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Background: This scoping review systematically evaluates and synthesizes evidence on the
presence of neoinnervation in chronic tendon pain. By analyzing the frequency and progression of
neural biomarker upregulation, the present investigation seeks to illuminate existing knowledge
gaps, contextualize shifts in research focus over time, and propose potential therapeutic approaches
for the more precise and effective management of tendinopathy.

Objectives: To identify major neural biomarkers associated with nerve ingrowth, detailing
historical development, current understanding, and implications in tendinopathy.

Study Design: A scoping review.
Setting: An academic medical center.

Methods: Searches were conducted up to June 2024 using PubMed, Embase, Web of Science,
and Scopus, adhering to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
extension for Scoping Reviews (PRISMA-ScR) guidelines. The selected studies included clinical
human case-control studies and in vivo experimental animal models that examined neoinnervation
in tendinopathy. Data extraction included study design, animal induction models, biomarker
detection methods, neural biomarker upregulation, and supporting evidence to evaluate the
involvement of neoinnervation and the role of the paratenon in tendinopathy.

Results: Of the 26 studies reviewed, 19 (73%) identified neoinnervation in chronic tendinopathy,
and 20 (76.9%) highlighted the role of the paratenon, suggesting its potential as a key target for
therapeutic interventions. Notably, 14 studies (53.8%) examined both neoinnervation and the
paratenon’s role, indicating significant interplay. Analyses of neural biomarkers revealed possible
upregulation of protein gene product 9.5 (PGP 9.5) in 15 studies (57.6%) and substance P in 13
studies (50%), emphasizing the crucial roles of those biomarkers in the neurobiological mechanisms
of tendinopathy pain. Other biomarkers, including calcitonin gene-related peptide (CGRP), tyrosine
hydroxylase, growth-associated protein-43 (GAP-43), NMDA receptor (NMDAR), glutamate,
neurokinin 1 receptor (NK1R), neuropeptide Y, adrenoreceptor, nerve sprouting markers, specific
chemokines, and various immune-related markers, were also identified as potentially upregulated.
Our review of temporal trends indicates that recent research has expanded to encompass a broader
range of biomarkers, thereby enhancing our understanding of the complexity and multisystem
involvement in the pathology of tendinopathy.

Limitations: This review is limited by the predominance of case-control and experimental
studies, which inherently offer lower levels of evidence due to methodological constraints like
lack of randomization and potential biases. Additionally, the present review may not fully address
how biomarker expression or neoinnervation changes over disease stages or treatment, the
comprehension of which is critical for understanding progression and management.

Conclusion: The present investigation highlights the critical role of neoinnervation and the
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paratenon in chronic tendinopathy, with a significant overlap suggesting interrelated roles in
the condition. This finding emphasizes the need to incorporate neurobiological pathways into
therapeutic strategies. The evolution of neural biomarker studies reveals a complex interplay in
pain mechanisms, underscoring the potential for targeting specific nerve ingrowth pathways
within the paratenon to enhance treatment efficacy. Future research should aim to elucidate
the therapeutic potential of targeting specific paratenon nerve ingrowth pathways, which could
improve the efficacy of treatments for chronic tendon pain substantially.

Key words: nerve tissue proteins, receptors, immunology, peritendinous tissue, paratenon, nerve
sprouting, tendinopathy, tendon pain

Pain Physician 2025: 28:287-297

endinopathy is characterized by structural or

cellular abnormalities in tendon tissue (1).

Traditionally regarded as a result of mechanical
overload and degenerative changes, tendinopathy is
understood as an imbalance between tendon damage
and repair, with a focus on the pathophysiology
of the condition (2-4). However, recent advances
have expanded our understanding of tendinopathy
significantly, revealing that neurobiological factors,
particularly neoinnervation or nerve ingrowth from
paratendinous tissues or paratenon, play a crucial
role in its pathophysiology. The paratenon is a thin,
vascularized connective tissue layer surrounding the
tendon, facilitating gliding motion and serving as
a site for neoinnervation and nociceptive signaling
in tendinopathy (5-8). This shift underscores the
importance of neurobiological mechanisms in both
understanding and managing tendinopathy.

The concept of neoinnervation involves the
sprouting of new nerve fibers from the paratenon
into the fibrous layers of damaged tendons. Neoin-
nervation is the process of new nerve fiber growth
and sprouting in response to tissue injury, associated
with pain modulation and inflammatory responses in
chronic tendinopathy. Excessive and protracted neo-
innervation, observed as the characteristic of chronic
tendon pain, is increasingly recognized as a major
regulator of pain and symptom chronicity in tendi-
nopathy (6,9-11). The presence of nociceptors such
as substance P and glutamate, associated with nerve
growth, may exacerbate or perpetuate pain, suggest-
ing that neoinnervation could be a critical target for
therapeutic intervention (12-15). Despite this progress,
the variability in study methodologies and outcomes
has led to gaps in our comprehensive understanding
of the role and effects of neoinnervation. This scoping
review aims to systematically evaluate and synthesize

evidence on neoinnervation within chronic tendon
pain contexts. By examining the progression and cur-
rent understanding of major neural biomarkers and
their upregulation, this review seeks to explain the
complex interactions between neural activities and
tendinopathy. We explore shifts in research focus over
time, address existing knowledge gaps, and discuss the
implications of these findings for developing targeted
treatment strategies. This critical analysis not only
clarifies the dynamic involvement of neural pathways
in tendinopathy but also enhances strategies for man-
aging this challenging condition effectively, offering
insights into potential therapeutic targets and foster-
ing advancements in clinical practices.

METHODS

The present investigation was conducted in accor-
dance with the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses extension for Scoping
Reviews (PRISMA-ScR) guidelines as outlined in the 2018
explanatory paper (16). The PRISMA-ScR 2018 checklist
was followed to ensure comprehensive coverage of the
design, analysis, and reporting stages.

Search Strategies

Systematic searches were conducted across
PubMed, Embase, Web of Science, and Scopus data-
bases from their inception until June 2024. The search
included the following terms: (“Tendinopathy” OR ten-
dino* OR tendonitis OR tendinitis OR “chronic tendon
pain”) AND (nerve ingrow* OR neuronal ingrow* OR
neural ingrow* OR neur* ingrow* OR neoinnervation
OR neoinnerv* OR nerve sprout* OR neural sprout*
OR neuronal sprout*). The review also involved screen-
ing reference lists from the full-text articles retrieved
to identify any additional relevant studies that might
have been missed initially.
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Inclusion and Exclusion Criteria

The inclusion criteria encompassed various types of
research, including clinical case-control studies, in vitro
studies, and animal studies that examined tendons
for the analysis or investigation of neoinnervation in
chronic painful tendons or tendinopathy. The exclusion
criteria included review articles, case reports, and stud-
ies not published in English.

Study Selection and Data Extraction

The study selection process was conducted by 4 in-
dependent reviewers. Any discrepancies were resolved
through consensus or, if necessary, by consulting a
fifth expert reviewer who provided the decisive judg-
ment when consensus could not be achieved. The data
extraction encompassed study design, specimen col-

tients, who had a total of 479 tendons affected by
chronic tendinopathy. These studies focused on the
patella tendon (8 studies), Achilles tendon (7 studies),
rotator cuff (3 studies), biceps tendon (2 studies), and
other tendons, including the extensor carpi radialis
bravis, greater trochanteric bursa, and gluteal ten-
dons (7,8,11,15,18-34). Further details are summarized
in Supplementary Table 1. Methodologically, 17 of the
studies adopted a case-control design, while 4 did not
incorporate control groups. Sample sizes ranged from
6 to 63 patients, whose conditions persisted beyond
3 months (meaning they had reached the chronic
stage). Predominantly, the research utilized immuno-
histochemistry and immunofluorescence techniques
for detecting specific markers on living biopsy samples
(Table 1).

lection methods, study models, detection

techniques, sample sizes, the phase and site
of tendinopathy, and the status of neural
biomarkers or neuropeptides, categorized

as “upregulated,” “not upregulated,” or )
“unclear due to conflicting evidence.” Ad-
ditionally, critical hypotheses and support- é
ing evidence were assessed to evaluate the =
role of neoinnervation and the paratenon E
in tendinopathy. .
REesuLts —
Search Yield ()
The comprehensive search across 4
databases, along with additional refer-
ence tracking, initially yielded 208 re- -
cords. After the removal of 89 duplicates, E
119 research articles were screened for §

titles and abstracts. This process led to the
assessment of the full text of 47 records,
from which 26 studies met the criteria and
were included in this scoping review. The __
final set of studies spanned from 2001
to 2022. Further details are presented
in Fig. 1 (17). This study adhered to the
PRISMA-ScR 2018 Checklist, as detailed in
the Appendix.

[ Included ]

Study Characteristics

Flow diagram of the search strategy J

Records/identiiod;from: Records removed before screening:

Plbmed (fi=79) Duplicate records removed (n =89)
EMBASE (n =33) Records marked as ineligible by
Scopus (n =51) automation tools (n =0)
Web of Science (n =31) Records remov(id:g)r other reasons
References tracking (n= 14)
Total (n = 208)
A
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(n=119) (n=72)

!
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(n =47) (n=0)
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Reports assessed for eligibility Reports excluded (n =21):

(n=47) Wrong study type (n =2)

Not studied in tendon (n =4)

Not studied about neoinnervation
(n=15)

v

Studies included in review
(n=26)
Reports of included studies

(n=26)

Human Studies
Twenty-one human studies conducted

between 2001 and 2022 involved 462 pa- 2021).

Fig. 1. Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA ) flow diagram of included studies (Page et al.,
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Table 1. Type and detection methods of human studies.

Authors Year Study Type Specimen Tendon Site Detection Method
Spang et al. (7) 2022 Case series Scraped from living patient Patella tendon IMH
Blumer et al. (31) 2020 Case control Living biopsies Biceps tendon IF
Spang and Alfredson (33) 2017 Case series Living biopsies ECRB tendon IMH, IF
Hackett et al. (8) 2016 Case control Living biopsies Rotator cuff tendon IMH, IF
Christensen et al. (27) 2015 Case control Living biopsies Achilles tendon IF
Fearon et al. (34) 2014 Case control Living biopsies Greategrl:;;}f?:;zi; bursa, IMH

Xu et al. (29) 2012 Case control Living biopsies Rotator cuff capsule IMH, IE, H&E
Schizas et al. (15) 2012 Case control Living biopsies Patella tendon IMH

Xu et al. (30) 2011 Case control Living biopsies Supraspinatus tendon IMH, H&E
Schizas et al. (23) 2010 Case control Living biopsies Patella tendon IF
Andersson et al. (25) 2008 Case control Living biopsies Achilles tendon IE, ISH
Scott et al. (18) 2008 Case control Living biopsies Patella, Achilles tendon IE, ISH
Singaraju et al. (32) 2008 Case control Living biopsies Biceps tendon IMH
Danielson et al. (22) 2007 Case control Living biopsies Patella IF
Andersson et al. (28) 2007 Case series Living biopsies Achilles IF

Lian et al. (20) 2006 Case control Living biopsies Patella IMH, IF
Schubert et al. (11) 2005 Case control Living biopsies Achilles IMH, IF
Bjur et al. (26) 2005 Case control Living biopsies Achilles IMH
Alfredson et al. (24) 2003 Case control Living biopsies Achilles IMH
Alfredson et al. (19) 2001 Case control Living biopsies Patella Microdialysis, IMH
Sanchis -Alfonso et al. (21) 2001 Case series Living biopsies Patella IMH, H&E

Abbreviations: ECRB, extensor carpi radialis brevis; NR, no reported; IMH, immunohistochemistry; IF, immunofluorescence;

H&E, hematoxylin-eosin stain; 1SH, in situ hybridization

Animal Studies and Induction Model

Five animal studies conducted between 2002 and
2018 utilized rats and mice to investigate the effects
and recovery processes of induced Achilles tendon
ruptures, serving as models for human tendinopathy
(35-39). These studies, which involved a total of 308
animals, employed in vivo experimental approaches
with post-mortem tissue collection to analyze the ten-
don at various stages. Tissue samples from the ventral,
middle, and dorsal sections—primarily the middle and
full thickness of the Achilles tendon—were subjected
to comprehensive analyses using detection techniques
such as immunohistochemistry, immunofluorescence,
and hematoxylin and eosin staining. Each study uti-
lized specific methodologies to induce tendon injuries
for the experiments. Mechanical induction was a com-
mon technique for mimicking tendinopathy across all
studies, with 4 studies employing blunt instruments to
rupture the tendon (36-39). One of those studies took
the unique approach of supplementing mechanical
rupturing with chemical interventions, applying agents

such as substance P, thiorphan, and captopril directly
to the injury sites to explore the therapeutic effects
of said agents on tendon healing (37). Another study
standardized the injury model by using sharp surgical
blades to create complete lacerations in mice (35). The
experimental design included both control and experi-
mental groups, with animal numbers ranging from 5 to
40. In a particularly comprehensive study conducted by
Steyaert et al (37), 3 distinct experimental groups and
one control group were all subjected to identical me-
chanical injuries followed by varied treatments to as-
sess the latter’s effects on tendon repair and recovery.
Observation periods across the studies varied from one
day to 16 weeks after the interventions. This extensive
observation captured major processes such as inflam-
mation, cellular migration, nerve ingrowth, and tissue
remodeling. As for sample sizes and specific interven-
tions, Stalman et al and Ackermann et al each included
40 animals in their respective experimental and control
groups, whereas the other studies utilized a total of
47 animals with a notably smaller control group of 5

290

www.painphysicianjournal.com



Chronic Tendinopathy Driven by Neoinnervation - A Scoping Review

Table 2. Model of animal studies.

T, f Detecti
Authors Year | JP€° Species Tendinopathy Model Tendon Site Tissue Site crection
Study method
Xu et al. (35) 2018 In vivo Mice SuggEiLib use.d o Achilles tendon Mid-portion IF
complete laceration
Stdlman et al. (36) | 2015 In vivo Rats Blunt 1r?stru-ment used for Achilles tendon 0.5 cm al?ove the IMH, IF
tearing fibers apart calcaneal insertion
Steyaertetal. (37) | 2010 | Invivo | Rats B DO REHD | e lo Mid-portion IF, H&E
rupture fibers
Ackermant et al. 2003 In vivo Mice Blunt 1r?stru‘rnent used for Achilles tendon Mid-portion IMH, IE, H&E
(38) tearing fibers apart
Ackermann et al. 2002 | Invivo Rats Blunt instrument for tearing Achilles tendon Ventral, mldfile, IMH, IF
(39) fibers apart and dorsal side

Abbreviations: NR, no reported; I MH, immunohistochemistry; 1F, immunofluorescence; H&E, hematoxylin-eosin stain

animals (36,38,39). Steyaert et al consistently involved
24 animals per group, integrating pharmacological
treatments to evaluate their effectiveness in modulat-
ing the healing responses (37). The characteristics of
animal studies are presented in Supplementary Table
2, and the details of the animal model are summarized
in Table 2.

Role of the Paratenon in Tendinopathy

The paratenon is a crucial structure in chronic
tendinopathy, with 76.9% of studies (20 out of 26)
highlighting its role in mediating nociception and
regulating pain (7,15,19,20,22-28,30,32-39). This tissue
serves as an active site for nociceptive and regenerative
processes, particularly in the early post-injury phase. Im-
munoreactivity to neuronal markers such as NMDAR1
and substance P in the paratenon suggests its involve-
ment in early nerve-mediated responses (15,19,23,39).
Additionally, evidence shows that peritendinous RFP-
labeled cells migrate to wound sites, supporting tissue
regeneration and cellular regulation (35). Fourteen
studies (53.8%) reported significant overlap between
neoinnervation and paratenon function, emphasizing
the combined role of the phenomena in tendinopathy
mechanisms. This interplay underscores the importance
of these processes in understanding tendinopathy pa-
thology and guiding treatment strategies. However, 6
studies (23%) did not address the paratenon’s role, sug-
gesting research gaps and the need for more uniform
study designs (Supplementary Table 3).

Evidence of Neoinnervation in Tendinopathy
Neoinnervation was identified in 73% of studies (19
out of 26), confirming its contribution to the progression
of tendinopathy (7,8,11,15,20-26,29-31,33,35,36,38,39).
Biomarkers such as substance P were linked consistently

to nerve ingrowth and pain, highlighting their active
roles from injury onset through recovery and empha-
sizing their potential as therapeutic targets (11,15,36).
These studies further suggest that together, nerve pro-
liferation, alongside angiogenesis, synergistically pro-
motes tendon healing (8,24). While most studies support
the role of nerve ingrowth in tendinopathy, variability
exists. One study challenged the consensus, reporting
no significant association between nerve ingrowth and
tendinopathy symptoms (37). Despite this disagreement,
the overall evidence strongly supports the importance
of neoinnervation and its interactions with vascular
changes in the pathology of tendinopathy (Supplemen-
tary Table 3).

Upregulation of Neural Biomarkers
Associated with Neoinnervation in
Tendinopathy

Neural biomarkers provide critical insights into the
mechanisms of nerve ingrowth and inflammation in
tendinopathy. The most frequently reported marker,
PGP 9.5, was upregulated in 15 studies spanning animal
and human case-control designs (8,15,20,22-24,26,28-
31,33,36,37,39). Substance P, identified in 13 studies,
plays a key role in pain and inflammatory modulation,
while CGRP was reported in 9 studies, further support-
ing its involvement in nociception. Tyrosine hydroxylase
was found to be upregulated in 6 studies, emphasiz-
ing its significant role in sympathetic innervation and
catecholamine synthesis, which is linked closely to pain
pathways. In one study, however, tyrosine hydroxylase
was reported as not upregulated. GAP-43, known for
its involvement in new nerve growth and nerve regen-
eration, was upregulated in 3 studies. NMDA receptors
(NMDAR1) were upregulated in 3 human case-control
studies, as was glutamate, while the neurokinin 1 re-

www.painphysicianjournal.com

291



Pain Physician: July/August 2025: 28:287-297

ceptor (NK1R) was also upregulated in 3 studies. This
upregulation highlights the potential roles of these
receptors in the neurochemical processes associated
with tendinopathy. Adrenoreceptors were reported as
upregulated in 2 human case-control studies, one of
which identified the alpha-1 subtype. Neuropeptide Y
was upregulated in 2 studies, while galanin, associated
with pain and inflammation modulation, was upregu-
lated in one study. Markers for nerve sprouting, such
as beta tubulin reaction and S-100, were identified
in studies. Additional cellular and molecular markers
identified include RFP-labeled cells, PARs receptors,
macrophages (CD68 and CD206), T cells (CD3), mast
cells (mast cell tryptase), vascular endothelium (CD34),
and specific chemokines such as CCL5, CCL2, CCL3 and
CXCL10. These findings indicate more complex path-
ways involved in the pathology of tendinopathy that
extend beyond nerve ingrowth (Fig. 2, Table 3).

Trends in Neural Biomarker Research

This scoping review highlights 2 decades of neural
biomarker research in tendinopathy, revealing shifts
in the focus and diversity of studied markers (Fig. 3).
Studies in the first decade of the twenty-first century
focused on PGP 9.5 and substance P, sparking interest in
and laying the groundwork for understanding neural

contributions to nociception and pain in tendinopa-
thy. During this period, interest among researchers
expanded to include CGRP and NMDAR, reflecting
broader exploration of pain pathways and signaling
mechanisms. Peaks in research activity around 2007
and 2010, particularly for substance P and CGRP, likely
correlated with seminal studies that influenced subse-
quent work. Meanwhile, emerging biomarkers such as
NMDAR and NK1R exhibit variable reporting frequen-
cies, indicating evolving hypotheses regarding their
roles in tendinopathy.

From 2010 to 2020, investigations into substance P,
CGRP, and NMDAR intensified, underscoring their roles
in neurogenic inflammation and pain modulation. New
markers such as tyrosine hydroxylase, neuropeptide Y,
GAP-43, and B-tubulin emerged, broadening research
into autonomic innervation and nerve regeneration
mechanisms.

After 2020, focus on established markers like PGP
9.5, substance P, and NMDAR continued, with increas-
ing attention to cellular mechanisms. A plateau or
decline in reports during this period suggests a shift to-
ward novel research areas or a matured understanding
of these biomarkers. Recent studies integrate advanced
molecular techniques and highlight inflammatory and
immune markers, including chemokines, macrophages
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Fig. 2. This bar chart displays the frequency of upregulated biomarkers reported in human and animal studies concerning
neoinnervation in tendinopathy. The Y-axis represents the number of studies, while the X-axis lists the biomarkers studied.
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Fig. 3. This chart displays the evolution of research interest in various neuromarkers across different time periods.

(CD68, CD206), T cells (CD3), and mast cell tryptase,
illustrating the interplay of neurogenic, inflamma-
tory, and immune responses in tendinopathy. Unique
markers such as RFP-labeled cells and PARs receptors
represent innovative approaches to studying cellular
behaviors in tendinopathic tissues.

Discussion

The present investigation advances the under-
standing of chronic tendinopathy through a neuro-
logical pathway lens, elucidating the roles of neoin-
nervation and the paratenon, identifying upregulated
neural biomarkers, and examining biomarker research
trends over time. Integrating findings from 21 human
studies and 5 animal models, this review highlights sub-
stantial interactions between experimental and clinical
research. The paratenon is shown to play a significant
role in mediating nociception and regulating pain, an
observation supported by 20 of 26 studies. Beyond
exhibiting post-injury reactivity, the paratenon contrib-
utes actively to healing through nerve regeneration
and cellular regulation (28,35). Mechanisms such as
the role of substance P in inflammation and the regen-
erative phase further underline the importance of the
paratenon (20,37). The confirmation of nerve growth
and inflammatory markers in the paratenon adds to
the growing body of evidence suggesting a neuro-

inflammatory component in tendon pain and dysfunc-
tion (30,40,41). Evidence from 19 studies underscores
the importance of neoinnervation in neurobiological
pathways and its correlation with pain and neurogenic
inflammation. However, methodological variations ne-
cessitate further clarification of neoinnervation’s exact
role in the pathology of tendinopathy (9,42).

Neural biomarkers, including PGP 9.5, substance
P, and CGRP, are upregulated prominently, highlight-
ing their roles in chronic tendon pain. PGP 9.5 serves
primarily as a biomarker for visualizing tendon inner-
vation patterns, with potential utility in diagnostics
or research but limited therapeutic application (43).
Substance P and CGRP exhibit a directly actionable
profile as nociceptive neuropeptides. Upregulated in
sensory nerves during tendinopathy, they play dual
roles by promoting tissue healing through vasodilation
and angiogenesis while also contributing to tendon
damage via neurogenic inflammation, apoptosis, and
prolonged exposure (2,14,19,42,44,45). Although
substance P has shown therapeutic promise in some
contexts, such as enhancing early-stage healing after
Achilles tendon repair, the variability in the effects
of this neuropeptide highlights the need for further
investigation (46). Targeting the SP-NK1R axis could of-
fer novel pain management strategies, though clinical
trials are required to confirm their efficacy and safety
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(6,47,48). Autonomic biomarkers, such as tyrosine hy-
droxylase (TH) and neuropeptide Y (NPY), have gained
attention as indicators of sympathetic nerve activity.
Their presence suggests that dysregulated autonomic
innervation may contribute to persistent pain and the
impaired healing of tendons (22). GAP-43, associated
with nerve regeneration and new nerve growth, un-
derscores nerve sprouting as a key mechanism linked to
chronic tendon pain (49). Additionally, contemporary
research increasingly highlights NMDAR, cytokines,
and immune markers, such as mast cell tryptase,
macrophages, and T-cell receptors, emphasizing the
neuro-immune pathway’s role in chronic tendon pain
development and persistence (50-53).

The shift in research focus over the decades reflects
a deeper understanding of the neurobiology of tendi-
nopathy. Although early studies primarily characterized
nerve presence using PGP 9.5, later research explored
nociceptive neuropeptides (SP, CGRP), neuro-immune
mechanisms (chemokines, cytokines, and mast cells),
and neurotransmitter receptors (NMDAR, NK1R). This
evolution signifies a paradigm shift from merely iden-
tifying nerve ingrowth to elucidating how neural and
immune interactions contribute to pain chronicity and
tendon degeneration.

Temporal trends suggest a growing focus on di-
verse biomarkers, reflecting an evolving understanding
of neuro-inflammatory mechanisms in tendinopathy.
Future research should integrate these findings to un-
ravel the complex interplay of neurogenic and immune-
regulated pathways, potentially enabling more tar-
geted and effective therapies. Personalized approaches
based on specific biomarker profiles and disease stages
could further optimize treatment outcomes.

The present review also identifies gaps in existing
research. The predominance of cross-sectional studies
provides only a static view of tendinopathy. Longitu-
dinal studies are needed to track the progression of
neoinnervation and paratenon changes, revealing
their dynamic roles in chronic pain and healing. More-
over, novel therapeutic targets remain underexplored.
Although therapies targeting neoinnervation and
paratenon disruption show promise, experimental vali-
dation and clinical efficacy remain under-researched.
More studies are needed to evaluate the effectiveness
of these interventions as therapeutic mechanisms for
both pain relief and tendon healing. Further investiga-
tion should explore larger-scale clinical trials and the
cost-effectiveness of interventions to improve treat-
ment accessibility.

Limitations

A limitation of the present investigation is that
most of the included studies are case-control and ex-
perimental in nature. These designs typically provide a
lower level of evidence due to inherent methodological
constraints, such as the lack of randomization and po-
tential biases. While these limitations are understand-
able given the feasibility and specific outcomes of in-
terest, the findings should be interpreted with caution.
There is a need for more robust, high-quality research,
including randomized controlled trials, to strengthen
the evidence base for the role of neoinnervation and
related interventions in chronic tendinopathy. Further-
more, the review may not fully capture how changes
in biomarker expression or neoinnervation evolve over
stages of disease or in response to treatment, which
is crucial for understanding disease progression and
management. Future research should address these
temporal aspects and further refine the understanding
of these mechanisms.

CONCLUSION

Integrating these findings into therapeutic
strategies offers promising avenues for enhancing
treatment efficacy. Targeting neural components
within the paratenon may provide effective pain re-
lief while supporting tendon repair. The denervation
of the paratenon may be the common denominator
of the treatments reviewed here (54). In this regard,
an ultrasonic approach to the paratenon should also
be considered to treat chronic tendinopathic pain,
by a focal neurolysis of the paratenon nociceptors
(10,55,56). Minimally invasive stripping, focused on
paratenon separation, aims to directly target and dis-
rupt the nerve ingrowth mechanism (57,58). Sclerosing
injections with polidocanol and high-volume image-
guided injections (HVIGI) are designed to eradicate
neovessels and associated nerve fibers, which may also
be a future treatment strategy (59-61). While these
treatments hold significant promise for managing
chronic tendinopathy, their complications have been
reported, and each has its limitations (57,62). Notably,
current payment models in the United States do not
cover treatments involving paratenon modifications.
However, research on paratenon modification is
promising, suggesting that the technique may be a vi-
able option for chronic tendinopathic pain. Currently,
in the United States, the only reimbursed percutane-
ous procedure that involves separating the paratenon
and has shown good outcomes with minimal adverse
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events is percutaneous ultrasound tenotomy using
TENEX® (10,55,56,63). Future research should investi-
gate how this intervention impacts the paratenon and

benefits.

neuronal mechanisms in tendinopathy to validate that
intervention’s effectiveness and potential therapeutic

Supplemental material is available at www.painphysianjournal.com
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Supplementary Table 1. Characteristics of human studies.

T le Si Ph: f
Authors Year Group Tendon Status endon Sa}mp e Size .ase 0
(Patients) Disease
Case (painful patella tendinopath Tendinopath 6
Spangetal. (7) | 2022 (P L& pathy) I Chronic
No control group - -
Case (long head of biceps tendon from patients with
OA shoulder or head split fracture that cannot be NR 116 OsAlSitl?rl;lcielrr;; >head
glll;ner etal. 2020 reconstructed) P Chronic
Control (human spinal cord from an organ donor for NA NA
positive antigen control)
Case (tennis elbow’ Tendinopath 9(7
Spang and 2017 ( ) pathy @ Chronic
Alfredson (33) No control group - -
Case 1 (suprascapularis calcific tendinitis) Tendinopathy 10
I—{az:él;)ett et 2016 Case 2 (rotator cuff tear) Tendinopathy 10 Chronic
a Control (patients treated with stabilization for No tendinopath 10
subscapularis tendon) pathy
Christensen et Case (Achilles tendinosis surgery) Tendinopathy 17 :
2015 Chronic
al. (27) Control (healthy individuals) No tendinopathy 4
Fearon et al. Case (gluteal tendon reconstructive surgery and Severe .
(34) 2014 bursectomy) tendinopathy 34 Chronic
Case (jumper’s knee) Tendinopathy 10
Schizas et al. .
(15) 2012 Control (tibial shaft fractures undergoing No tendinopath 3 Chronic
intramedullary nailing) pathy
Case (frozen shoulder) Tendinopathy 8
Xu et al. (29) 2012 Chronic
Control (rotator cuff tear but no stiffness) Tendinopathy 10
Case (supraspinatus tendon, rotator cuff tear) Tendinopathy 26
Xu etal. (30) 2011 q i qk NR
Control (subscapula}'ls tendon in instability shoulder W gty 10
but no sign of tendinopathy)
Case (jumper’s knee) Tendinopathy 10
Schizas et al. .
(23) 2010 Control (tibia fractures—intramedullary nailing . Chronic
. . . No tendinopathy 8
without current or previous knee pain)
Case (chronic painful midl-é))ortion Achilles tendinosis; Terdmageity 20
Andersson et Control (healthy Achilles tendon; IF) No tendinopathy 7 .
2008 Chronic
al. (25) Case (chronic painful mid-portion Achilles tendinosis; Tendinopath
ISH) endinopathy 9
Control (healthy Achilles tendon; ISH) No tendinopathy 3
Case (patellar tendinopathy + Achilles tendinopath Tendinopath 14 (one patella) + (13 Achilles)
Scottetal. (18) | 2008 ® Py pathy) Py P ( Chronic
Control (healthy, pain-free patella + Achilles tendon) | No tendinopathy | 15 (one patella) + (7 Achilles)
. . Case (arthroscopic-assisted biceps tenodesis) TendmopathY. 6
Singaraju et al. and tenosynovitis .
(32) 2008 o n Chronic
Control (healthy cadavers) A nopathy 6
and tenosynovitis
Andersson et Case (painful mid-portion Achilles tendinosis) Tendinopathy 15
2007 Chronic
al. (28) No control group - -
Danielson et Case (chronic painful patella tendinosis) Tendinopathy 7 .
2007 Chronic
al. (22) Control (pain-free patella tendon) No tendinopathy 15
Case (jumper’s knee) Tendinopathy 10
Lianetal. (20) | 2006 Chronic
Control (healthy individuals) No tendinopathy 10




Supplementary Table 1 cont. Characteristics of human studies.

Tendon S le Si Ph: f
Authors Year Group Tendon Status endon Samp’e Size ase 0
(Patients) Disease
Bjur D et al. Case (chronic painful mid-portion Achilles tendinosis) Tendinopathy 21
2005 Chronic
ontrol (he individuals o tendinopa
(26) C 1 (healthy individuals) No tendinopathy 9
Case (painful Achilles tendinosis) Tendinopathy 10
Schubert et al. .
(1 2005 Control (spontaneously ruptured tendon without Ruptured tendon 10 Chronic
previously pain) P
N edsonte: Case (painful Achilles tendinosis) Tendinopathy 25 (24)
2003 Chronic
al. (24) Control (healthy individuals) No tendinopathy 20 (14)
Alfredson et Case (painful jumper’s knee—patella tendon) Tendinopathy 5 Chronic
2001 (12-36
al. (19) Control (healthy individuals) No tendinopathy 5 months)
Case (patellar tendon from jumper’s knee) Tendinopathy 17
Sanchis- N ol Chronic
Alfonso et al. 2001 © contro’ group - - (13
(21) . Mild months)
Control (total hip arthroplasty) tendinopathy 29
Supplementary Table 2. Characteristics of animal studies.
Tendon Duration After
Auth Yo G S le Si
uthors ear roup Status ample Suze Induced Model
ST gl Experiment (induced Achilles tendon rupture) e NR After modeling and
(35) 2018 tendon rupture tendon rupture at one,
No control group - - 2,3, 4 weeks
Experiment (induced Achilles tendon rupture) Induced 40 After tendon rupture
Stalman et 2015 tendon rupture with one day, 3 days,
al. (36) ] ] and one, 2, 4, 6, 8, 12,
Control (intact healthy Achilles tendon) Intact tendon 40 16 weeks after surgery
Experiment One (induced Achilles tendon rupture Induced
with paratenon injection of SP 10-6 pmol/kg BW T 24
combined with thiorphan and captopril) P
Experiment 2 (induced Achilles tendon rupture
. . Induced
with paratenon injection of SP 10-8 pmol/kg BW S 24 After paratenon
Sltez’;;; e 2010 combined with thiorphan and captopril) P injection at 2, 3, 4, 5,
al.
Experiment 3 (induced Achilles tendon rupture 6 days
. I . Induced
with paratenon injection of thiorphan and 24
. tendon rupture
captopril)
Control (induced Achilles tendon rupture with Induced 24
paratenon injection of normal saline) tendon rupture
. . . Induced 47 (35 for IMH + 12 After modeling and
Ad(lelggnn 2003 Experiment (induced Achilles tendon rupture) tendon rupture | for nociceptive test) | tendon rupture at one,
etal.
Control (intact healthy Achilles tendon) Intact tendon 5 2,4, 6,12, 18, 16 weeks
i . . Induced Aft deli d
Experiment (induced Achilles tendon rupture) 40 ©F X (Eog &l
é\tcelser(gr;a)nn 2002 P P tendon rupture tendon rupture at one,
’ Control (contralateral intact Achilles tendon) Intact tendon 40 2,4,6,8,12,16 weeks

Abbreviations: NR, no reported; SP, substance P; IMH, immunohistochemistry
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