of pain symptoms at later 

follow-up periods, indicating that the effect of glucocorticoid treatment could potentially only be 

short-term. Whether or not the reoccurrence of pain was accompanied by an also reoccurring 

increase of neovascularization is not known, since this was not measured (Kongsgaard et al., 

2009). Nonetheless, it could be speculated, that the short term effects of glucocorticoid 

injections are a result of glucocorticoid-facilitated inhibition of angiogenesis, ECM synthesis, 

tenocyte proliferation (Wong et al., 2004) and decreased SP expression (Mousavizadeh et al., 

2015), leading to reductions in tendon neovascularity and abnormality for a limited duration. 

However, as glucocorticoids do not in themselves improve the load capacity of the tendon, this 

could explain the reoccurrence of tendinopathic symptoms, including neovascularization and 

pain, when the effects of glucocorticoids wear off or when the patient resumes the original 

physical activity level. 

In conclusion, observational studies provide diverging findings regarding the association 

between pain and neovascularization and their potential relationship therefore remains unclear. 

Likewise, studies targeting neovessels by interventions including loading and pharmacological 

injections, find inconsistent results. Nevertheless, based on existing literature, it is probable that 

neovessels are involved in the development of pain in tendinopathy, however, it is likely that also 

other factors contribute to pain development. 

Measuring blood flow and neovascularization in tendinopathy 

While stimulation of angiogenic processes is likely the cause for vascular changes i.e., 

neovascularization in tendinopathy development, neovascularization is commonly only assessed 

indirectly estimating increased tendon blood flow, as an expression of increased number of 

vessels in the tendon. It should be noted that investigating vessel presence and number, blood 

flow and oxygenation in tendon is a challenging task because of the density of the tendon tissue A
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and limited size and number of the vessel. Several methods to determine flow and number of 

vessels exist, and they all have their pros and cons. 

Power-Doppler-ultrasound is the commonly used clinical imaging modalities to 

investigate neovascularization (Docking et al., 2015; Scott et al., 2013). This measurement is 

simple and clinically useful, but its ability to quantify the exact flow is limited, and further there is 

a lower limit for visualizing flow, and normally no or very limited Doppler flow is visible in healthy 

human resting tendons (Risch et al., 2021a; Risch et al., 2021b), whereas Doppler signal is 

observed to a varying degree in tendinopathy. As an overall crude estimation of increased flow in 

a tendon it is acceptable but does clearly not indicate the exact division between higher flow in a 

limited number of vessels, or an opening of new vessels that are or are not a result of 

neovascularization. The use of Doppler ultrasonography to determine neovascularization has 

been addressed in several studies (Yang et al 2010). Interrater reliability between different 

sonographers in determining structure and neovascularization in asymptomatic Achilles tendons 

showed almost perfect agreement (Paantjens et al., 2020), while evaluating neovascularization in 

symptomatic Achilles and patella tendons also was found to be reliable (Risch et al., 2016; 

Sunding et al., 2016). However, several factors can possibly influence the measurements of 

neovascularization, and could potentially explain some of the discrepancy in studies investigating 

tendinopathy and neovascularization. The cardiac cycle (Yang et al., 2011), recent activity levels 

(Boesen et al., 2006; Risch et al., 2018), the positioning of the concerning joints (Öhberg et al., 

2001) and technical settings (Yang et al., 2010) have all been reported to affect the measured 

levels of neovascularization. Of additional concern are indications, that in unilateral Achilles 

tendinopathy the asymptomatic tendon could, despite the absence of pain symptoms, still 

present subclinical pathological changes, including increased neovascularization, compared with 

healthy controls (Gatz et al., 2020; Risch et al., 2021b). This could influence results of studies 

using the tendon of the “asymptomatic” side as a control in unilateral cases of tendinopathy, and 

this should therefore be done with caution. It is also very important to recognize, that if 

neovascularization is measured by Doppler ultrasound methodology, increases might not result 

from neovascularization, but rather be explained by increased blood flow in already existing A
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vessels, and as mentioned, this can be affected by factors like previous physical activity (Risch et 

al., 2018).

 it is relevant to question where the threshold between a normal physiological blood flow 

and a pathological neovascularization detectable by Doppler is. Currently, there is no evidence 

for a specific threshold, and it is difficult to determine one due to increasing sensitivity of 

Doppler modes used for assessment, which will likely result in more vessels being detected even 

at low blood flows (Boesen et al., 2006; Risch et al., 2021b). Also, even though the technological 

improvement on the quality and sensitivity of Doppler have increased within the last decades 

(Seo & Kim, 2017), it remains unknown if changes may take place that are undetected by this 

technology.

In order to increase the sensitivity of recording tendon blood flow, contrast enhanced 

ultrasound has been used. This method, including real-time harmonic contrast-enhanced 

ultrasound with intravenously injection of phospholipid-stabilized microbubbles, has showed 

promising results as it has been demonstrated to detect vascularization otherwise not detectible 

by Doppler in several studies (Chang et al., 2012; De Marchi et al., 2018; Genovese et al., 2011; 

Pingel et al 2013a; Pingel et al 2013b). The method has been able to detect total flow in resting 

healthy human tendon, and to demonstrate the rise in flow with acute exercise (Pingel et al 

2013a, Pingel et al 2013b) in a certain selected region of the tendon. The method has its 

limitation in the invasive nature of administering bubbles, and thus the limitation in time 

resolution. Although the contrast-enhanced ultrasonography has a lower detection limit of flow, 

it still has the limitation that the observations might both be the result of altered flow in 

preexisting vessels, or the formation of new vessels (Akerstrom et al., 2020).

A new development in measuring pathological conditions in tendon with ultrasonography 

is the ultrasound tissue characterization (UTC) (reviewed by Rabello et al. 2018) with the aim to 

determine levels of neovascularization and disorganized tissue in tendinopathic tendons. The use 

of UTC is simple but in order to determine tendon pathology it is not completely validated and 

results from this methodology at this stage should be viewed with some caution (Rabello et al., 

2019).  A
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Immunohistochemistry can be used for detecting and locating vascular structures and 

thereby potentially detect neovascularization. In muscle, some studies have identified capillary 

growth by staining for co-localization of proliferating cells and endothelial cells (Høier et al., 

2010; Mitchell et al., 2019), but to our knowledge this has yet to be used in either heathy or 

tendinopathic tendon.

 

Angiogenesis and neovascularization in the early phase of 

tendinopathy

As mentioned, it is not clear, whether angiogenesis and resulting neovascularization in tendons is 

causing the development of tendinopathy and related structural changes, or rather is a response 

to it. This is a rather difficult question to answer, since most patients with tendinopathy first 

encounter the clinic following long periods of painful symptoms, and therefore already are in a 

more advanced stage of the tendinopathic development. To study the initial development of 

tendinopathy, patients would have to be identified in the very early phase, so that sequential 

comparisons of the structural and clinical findings could be made between different timepoints 

in the tendinopathic development. A recent study by Tran et al. (2020) attempted this, and found 

neovascularization to be higher at all timepoints of tendinopathic development (even in patients 

that had symptoms for less than 1 month), compared to both contra-lateral asymptomatic 

tendons and healthy controls. Still, there was no difference in neovascularization between the 

different timepoint-groups (symptoms less than 1 month, lasting 1-2 months or lasting 2-3 

months, respectively), indicating that the angiogenic stimulus and proliferation of neo-vessels is 

not progressing during the initial first (at least 3) months following the presence of pain in 

tendinopathy. In support of this, the study did not find any major changes in pro-angiogenic 

factors between timepoints. The reason for this could be, that angiogenic stimulus and formation 

of neo-vessels had already occurred at an even earlier timepoint in the tendinopathic 

development, possibly even before the occurrence of pain symptoms (Fig. 3). In this regard, a 

previous study did observe VEGF-overexpression only in tendinopathic tendons with shorter 

symptom duration, while not seen in tendons with longer symptom duration (Scott et al., 2008), A
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however, both of these groups were past the “early” phase of tendinopathy investigated in the 

study by Tran et al., (2020).

The theory that tendinopathic development including angiogenesis precedes symptoms 

of pain is in line with new evidence suggesting, that renewal of tendon collagen matrix, which 

does not normally occur in healthy adult tendon, occurs in tendinopathic tendons even years 

before symptoms present themselves (Heinemeier et al., 2018). This could indicate that 

tendinopathy is an extremely prolonged disease process, in which symptoms of pain, reduced 

function and structural abnormalities represent a “late” stage of the disorder. Alternatively, it 

could indicate, that atypical collagen turnover could function as a risk factor for developing 

tendinopathy, rather than being a cause of it. Where in this process angiogenesis and 

neovascularization occurs and what role it plays, is not clear. A recent study found, that 

treatment with adipose-derived stem cells of collagenase-induced tendinopathy in mice resulted 

in improved tendon repair (greater recovery of collagen fibers) and less ectopic ossification, 

compared to a control group (Kokubu et al., 2020). Tendons treated with adipose-derived stem 

cells showed decreased expression of hypoxic markers and increased expression of angiogenic 

markers at 9 days after collagenase-induced injury, while the control group showed increased 

levels of the same angiogenic markers at 2 weeks after injury. This temporal shift in angiogenic 

stimulus could be the cause of the improved tendon healing observed in the stem cell group. 

Again, it is questionable if this model of collagenase-induced tendinopathy in mice is transferable 

to tendinopathic development in humans. However, these findings could imply, that 

neovascularization occurs as a healing response to tendon injury, and that an early response 

facilitates healing. Why the potentially healing angiogenic response and neovascularization in 

general often is insufficient to facilitate healing and pain regression in chronic tendinopathy, is 

unclear. 

Conclusion

In tendon, acute exercise increases blood flow, and in tendon damage increased angiogenesis 

and neovascularization is found together with nerve ingrowth. Cell studies indicate that also in 

tendon overuse injury (tendinopathy), angiogenesis is upregulated and consequent 

neovascularization occurs. The correlation between the amount of neo-vessels and clinical pain A
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symptoms in clinical tendinopathy is not clear, but tendinopathy patients commonly experience 

elevated resting and post-exercise blood flow. Further, successful treatment of tendinopathy 

with resistance training diminishes both pain and tendon flow activity. In early phase 

tendinopathy (first 0-3 months) neovascularization is already present indicating that 

angiogenesis may be an important component in tendinopathy pathogenesis maybe even 

preceding the development of clinical symptoms. However, the causal time-sequence of 

vascular, metabolic, nociceptive and matrix tissue changes in the pathogenesis of tendinopathy 

remains to be clarified. 
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Tables:

Tendon Condition: Blood Flow Angiogenesis 

Signalling

Neovascularization

Healthy tendon – at rest + 0 0

Healthy tendon – after acute exercise ++ + 0

Healthy tendon – in trained at rest + ? 0

Tendinopathy – at rest ++ ++ ++

Tendinopathy – after acute exercise +++ ? ++

Tendinopathy – after resistance training 

at rest

+ ? 0

Figure legends:

Figure 1. Tendon Blood Flow Before and After Acute Exercise.

A small but measurable amount of blood flow is often observed at rest in healthy tendon and is 

increased following acute tendon loading exercise. In tendinopathic tendon resting blood flow is 

elevated compared to healthy tendon, while exercise causes blood flow increase similar to that 

Table 1. Blood Flow, Angiogenesis and Neovascularization in Different Tendons Conditions.
Table shows the level of blood flow, angiogenesis signalling and neovascularization generally observed in various 
tendon conditions, while recognizing that findings vary in most studies. Blood flow refers to level of flow in the vessels 
present in the various tendon conditions, while neovascularization refers to the degree of excess vascularization formed 
in relation to tendinopathy.  0 = non-observable level; + = basic normal physiological level; ++ = increased compared to 
normal levels, possibly pathophysiological; +++ = further increased compared to normal levels, probably 
pathophysiological; ? = not known or yet to be investigated. 

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

in healthy tendon. The figure illustrates a tendon blood vessel before and after exercise. The 

amount of red blood cells and arrows represents the level of blood flow through the vessel. The 

dotted arrow indicates that flow is small, but often observable. 

Figure 2. Angiogenesis is Increased in Several Tendon Conditions. 

Human and animal tendon fibroblasts increase expression and secretion of angiogenic factors, 

including VEGF, HIF-1⍺ and ANGPTL4 when applied with cyclical loading (A). Presence of 

angiogenic factors is increased in healing phase of tendon subjected to trauma or experimental 

rupture (B) and in tendinopathic tendon (C). Red and yellow curved lines in the tendon illustrates 

neovascularization and -innervation, which are characteristic of both healing and tendinopathic 

tendon. VEGF, vascular endothelial growth factor; HIF-1⍺, hypoxia-inducible factor 1-alpha; 

ANGPTL4, angiopoietin-like protein 4.

Figure 3. Speculative Timeline of Tendinopathy Development.  

Excessive tendon loading and/or abnormal collagen turnover could lead to increased angiogenic 

activity and over time accumulate to tendon neovascularization with accompanying nerves. 

Nerve ingrowth and related structural and biochemical changes in the tendon could lead to 

symptoms of pain and eventually to the patient seeking clinical guidance. This timeline would 

indicate that the clinical encounter happens relatively late in tendinopathy development, and 

that changes related to angiogenesis and neovascularization have perhaps already settled at this 

point. 

Data Availability Statement

The data that support the findings of this study are openly available in [repository name e.g 
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