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Abstract 

Background:  Assuming that the mechanisms inducing adaptation in healthy tendons yield similar responses in 
tendinopathic tendons, we hypothesized that a high-loading exercise protocol that increases tendon stiffness and 
cross-sectional area in male healthy Achilles tendons may also induce comparable beneficial adaptations in male 
tendinopathic Achilles tendons in addition to improving pain and function.

Objectives:  We investigated the effectiveness of high-loading exercise in Achilles tendinopathy in terms of inducing 
mechanical (tendon stiffness, maximum strain), material (Young’s modulus), morphological (tendon cross-sectional 
area (CSA)), maximum voluntary isometric plantar flexor strength (MVC) as well as clinical adaptations (Victorian Insti-
tute of Sports Assessment—Achilles (VISA-A) score and pain (numerical rating scale (NRS))) as the primary outcomes. 
As secondary outcomes, drop (DJ) and counter-movement jump (CMJ) height and intratendinous vascularity were 
assessed.

Methods:  We conducted a controlled clinical trial with a 3-month intervention phase. Eligibility criteria were 
assessed by researchers and medical doctors. Inclusion criteria were male sex, aged between 20 and 55 years, chronic 
Achilles tendinopathy confirmed by a medical doctor via ultrasound-assisted assessment, and a severity level of less 
than 80 points on the VISA-A score. Thirty-nine patients were assigned by sequential allocation to one of three parallel 
arms: a high-loading intervention (training at ~ 90% of the MVC) (n = 15), eccentric exercise (according to the Alfred-
son protocol) as the standard therapy (n = 15) and passive therapy (n = 14). Parameters were assessed pre- and-post-
intervention. Data analysis was blinded.

Results:  Primary outcomes: Plantar flexor MVC, tendon stiffness, mean CSA and maximum tendon strain improved 
only in the high-loading intervention group by 7.2 ± 9.9% (p = 0.045), 20.1 ± 20.5% (p = 0.049), 8.98 ± 5.8% (p < 0.001) 
and −12.4 ± 10.3% (p = 0.001), respectively. Stiffness decreased in the passive therapy group (−7.7 ± 21.2%; 
p = 0.042). There was no change in Young’s modulus in either group (p > 0.05). The VISA-A score increased in all groups 
on average by 19.8 ± 15.3 points (p < 0.001), while pain (NRS) dropped by −0.55 ± 0.9 points (p < 0.001). Secondary 
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outcomes: CMJ height decreased for all groups (−0.63 ± 4.07 cm; p = 0.005). There was no change in DJ height and 
vascularity (p > 0.05) in either group.

Conclusion:  Despite an overall clinical improvement, it was exclusively the high-loading intervention that induced 
significant mechanical and morphological adaptations of the plantar flexor muscle–tendon unit. This might contrib-
ute to protecting the tendon from strain-induced injury. Thus, we recommend the high-loading intervention as an 
effective (alternative) therapeutic protocol in Achilles tendinopathy rehabilitation management in males.

Clinical Trials Registration Number: NCT02732782.

Keywords:  Achilles tendinopathy, Controlled clinical trial, Tendon adaptation, High-loading exercise, Musculoskeletal 
rehabilitation, Tendon rehabilitation, Training therapy, Eccentric training, Physiotherapy

Key Points

•	 In a controlled clinical trial, high-loading interven-
tion in Achilles tendinopathy in males induced supe-
rior adaptations in tendon stiffness, maximum ten-
don strain and cross-sectional area as well as similar 
clinical improvements when compared to standard 
eccentric exercise or passive therapy.

•	 High-loading exercise-induced adaptations may fur-
ther lead to prolonged benefits as improved mechan-
ical and morphological tendon properties might pro-
tect the tendon from strain-induced microdamage 
and pain.

•	 We recommend the high-loading intervention as an 
effective (alternative) therapeutic protocol in Achilles 
tendinopathy rehabilitation management.

Introduction
Achilles tendinopathy, characterized by swelling, load-
induced pain and loss of function [1], is the most preva-
lent occurring tendinopathy of the lower extremity [2]. 
While a variety of different treatment approaches are 
available [3, 4], many of those exclusively focus on symp-
toms such as pain, yet do not address the underlying 
physiological causes.

The exact etiology remains unclear [5, 6], and it is likely 
to be multifactorial, including metabolic dysfunction 
(diabetes) [7] and hypercholesterolemia [8], or overstim-
ulated inflammatory processes [9]. Despite this, a pre-
dominant cause from a mechanobiological perspective 
seems to be repetitive mechanical tissue overuse [6, 10]. 
Particularly, repetitive strain beyond physiological lim-
its is linked to tendon injury [11–13]. As a consequence, 
tendon overuse may result in structural damage leading 
to a degenerated and weakened tendon [14] with reduced 
capacity to resist deformation when force is applied (i.e., 
decrease in stiffness).

A temporary insufficient tissue capacity that 
increases the risk for tendon injury may apply particu-
larly to athletes, where non-uniform maturation and 

adaptation of muscle and tendon tissue [15, 16] can add 
to the observed considerable alterations in tendon stiff-
ness across a season [17]. Indeed, the prevalence of ten-
dinopathy in specific sports is high, with up to 50% in 
professional endurance runners [18–20] and handball 
[21], basketball [22] and volleyball [23] players. How-
ever, repetitive mechanical loading does not necessar-
ily lead to tendon injury [24], as loading is also needed 
to maintain tissue function and homeostasis [11] and 
may lead to tendon tissue adaptation (i.e., increase in 
stiffness). As an example, tendon stiffness is increased 
in sprinters compared to endurance athletes or controls 
[25], while elite jumpers show higher stiffness in their 
take-off leg compared to their swing leg [17]. Indeed, 
there seems to be a thin line between the benefits and 
detriments of mechanical loading in terms of strain to 
the tendon [10].

The specific characteristics of the mechanical stimu-
lus play a key role in the context of adaptation: repetitive 
high tendon strain induced by highly intensive muscle 
contractions (e.g., at 90% of maximum voluntary iso-
metric contraction (MVC)) and a time under tension of 
at least three seconds are proposed to be effective for 
tissue adaptive responses, leading to stiffness increases 
and tissue growth in healthy tendons [26–28]. In con-
trast, lower tendon strains induced by medium inten-
sive muscle contractions (e.g., 55% of MVC [26, 27]) or 
treadmill walking and running [29] as well as short time 
under tension as occurring in plyometric jumps [28] did 
not lead to similar adaptive responses. Thus, to coun-
teract phases of enhanced injury risk, a specific tendon 
training based on the most effective mechanical stimulus 
should improve the structural integrity of the tendon and 
thereby reducing injury prevalence. Indeed, high-loading 
exercise decreased the prevalence of tendon pain in ado-
lescent handball and basketball players [30, 31]. Taking 
the aforementioned into consideration, it seems reason-
able to assume that tendinopathy patients in which the 
tendons tissue integrity has deteriorated may also benefit 
from high-loading interventions on a structural and clini-
cal level.
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While the therapeutical use of mechanical stimuli [32] 
has been standard in tendinopathy treatment for many 
years, effectively improving pain and function in many 
patients, exercise therapies such as eccentric calf muscle 
training, known as the Alfredson protocol, [33] do not 
lead to pronounced tendon stiffness adaptations [34–36]. 
The effects of eccentric exercise on tendon CSA remain 
ambiguous as one study showed an increase in tendon 
CSA [36] whereas another study did not [37].

Yet, a recent trial in patellar tendinopathy that com-
pared eccentric exercise to progressive-tendon-loading 
exercise (PTLE) demonstrated promising evidence for 
the superior clinical outcome (i.e., VISA-P score) with 
PTLE treatment [38]. Despite this, from a biomechanical 
viewpoint, the effectiveness of an exercise treatment pro-
tocol is linked to its capacity in inducing structural ten-
don adaption. Indeed, 12 weeks of heavy-slow-resistance 
training in patellar tendinopathy induced changes in the 
extracellular matrix composition, indicating an increased 
collagen synthesis and turnover but without altering the 
mechanical (i.e., stiffness), material (i.e., Young’s modu-
lus) and morphological (i.e., CSA) patellar tendon prop-
erties [36]. The latter might be supported by a recent trial 
in which either low-loading or high-loading exercise did 
not lead to improvements in mechanical, material, or 
morphological tendon properties in patellar tendinopa-
thy [39].

In Achilles tendinopathy, 12 weeks of heavy load resist-
ance training did not result in superior effects in VISA-A 
score, pain, tendon thickness and vascularization com-
pared to eccentric exercise [40]. However, comprehensive 
assessments of the Achilles tendon mechanical, material, 
or morphological properties were not performed in that 
study and those data are still missing.

Thus, we hypothesize that a mechanical loading proto-
col that induces adaptation in healthy Achilles tendons 
[28] yields similar responses in tendinopathic Achilles 
tendons, meaning that a high-loading exercise protocol 
that increases tendon stiffness, CSA [28] and DJ perfor-
mance [41] in a healthy population should also induce 
beneficial structural adaptations in tendinopathic Achil-
les tendons in addition to improving pain and function, 
counteracting the pathological tissue deterioration. In 
addition, the high-loading protocol is highly time-saving 
as it requires approximately 20% of the time when com-
pared to the Alfredson protocol (Table 1).

We conducted a controlled clinical trial with Achilles 
tendinopathy patients hypothesizing that high-loading 
tendon exercise would provide superior therapeutic 
effects in terms of beneficial mechanical, material, and 
morphological adaptations of the tendon, plantar flexor 
strength and clinical parameters (i.e., primary outcomes) 
as well as functional parameters (i.e., vertical jump 
height) and tendon vascularity (i.e., secondary outcomes) 

Table 1  Baseline characteristics of the three groups and intervention characteristics of the two exercise protocols

Values of baseline characteristics are presented as mean ± SD (standard deviation) and range in parentheses

Ins., Insertional; AT, Achilles tendon; VISA-A, Victorian Institute of Sport Assessment questionnaire score for Achilles tendinopathy
A Average of the 2 weeks before baseline
B n = 1 missing
C Rest periods added
D Without warm-up

Baseline characteristics Passive therapy
(n = 14)

Alfredson
(n = 15)

High-load
(n = 15)

Age [years] 42 ± 11 (26–55) 40 ± 8 (24–52) 39 ± 9 (25–52)

Body height [cm] 182 ± 6 (173–195) 179 ± 5 (170–186) 184 ± 6 (177–198)

Body mass [kg] 80 ± 12 (68–110) 76 ± 7 (65–88) 85 ± 11 (70–110)

Body mass index [kg/m2] 24 ± 4 (20–37) 24 ± 2 (21–28) 25 ± 3 (22–32)

Activity level [hours/week]A 6 ± 4 (0–14) 6 ± 4 (0–12) 7 ± 6 (1–23)

Laterality (left/right) 3/11 2/12B 3/11B

Symptomatic AT (left/right) 10/4 7/8 9/6

Symptom localization (Ins./Mid-portion) 5/9 7/8 7/8

Symptom duration [months] 17 ± 20 (4–60) 45 ± 68 (3–264) 25 ± 33 (3–96)

VISA-A PRE [points] 59 ± 15 (19–78) 53 ± 14 (29–73) 57 ± 11 (35–73)

Intervention characteristics

Loading time per session [min] – 4.5 1

Loading time per week [min] – 63 4

Time per session [min]C,D – 11.75 5.75

Time per week [min]C,D – 164.5 23
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when compared to common standard exercise therapy 
(Alfredson’s eccentric exercise protocol) or passive ther-
apy (i.e., no mechanical loading).

Materials and Methods
Design
The study design was a single-assessor-blinded (i.e., data 
analysis) controlled clinical parallel-arm trial with an 
intervention phase of 12  weeks, registered under Clini-
calTrials.gov (NCT02732782). The study was conducted 
according to the CONSORT (Consolidated Standards of 
Reporting Trials) guidelines [42] (Fig.  1). We recruited 
patients by physician referral or advertisement (from 
05/16 to 12/17). The pre-screening (i.e., initial medical 
assessment and diagnosis) by medical doctors took place 
at the sports medicine outpatient clinic of the Charité 
University Hospital, Berlin. Except for magnetic reso-
nance imaging (MRI), all assessments and evaluations at 
baseline (PRE) and after completion of the intervention 
phase (POST) were conducted within the lab facilities of 
the Department of Training and Movement Sciences at 
the Humboldt-Universität zu Berlin (G.R., S.B. and K.P.) 
(Fig.  2). The assessment 6 months after POST (FOL-
LOW-UP) was performed online.

Eligibility criteria were assessed by researchers (G.R., 
S.B. and K.P.) within the laboratory facilities and ortho-
pedic physicians from the sports medicine outpatient 
clinic (Charité University Hospital, Berlin) (Fig. 2). Inclu-
sion criteria were male, aged between 20 and 55  years, 
and chronic condition (> 3  months) of Achilles tendi-
nopathy. Pathology had to be confirmed via ultrasound 
(at least discrete hypo-echogenic areas within the ten-
don) and clinical assessment by a medical doctor. The 
threshold level of severity was defined by the Victorian 
Institute of Sport Assessment for Achilles tendinopathy 
(VISA-A) score of less than 80 points [43]. Exclusion 
criteria were corticosteroid infiltration of the tendon or 
any intake of antibiotics (such as Fluoroquinolone, Levo-
floxacin, Ciprofloxacin) [44] within the past 12  months, 
any leg surgery, tendon rupture or signs of partial rup-
ture, any systemic inflammatory condition (e.g., rheuma-
toid arthritis, diabetes) and any spondyloarthropathies 
(e.g., spondylitis ankylosans). In cases of bilateral symp-
toms, the leg with a lower clinical (i.e., VISA-A) score 
and higher pain level was chosen. As there have not 
been any studies assessing tendon stiffness and Young’s 
modulus, particularly in Achilles tendinopathy using our 
high-loading tendon protocol, we relied on prior statis-
tical power analysis in two studies with healthy subjects 
[26, 27]. This power analysis calculated a sample size 
of at least n = 12 per group to achieve high statistical 
power (α = 0.05, power = 0.95, correlation = 0, effect size: 
stiffness 1.6, Young’s modulus 1.2) [28]. Anticipating a 

dropout of approximately 20%, we decided to aim for 15 
patients per group.

Fifty-five males registered interest and seven of them 
were excluded during the enrollment process (Fig.  1). 
Forty-eight participants met the eligibility criteria. They 
were enrolled in the study and after full completion of the 
PRE measurements (G.R., S.B. and K.P.) assigned by G.R. 
to one of the three treatment groups by an ABC pattern 
based on the order of date of pre-screening: The passive 
therapy group obtaining passive therapy sessions (i.e., no 
lower-limb mechanical loading), the standard exercise 
treatment (i.e., Alfredson group performing home-based 
eccentric exercise) and the High-load group conducting 
home-based high-loading tendon exercise. Four partici-
pants dropped out during the intervention phase (drop-
out rate of 8.33%). The remaining 44 participants were 
allocated as follows: Passive therapy group (n = 14), 
Alfredson group (n = 15) and High-load group (n = 15) 
(Table 1).

Allocation and Blinding
The allocation sequence list was generated, possessed, 
and hidden only by the study organizing researcher 
(G.R.). Except for him (G.R.), the allocation sequence was 
concealed for every other person involved in the enroll-
ment, allocation, and baseline assessment process (i.e., 
medical doctors, researchers, assessors, data analysts 
and patients). Only after having finished baseline assess-
ments PRE T1–T3, the respective assessor was informed 
by the researcher (G.R.) about the forthcoming alloca-
tion (Fig.  2). The chronological order of the patients at 
PRE-SCREENING did not correspond to the chrono-
logical order of PRE T1-3. Thus, allocation-to-group was 
not predictable by chronological order at any timepoint 
from PRE T1 -3. Allocation to groups, PRE measure-
ments, supervision and POST measurements were car-
ried out with strict adherence to standardized assessment 
procedures to all groups equally without disclosure of 
our study hypotheses. All PRE and POST assessed and 
reported data were gathered anonymously and without 
allocation information, and thus all image processing and 
data analysis was blinded.

Intervention
All patients equally received the option for 12 thera-
peutic appointments (i.e., manual therapy, tissue and/
or joint mobilization) as a prescription according to the 
national medical guidelines with free choice of location. 
The prescription stated the clinical trial involvement with 
recommendations for the physiotherapists to apply pas-
sive treatments and to refrain from active plantar flexor 
strength training, especially excluding eccentric exercises 
during the intervention phase. These recommendations 
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Fig. 1  Participant flowchart according to the CONSORT (Consolidated Standards of Reporting Trials) guidelines [42]. At baseline and after 
completion of the 12-week intervention phase, we assessed the mechanical, material, morphological, functional, and clinical properties of the 
muscle–tendon complex. VISA = Victorian Institute of Sport Assessment questionnaire; MRI = Magnetic Resonance Imaging; DJ = drop jump
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Fig. 2  Data collection timeline flowchart. PRE = before the intervention phase, T = timepoint, VISA-A = Victorian Institute of Sports Assessment—
Achilles, POST = after completion of 12 weeks of intervention, FOLLOW-UP = 6 months after completion of the intervention phase
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were additionally forwarded to the participants by a let-
ter to the physio. Patients were thoroughly informed 
about the intervention modalities by an experienced 
physiotherapist (G.R.) in addition to receiving a hand-
out with clear and detailed instructions of the interven-
tion protocol. During the intervention phase, patients 
were monitored and supervised on week 1, week 2, week 
4, week 8 and week 11 via telephone call and/or email to 
ensure compliance (G.R. and K.P.). Moreover, all patients 
received a training diary for daily recording interven-
tion training frequency, training load and its progression, 
pain on an NRS scale from 0 to 10 as a mean per day, use 
of medication, physiotherapy frequency and treatment 
content, further exercise activities (in km or in min) and 
additional comments. The activity was assessed in hours 
per week and based on verbal information (i.e., at PRE 
T1) as the baseline value (average of the two weeks before 
PRE T1) and based on the training diary (for PRE and 
POST). In case of ambiguity (i.e., distance report instead 
of time within the diary), we converted 10 km of running 
and 30  km of biking to 1-h activity. Activities like slow 
strolling, swimming, hiking, skiing, and slow commuting 
by bike were excluded from activity quantification. Com-
pliance was defined as the percentage of the prescribed 
intervention.

All patients were allowed to continue with their train-
ing habits unless it induced Achilles tendon pain with a 
level of > 3/10 (NRS scale) up to 24 h later. No additional 
strength training of the plantar flexors and no imple-
mentation of any new sort of lower body training was 
permitted.

Passive therapy group: Patients were asked to adhere to 
a maximum of 12 passive therapeutic and manual treat-
ment sessions, while refraining from any explicit plantar 
flexor strength training or Alfredson eccentric exercise 
protocol for the time of intervention. Thus, full adher-
ence was defined as having had 12 appointments.

Alfredson group: According to the commonly known 
and frequently published protocol [33], patients in the 
Alfredson group performed eccentric exercises in an 
upright standing position with only the forefoot of the 
injured leg on the edge of a stair lowering the heel with 
an eccentric phase of three seconds [45]. We ensured 
eccentric-only contractions of the plantar flexors by using 
the healthy leg to return to the start position. Moreover, 
the use of a full ankle angle of motion in the eccentric 
phase was encouraged. One session was defined as three 
sets of 15 repetitions with extended knees followed by 
another three sets of 15 repetitions with bended knees 
and 1-min rest in between sets. According to Alfredson, 
our protocol consisted of two sessions per day every day 
with no warm-up. The optional level of load progression 
was defined by a 5 kg additional load per week.

High-load group: Patients in the High-load group 
obtained a feedback-fitted sling (displaying the applied 
force due to an integrated strain gauge) for home-based 
application [41] of the high-loading protocol reported by 
Arampatzis et al. [26], which provides an efficient stimu-
lus for tendon adaptation [27, 28, 46, 47]. Patients were 
instructed to sit on the floor with extended knees. The 
forefoot (with shoes) was placed in the foot plate. The 
ratchet was individually set and fixed as tightly as pos-
sible, to allow for maximal isometric plantar flexor con-
tractions at a standardized ankle angle position (90°). For 
warm-up, the patients performed three sets of five iso-
metric submaximal plantar flexor contractions with 3  s 
under tension followed by three sec of rest each and with 
a rest of 1-min in between sets. After the warm-up in the 
first supervised session, five isometric MVCs of the plan-
tar flexors were executed. The individual training load 
was then calculated based on 90% of the mean of the five 
MVCs. After 10 min of rest, the first high-loading inter-
vention exercise was conducted under supervision with 
five sets of four repetitions of 90% isometric MVC plan-
tar flexor contractions with 3 s under tension followed by 
3-s rest between repetitions and 1-min rest between sets. 
This training session was repeated four times per week 
for 12  weeks. The level of load progression was defined 
by ~ 5% of the individual training load per week.

Alfredson group and High-load group: Only the injured 
leg was trained. The following instructions were given 
referring to pain and load progression: No progression of 
training load within the first two weeks. The load can only 
be progressed once a week. Adapted by the pain-moni-
toring model from Silbernagel and Crossley [48], load 
progression was allowed when the pain level was < 6/10 
(NRS scale) [40, 49] and individual rating of perceived 
exertion was < 3/10 (NRS scale) [48]. Load reduction 
was recommended when either the pain level was > 5/10 
(NRS scale) [40, 49] or the individual rating of perceived 
exertion was > 5/10 (NRS scale) [48] and should be main-
tained for a whole week. In case of limited (impossible) 
load reduction, the repetition number and/or frequency 
should be reduced. The first session was supervised.

Primary Outcomes
Primary outcomes were defined as the mechanical, 
material, and morphological Achilles tendon properties 
including plantar flexor muscle strength as well as the 
VISA-A score and pain.

Mechanical and Material Properties
Tendon mechanical and material properties (i.e., stiff-
ness, CSA, Young’s modulus) were analyzed using 
dynamometry, electromyography (EMG), motion cap-
ture, ultrasonography and MRI.
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For tendon stiffness assessment, patients were seated 
on a dynamometer (Biodex System 3, Biodex Medical 
Systems Inc., USA) with a fixed ankle angle in a neu-
tral position (foot sole 90° perpendicular to the tibia), 
extended knee, hip angle of ~ 110° and the pelvis fixed 
with a rigid belt. After a standardized warm-up of up to 
ten moderate to submaximal voluntary isometric plan-
tar flexor contractions and 1–3 MVCs [50], the patients 
conducted five ramped MVCs in order to achieve high 
reliability on tendon stiffness measurement [51] with 
a duration of five seconds each and 2-min rest between 
repetitions followed by 2–3 isometric plantar flexor 
MVCs with 2-min rest between repetitions. During all 
MVCs, standardized verbal encouragement during each 
attempt was given.

Stiffness was calculated based on the tendon force to 
tendon elongation ratio. To calculate Achilles tendon 
force, the plantar flexion moment was divided by the ten-
don lever arm. We measured the Achilles tendon lever 
arm with the tendon excursion method [52] by relat-
ing the displacement of the m. gastrocnemius media-
lis myotendinous junction (MTJ) assessed by B-mode 
ultrasound (7.5  MHz, My Lab60, Esaote, Genova, Italy) 
to the corresponding angular ankle joint excursion [53]. 
Changes in lever arm length during the contraction when 
compared to resting state were considered by including a 
corrective factor in our calculation [54].

The plantar flexor moment was calculated using an 
inverse dynamic approach taking the misalignment of 
the ankle joint axis to the dynamometer axis into con-
sideration [55]. The inverse dynamic calculation was 
based on kinematic data from an infrared motion cap-
ture system (Vicon Nexus, version 1.7.1, Vicon Motion 
Systems, UK) integrating seven cameras operating at 
250  Hz. The contribution of the antagonistic muscle to 
the plantar flexor moment was considered by determin-
ing the m. tibialis anterior activity during plantar flexor 
MVC with one pair of bipolar surface EMG electrodes 
(Myon m320RX, Myon AG, Switzerland, 1000  Hz) [56]. 
The antagonistic moment was estimated based on the 
relationship of the m. tibialis anterior EMG activity and 
the exerted moments during two submaximal isometric 
m. tibialis anterior contractions with slightly lower and 
higher activity than the m. tibialis anterior ramp contrac-
tion activity [56].

Achilles tendon elongation was assessed by placing a 
B-mode ultrasound probe within a custom-built foam 
cast that was fixed on the lower leg recording the MTJ 
displacement during the ramped MVCs. MTJ displace-
ment was traced manually frame-by-frame within a 
custom-written MATLAB script (The MathWorks, ver-
sion 2012, USA). To consider the effects of ankle joint 

motion on tendon elongation measurements, the pas-
sive displacement of the MTJ in relation to the ankle 
angle [57] was determined with five trials of slow pas-
sive (no muscle contraction) ankle joint motion over 
the full range of motion. Force and elongation data 
from five measurements each were averaged.

We calculated Achilles tendon stiffness as the slope 
of a linear regression of tendon force to tendon elon-
gation between 50 and 100% of the maximum tendon 
force. Achilles tendon rest length was measured at 20° 
plantar flexion with extended knee [58] from the proxi-
mal posterior part of the tuber calcanei to the MTJ. We 
calculated the Young’s modulus of the Achilles tendon 
by multiplying tendon stiffness with the quotient of 
tendon rest length and tendon CSA. The stress of the 
Achilles tendon was determined as the ratio of tendon 
force and averaged Achilles tendon CSA (see chap-
ter  2.3.2). Maximum tendon strain was calculated as 
the ratio of maximum tendon elongation (obtained dur-
ing the ramp MVCs) to rest length.

Morphological Properties
We assessed the CSA of the free Achilles tendon either 
with a 0.25 T magnetic resonance imaging (MRI) scan-
ner (G-Scan, Esaote, Italy) [3D hybrid contrast enhance-
ment (HYCE) sequence, repetition time (TR) 10  ms, 
echo time (TE) 5  ms, flip angle 80°, slice thickness 
3 mm, space between slices 0.4 mm] at Oscar-Helene-
Heim Foundation, Helios clinic Emil von Behring, Ber-
lin, Germany, or a 1.5 T MRI scanner (Siemens Avanto, 
Siemens, Germany) at the Institute for radiology, 
Charité – University Medicine, Berlin) [T1- weighted 
sequence, TR 460 ms, TE 20 ms, slice thickness 2 mm, 
space between slices 0.4 mm] using transversal and sag-
ittal Achilles tendon scans. Every PRE-POST pair was 
analyzed with the same scanner. During MRI measure-
ment, the standardized patient position was the supine 
position with extended hips and knees and the ankle 
joint fixed at 90°. The transversal scans were positioned 
perpendicular to the direction of the tibia and manu-
ally and assessor-blinded segmented using the software 
OsiriX (Pixmeo SARL, version 2.5.1, Switzerland) [59]. 
The sagittal scans were used to precisely determine the 
proximal (i.e., m. soleus–Achilles tendon junction) and 
distal (calcaneus bone insertion) end of the free Achil-
les tendon and its length. The length of the free Achilles 
tendon was calculated as a curved line through every 
digitalized transversal scan using a Delaunay triangula-
tion [28]. Tendon cross-sectional area was determined 
in 10% increments across the whole free tendon length. 
Average Achilles tendon CSA was calculated as a mean 
of all assessed CSAs of the free Achilles tendon.



Page 9 of 19Radovanović et al. Sports Medicine - Open           (2022) 8:149 	

Clinical Outcomes
As a patient-reported outcome measurement (PROM), 
we used the reliable and valid VISA-A score [60] to deter-
mine clinical severity. The VISA-A score was evaluated 
PRE (in-person), POST (in-person), and FOLLOW-UP 
(online). According to Stevens and Tan [61], a mini-
mum clinically important difference of 15 points (pts.) 
was considered clinically significant. As another clinical 
PROM, the pain was assessed based on daily numerous 
rating scale (NRS) (0–10 pts.) recordings in the patient 
diary. We calculated PRE values from the mean of the 
first 14  days after baseline and POST values from the 
mean of the last 14 days of the intervention phase.

Secondary Outcomes
Secondary outcomes were defined as functional param-
eters (i.e., vertical jump height) and tendon vascularity.

Functional Properties
Functional properties were assessed by estimating drop 
jump (DJ) and countermovement jump (CMJ) height as 
described previously [41]. Briefly, after a warm-up with 
up to 12 jumps of low to moderate intensity, five maxi-
mum effort CMJs and five DJs were performed (bare feet, 
hands akimbo, 1-min rest between repetitions). DJs were 
performed from a 15  cm box. Ground reaction forces 
were measured with two separate force plates at a rate 
of 1000  Hz (Kistler, Type 9260AA, 600 × 500 × 50  mm, 
Switzerland) linked to an analog digital converter (DAQ-
System, USB 2.0, Type 5691A1). Data were recorded 
(BioWare Software, Type 2812A) and jump height was 
calculated based on the impulse–momentum method 
[62] for the CMJ and the flight-time method [63] for the 
DJ, using a custom-written MATLAB interface (version 
R2012a; MathWorks, Natick, MA, USA). For further CMJ 

and DJ analysis, the mean of the highest three jumps out 
of five attempts was used.

Vascularity
Intratendinous vascularity was assessed in the sagittal 
plane with pulsed-wave power Doppler ultrasonography 
(7.1  MHz, My Lab60, Esaote, Genova, Italy) using the 
following settings: Wall filter 1, Density 1, Persistence 3, 
Pulse repetition frequency 750  Hz [36, 64]. Power and 
color gain were manually adjusted just below random 
noise level per participant [65] and recorded at PRE 
measurement to reapply for POST measurement. The 
transducer was aligned parallel to the tendon and applied 
with no pressure. The power Doppler transducer was 
positioned so that it visualized the proximal portion of 
the calcaneal bone and the Achilles tendon (Fig. 3). Dur-
ing measurement, participants were in the prone posi-
tion with the knees extended and the ankle joint passively 
stabilized at 90° (i.e., tibia perpendicular to the foot) with 
relaxed plantar flexor muscles. Prior to the measurement, 
participants were advised to refrain from any intense 
exercise activity for 2 h [66]. For optimized visualization 
of tendon vascularity, three sets of 15 unilateral single-leg 
heel raises were performed before the measurement [67]. 
Three scans with a duration of 4  s each were recorded. 
The frame with both the highest signal activity and with-
out any artifacts [68] was chosen for analysis. Analysis 
was performed using a custom-written MATLAB script 
(The MathWorks, version 2012, USA) quantifying the 
number of intratendinous colored pixels and converting 
them to mm2 (Fig. 3).

Statistical Analysis
We examined the normality of data distribution 
with the Kolmogorov–Smirnov test. For all baseline 

Fig. 3  Sagittal power Doppler ultrasound scan of the intratendinous vascularity of a tendinopathic Achilles tendon. The green box (indicated by a 
thin dotted green line) shows the standardized rectangle frame (10.0 × 2.0 cm) of the region of interest in which the Doppler signal was visualized. 
Within this box, we analyzed vascularity within tendinous tissue only between the anterior margin (i.e., anterior margin of the Achilles tendon and 
the posterior margin of the calcaneal bone) and posterior margin of the Achilles tendon
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between-group comparisons, we performed a one-way 
analysis of variance (ANOVA) (factor: group). For all PRE 
to POST comparisons except tendon CSA, a repeated 
measures ANOVA was conducted (within-subject fac-
tor: time; between-subject factor: group). For the PRE 
to POST comparisons of tendon CSA, we used a two-
factor repeated measure ANOVA (factor 1: time; factor 
2: localization, considering the 10% steps of the full free 
Achilles tendon length; between-subject factor: group. 
In case of a significant effect of interaction, a Bonferroni 
post hoc analysis was conducted, and adjusted p values 
were reported. The effect size concerning the effect of 
training was based on partial eta squared and calculated 
by Cohen’s f [69] and defined as follows: values of f = 0.10, 
f = 0.25, and f = 0.40 represent small, medium, and large 
effect sizes, respectively. The relationship of the domi-
nant to the injured side was established with an adjusted 
Pearson’s contingency coefficient. For all statistics, the 
significance level was set at α = 0.05 and the software 
SPSS Statistics (IBM, version 21, USA) was used.

Results
Primary Outcomes
Mechanical and Material Properties
At baseline, maximum plantar flexor strength (i.e., MVC) 
(p = 0.335), tendon force (p = 0.698), tendon stiffness 
(p = 0.610) and maximum tendon strain (p = 0.146), 
stress (p = 0.331), Young’s modulus (p = 0.774) and ten-
don rest length (p = 0.134) did not significantly differ 
between groups (Fig. 4 and Table 3).

From PRE to POST, there was no significant time effect 
(p = 0.064), but a significant effect of time-by-group 
interaction for the MVC measurements of the plantar 
flexor muscles (p = 0.042; f = 0.41). Only in the High-load 
group, MVC increased by 7.2 ± 9.9% (p = 0.045) (Fig. 4A). 
There were no changes in MVC from PRE to POST in 
the Alfredson (p = 1.866) and the passive therapy group 
(p = 0.975).

Fig. 4  A–D Muscle strength and tendon mechanical properties 
of the symptomatic leg at baseline (PRE) and after the 12-week 
intervention phase (POST) for all three intervention groups. A 
Isometric maximum voluntary contraction (MVC) of the plantar 
flexor muscles. B Tendon force of the Achilles tendon. C Tendon 
stiffness of the Achilles tendon. D Maximum Achilles tendon strain. 
The horizontal line in the middle of the box is the median value of 
the scores, and the lower and upper boundaries indicate the 25th 
and 75th percentiles, respectively (median included). The largest and 
smallest observed values that are not outliers are shown by the lines 
drawn from the ends of the box to those values (whiskers). * indicates 
significant post hoc difference when compared to PRE (p < 0.05); † 
indicates significantly difference to PRE (p < 0.05) as a main effect of 
time; # significance with p = 0.05 as a group-by-time interaction effect
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Tendon force data demonstrated a significant main 
effect of time from PRE to POST (p = 0.008; f = 0.43) 
and no significant time-by-group interaction effect 
(p = 0.150), showing an overall mean increase of 
6.79 ± 17.28% (Fig. 4B).

For tendon stiffness, there was no significant time 
effect (p = 0.887), but a significant time-by-group inter-
action effect (p = 0.0003; f = 0.70). Post hoc analysis 
revealed a significant increase in tendon stiffness of 
20.1 ± 20.5% for the High-load group (p = 0.049) and 
a significant decrease in stiffness with -7.7 ± 21.2% for 
the passive therapy group (p = 0.042) (Fig.  4C). There 
was no change in stiffness for the Alfredson group 
(p = 0.306).

For maximum tendon strain, there was no significant 
time effect (p = 0.878), but a significant time-by-group 
interaction effect (p = 0.015; f = 0.48). The High-load 
group showed a significant maximum tendon strain 
decrease of -12.4 ± 10.3% (p = 0.001) (Fig. 4D), whereas 
the Alfredson group (p = 0.738) and the passive therapy 
group (p = 0.846) did not change.

For stress, there was no significant time effect 
(p = 0.52) or time-by-group interaction effect (p = 0.79).

Young’s modulus showed no significant main effect of 
time (p = 0.363), but a significant effect of interaction 
(p = 0.030; f = 0.45). The post hoc comparisons, how-
ever, did not show any significant changes from PRE to 

POST for the passive therapy (p = 0.159), the Alfred-
son (p = 0.327) and the High-load (p = 0.597) group 
(Table 3).

Tendon rest length showed no significant main effect of 
time (p = 0.784) and no time-by-group interaction effect 
(p = 0.734) (Table 3).

Morphological Properties
Mean Achilles tendon CSA did not significantly differ at 
baseline between the three groups (p = 0.253). From PRE 
to POST, there was a significant time effect (p = 0.021; 
f = 0.38) and a significant time-by-group interaction 
effect (p = 0.002; f = 0.62) for the mean Achilles tendon 
CSA. Post hoc analysis showed tendon hypertrophy 
across the whole tendon length (i.e., mean tendon CSA) 
for the high-load group from PRE to POST (8.98 ± 5.8%, 
p < 0.001). There were no mean tendon CSA changes 
from PRE to POST for the passive therapy (p = 0.681) 
and Alfredson (p = 0.765) group (Fig. 5).

VISA‑A Score
At baseline, the VISA-A score did not significantly dif-
fer between groups (p = 0.496) (Table  1). From PRE to 
POST, there was a significant main effect of time for the 
VISA-A score (p < 0.001; f = 1.34) with an overall clini-
cally significant mean increase of 19.8 ± 15.3 pts. (Pas-
sive therapy group: 16.9 ± 14.7 pts., Alfredson group: 

Fig. 5  Cross-sectional area (CSA) values (mm2) of the symptomatic Achilles tendon measured by magnetic resonance imaging (MRI) at baseline 
(PRE) and after the 12-week intervention phase (POST) for each intervention group (Passive therapy n = 13, Alfredson n = 15, High-load n = 14). 
Data are presented as CSA values measured in 10% increments tendon length from distal to proximal alongside the free Achilles tendon and the 
total free Achilles tendon CSA mean ± standard deviation. * indicates significant post hoc difference when compared to the corresponding tendon 
region in the passive therapy and Alfredson group (p < 0.05). * indicates significant post hoc difference when compared to PRE (p < 0.05)
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17.9 ± 16.4 pts., High-load group: 24.4 ± 15.0 pts.) and no 
significant time-by-group interaction effect (p = 0.375). 
From PRE to FOLLOW-UP, there was a significant main 
effect of time for the VISA-A score (p < 0.001; f = 1.25) 
with an overall clinically significant mean increase of 
22.7 ± 18.4 pts. and no significant time-by-group interac-
tion effect (p = 0.869) (Fig. 6). From POST to FOLLOW-
UP, the VISA-A score did not significantly change (main 
effect of time: p = 0.168; time-by-group interaction effect: 
p = 0.412).

Pain
At baseline, average pain did not significantly differ 
between groups (p = 0.957). From PRE to POST, there 
was a significant main effect of time (p < 0.001; f = 0.66) 
and no significant interaction effect (p = 0.166) dem-
onstrating a significant reduction in pain for all three 
groups by −0.55 ± 0.9 NRS pts. (Table 2).

Secondary Outcomes
Jump Performance
At baseline, there were no significant differences between 
groups for the CMJ (p = 0.762) and DJ (p = 0.659). 
From PRE to POST, there was a significant time effect 
(p = 0.005; f = 0.47) and no time-by-group interaction 

Fig. 6  Victorian Institute of Sport Assessment (VISA)—Achilles (A) 
score at baseline (PRE), after the 12-week intervention period (POST) 
(Passive therapy n = 14; Alfredson n = 15; High-load n = 15) and 6 
months after POST (FOLLOW-UP) (Passive therapy n = 14; Alfredson 
n = 13; High-load n = 13) for the three intervention groups measured 
in points (pts.) from 0 to 100. The horizontal line in the middle of 
the box is the median value of the scores, and the lower and upper 
boundaries indicate the 25th and 75th percentiles, respectively 
(median included). The largest and smallest observed values that are 
not outliers are shown by the lines drawn from the ends of the box 
to those values (whiskers). * indicates significant difference (p < 0.05) 
compared to PRE as a significant main effect of time

Table 2  Pain and weekly exercise activity level at baseline (PRE) and after completion of the 12-week intervention phase (POST) for 
the three intervention groups based on the training diary

Presented as mean ± standard deviation (SD)

NRS, numeric rating scale; h, hours

*Significant difference (p < 0.05) compared to PRE as a main effect of time
A Average of the first two weeks (PRE) and the last 2 weeks (POST) of the intervention period

Parameter Passive therapy Alfredson High-load

PRE Mean ± SD POST Mean ± SD PRE Mean ± SD POST Mean ± SD PRE Mean ± SD POST Mean ± SD

Pain NRS [0–10]A 2.6 ± 1 1.6 ± 1.1* 2.4 ± 1.6 2.1 ± 1.7* 2.5 ± 1.8 2 ± 1.7*

Activity level [h]A 2.98 ± 2.92 1.67 ± 1.66 3.77 ± 4.04 3.89 ± 4.05 3.80 ± 3.79 3.31 ± 2.97

Table 3  Function, material properties, intratendinous vascularity and rest length measured at baseline (PRE) and after completion of 
the 12-week intervention phase (POST) for the three intervention groups presented as mean ± standard deviation (SD)

Countermovement jump (CMJ) height and drop jump (DJ) height data are presented as a mean of three highest out of five attempts. Stress, Young’s modulus, 
vascularity and rest length data are presented for the injured leg

*Significantly different to PRE with p < 0.05 as a main effect of time
# Significance with p < 0.05 as a group-by-time interaction effect

Parameter Passive therapy Alfredson High-load

PRE Mean ± SD POST Mean ± SD PRE Mean ± SD POST Mean ± SD PRE Mean ± SD POST Mean ± SD

CMJ height [cm] 26.09 ± 5.1 25.08 ± 5.6* 26.73 ± 4.5 26.53 ± 4.9* 27.39 ± 4.5 25.9 ± 4.0*

DJ height [cm] 21.66 ± 4.9 20.51 ± 5.1 23.75 ± 5.9 23.4 ± 5.7 22.34 ± 7.4 22.21 ± 5.5

Stress [MPa] 39.6 ± 17.3 40.9 ± 16.9 41.1 ± 12.2 40.8 ± 13.1 48.0 ± 16.6 48.9 ± 15.2

Young’s modulus [GPa] 0.90 ± 0.40 0.79 ± 0.29# 0.92 ± 0.26 0.84 ± 0.33# 0.99 ± 0.31 1.10 ± 0.40#

Vascularity [mm2] 9.09 ± 18.10 5.96 ± 11.70 4.03 ± 5.20 5.90 ± 10.90 2.08 ± 3.90 6.02 ± 11.30

Rest length [mm] 203.8 ± 26.2 202.3 ± 21.5 187.9 ± 15.1 190.0 ± 17.5 199.9 ± 22.9 200.8 ± 24.2
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effect (p = 0.219) for CMJ height showing an overall 
decrease of −0.63 ± 4.07  cm. From PRE to POST, there 
was no significant time effect (p = 0.319) and no time-
by-group interaction effect (p = 0.820) for DJ height 
(Table 3).

Vascularity
Intratendinous vascularity of the injured Achilles ten-
don did not differ between groups at baseline (p = 0.216). 
From PRE to POST, there was no significant main effect 
of time (p = 0.549) and time-by-group interaction effect 
(p = 0.151) (Table 3).

Training Diary Analysis
Compliance
Compliance was 82.7 ± 29.5%, 80.8 ± 17.4% and 
90.1 ± 15% in the passive therapy, Alfredson and High-
load group with no significant difference between groups 
(p = 0.458). The compliance for additional passive therapy 
appointments in the exercising groups was 30 ± 39.6% 
and 35 ± 32% for the Alfredson and the High-load group. 
No impeding incidents caused by the interventions were 
reported.

Activity Level
Weekly activity levels, averaged over the first two weeks 
of the intervention period, did not significantly differ 
between groups (p = 0.800). Comparing the first to the 
last two weeks of the intervention period, there were 
no significant main effects for time (p = 0.112) and no 
group-by-time interaction (p = 0.318) (Table 2).

Progression
From PRE to POST, the Alfredson group increased 
training load by 12.0 ± 15.1  kg (based on the training 
diary) ranging from 0 to 55 kg and the High-load group 
increased load by 10.0 ± 13.2  kg with a range of −9 to 
38  kg. There was no significant difference in load pro-
gression between groups (p = 0.728).

Passive Therapy Treatment
The physiotherapists applied a variety of non-lower-limb 
loading treatment practices, differing from patient to 
patient and including manual therapy/joint mobilization/
tissue stretching (37%, 47% and 35%), core stability (8%, 
0% and 8%), massage/deep friction/foam rolling (35%, 
7%, and 26%), electro-/sono-/thermotherapy (20%, 46% 
and 24%) and unspecified (0%, 0% and 7%) for the passive 
therapy, Alfredson and High-load group, respectively.

Laterality
The analysis of the strength of the correlation between 
the leg laterality of the dominant side and the injured side 
did not reveal any relationship (corrected Pearson’s con-
tingency coefficient Ckorr = 0.066; p = 0.542).

Discussion
As hypothesized, by increasing Achilles tendon stiffness 
and tendon CSA, the high-loading protocol yielded simi-
lar responses in male tendinopathic patients as previously 
observed in male healthy tendons. These responses in the 
High-load group were accompanied by significant clinical 
improvements. Nevertheless, as VISA-A scores increased 
not only in the High-load group, but in all groups irre-
spective of the intervention protocol and the therewith 
associated morphological and mechanical adaptations 
of the Achilles tendon, the effectiveness of an exercise 
treatment protocol in terms of clinical improvement was 
not exclusively linked to its capacity in inducing struc-
tural tendon adaption. Thus, our hypothesis that superior 
structural adaptations will lead to superior clinical prop-
erties cannot be confirmed. Although the high-loading 
protocol did not result in acute superior therapeutic 
effects concerning the superior improvement in clinical 
and functional parameters when compared to standard 
eccentric exercises or passive therapy, prolonged benefits 
may be superior, as the mechanical and morphological 
adaptations in the High-load group may improve the tis-
sue integrity and protect the tendon from further strain 
injury risk. As mechanical and morphological Achilles 
tendon properties remained unchanged in the Alfred-
son’s group and tendon stiffness even decreased in the 
passive therapy group, the aforementioned protection 
from strain injury might be reduced.

Chronic Achilles tendinopathy and the therewith 
associated pathological changes in tendon structure or 
metabolism do not seem to impair the Achilles tendons’ 
adaptive capacity to respond to intense mechanical load-
ing. Indeed, the increase in Achilles tendon CSA of 9% 
observed after 12 weeks of high-loading in our tendino-
pathic patients was not smaller than the mean Achilles 
tendon CSA hypertrophy of 4.2% observed in healthy 
adults after 14  weeks of training [28]. Comparable 
region-specific increases in asymptomatic tendon CSA 
were observed in the patellar tendon [70, 71] and Achilles 
tendon [26] after high-loading exercise. The increase in 
Achilles tendon CSA has been detected nearly across the 
whole length of the tendinopathic tendon as it did in the 
healthy participants in previous studies [28], indicating 
that CSA hypertrophy is most likely caused by an evenly 
distributed accumulation of collagenous material and not 
by localized swelling or edema. Moreover, the increased 
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Achilles tendon stiffness after the high-load interven-
tion also supports the argument for an anabolic tendon 
response and against swelling or edema. While several 
studies have reported morphological adaptations after 
loading exercise in healthy populations [26–28, 70, 71], 
so far there has been no evidence for therapeutic exercise 
interventions inducing tendon hypertrophy in Achilles 
tendinopathy as recently pointed out in a review [72].

This high-loading-induced Achilles tendon hypertro-
phy is likely to have caused the co-occurring increase in 
tendon stiffness of 20%. Again, in healthy tendons simi-
lar adaptations in tendon stiffness have been observed. In 
healthy Achilles tendon, stiffness increased by 36% [26], 
17.1% [27] and 57% [28] after 14 weeks of high-loading.

As the tendon cannot be trained in isolation, the high-
loading protocol also leads to adaptations in muscle 
strength. Plantar flexor MVC increased by 7.2% from PRE 
to POST in the High-load group, which corresponds to 
gains to the same high-loading protocol in healthy popu-
lations who trained at home with the mobile device (10%, 
[31]) or under laboratory conditions on a dynamometer 
(7%, [46]). The aforementioned structural adaptations 
of the Achilles tendon have not been affected or biased 
by a possible correlation between the leg laterality of the 
injured leg and the leg laterality of the dominant leg.

Overall, the magnitude of changes in the triceps surae 
muscle–tendon unit of Achilles tendinopathy patients in 
response to 3 months of home-based high-loading ten-
don training is comparable to those observed in healthy 
participants. Thus, the exercise response of healthy 
Achilles tendon tissue seems to be transferable to ten-
dinopathic tissue. In sum, despite pathological tissue 
changes, the Achilles tendons of tendinopathy patients 
benefit in the same way as healthy Achilles tendons from 
high-loading tendon training.

The significant structural and clinical benefits of high-
load tendon training are apparent short term and may 
prolong. The increased training-induced tendon stiff-
ness will decrease strain at a given load and may thus 
contribute to preventing strain-induced (micro)damage 
and tendon injuries. This protective effect is indicated 
by the 12% decrease in maximum strain in the High-load 
group post-intervention. Indeed, the effect of a specific 
tendon training on maintaining tendon tissue integrity 
and preventing tendon pain has recently been demon-
strated for the patellar tendon, highlighting the potential 
of high-loading tendon training as preventive measure: 
Two high-loading tendon training sessions per week over 
the course of one year reduced the prevalence of tendon 
pain in adolescent handball players compared to a con-
trol group, who continued with their usual training [22]; 
three sessions per week over one year maintained tissue 
integrity in adolescent basketball players as determined 

by spatial frequency analysis, while impairments of ten-
don micromorphological integrity with higher strain 
were evident in the control group [23]. As exclusively in 
the tendon-trained group tendon stiffness increased and 
high levels of strain decreased [23], it is likely that it is 
indeed the increased stiffness that protects the tendon 
from strain-induced microdamage and pain. It has to 
be considered though that there may be differences in 
the adaptational response of an adolescent compared to 
an adult tendon. However, if we assume, that those find-
ings are transferable to the Achilles tendon of adults, it 
might be conceivable that the increased stiffness and the 
reduced strain resulting from the high-load intervention 
in our tendinopathy patients may have prolonged effects 
on tendon health.

The high-load exercise protocol significantly improved 
pain and function in Achilles tendinopathic patients 
without demonstrating a superior clinical outcome when 
compared to passive therapy (i.e., the passive therapy 
group) or Alfredson’s protocol. Thus, superior structural 
adaptations such as increased Achilles tendon stiffness 
and reduced tendon strain did neither directly post-
intervention nor 6  months later at follow-up appear to 
directly translate in a superior reduction in tendinopa-
thy symptoms or an improvement in function (jump 
performance). Indeed, several studies have shown, that 
it is difficult to link structural changes to pain or clini-
cal outcome, with a review concluding that structural 
and clinical findings in tendinopathy do not necessarily 
relate to each other [73]. In addition, a recent review of 
exercise-induced tendon adaptation reported no corre-
lation between change in tendon thickness and clinical 
outcome (i.e., self-reported pain and function), highlight-
ing a lack of evidence concerning the effect of improved 
mechanical properties on clinical outcome particularly in 
Achilles tendinopathy [72].

In our trial, we found that in all groups a significant 
reduction in pain (NRS) went parallel with a significant 
improvement in the VISA-A score without differences 
between groups. The applied passive therapy, which was 
available for all groups due to ethical reasons, consisted 
of > 90% of manual therapy treatment which is known 
to have hypoalgesic effects [74–78]. It may thus have 
affected both NRS and VISA-A outcomes in all groups. 
Moreover, on-site support by a physiotherapist might add 
to pain reduction and therefore improvements in VISA-
A score due to psychological factors [79]. The much 
higher adherence of the passive therapy group (82.7%) 
compared to Alfredson and High-load group (30.0% and 
35.0%) in addition to a much lesser activity level of the 
passive therapy group (although not significantly differ-
ent) (Table 2) might as well contribute to the POST NRS 
and VISA-A score levels in the passive therapy group.
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Furthermore, conflicting results about intratendinous 
neovascularization which is supposed to coincide with 
tendinopathy. On the one hand, a correlation of neovas-
cularization with clinical severity has been reported [80] 
and there is evidence that a reduction in neovessels by 
treatment with sclerosing agents improves clinical find-
ings [81]. On the other hand, no correlation between 
neovascularization and pain or function (i.e., VISA-A 
score) has been found at baseline in an intervention trial 
with 37% of the symptomatic tendons showing no neo-
vascularization [82], demonstrating the difficulty when 
concluding from neovascularization to clinical severity 
[83].

Structural adaptation also does not directly translate 
into an improvement in function or better performance, 
even though higher tendon stiffness is reported to con-
tribute to improved jump performance [84]. While in 
healthy adults the home-based application of the same 
high-load protocol led to increased DJ height [41], in 
the tendinopathy patients of this study no change in DJ 
height was observed and the CMJ height even dropped 
post-intervention. Moreover, while Achilles tendinopa-
thy is said to be accompanied by a decrease in functional 
capacity such as vertical jumping [85], a clinically effec-
tive exercise therapy that was associated with significant 
improvements in VISA-A score did similarly not result 
in improved CMJ performance [49]. These inconsisten-
cies might indicate the complexity of translating isomet-
ric strength gain into functional movements where the 
stretch-shortening cycle is involved [86], while the dis-
crepancy of translating structural adaptation into func-
tion might even be higher in tendinopathic tendons.

Every therapeutic intervention in our study was clini-
cally effective and applicable. Nevertheless, the high-
loading protocol offers some advantages over passive 
therapy and standard eccentric exercises.

Although passive therapy was equally effective in 
improving the VISA-A score, tendon stiffness decreased 
significantly post-intervention in this group, indicating 
tissue deterioration and potentially increasing the risk for 
future strain-induced tendon injuries. This decrease in 
tendon stiffness could be related to reduced mechanical 
stimulation of the tendon, as the passive therapy inter-
vention did not apply high strains to the tendon.

In contrast to passive therapy, the mechanical stimu-
lation provided by the eccentric exercise intervention 
appeared to be sufficient to maintain tendon stiffness. 
Despite a more than fifteen times longer loading time 
per week when compared to the high-loading protocol 
(Table 1), the eccentric exercises did, however, not result 
in structural adaptations, suggesting that the magnitude 
of the stimulus may not have reached the threshold to 
generate hypertrophic responses. This is in line with the 

literature reporting no effect on mechanical properties 
(i.e., increase in tendon stiffness) after eccentric exercise 
in healthy tendons [34, 35, 87].

Although eccentric exercises are still the gold standard 
due to the strong evidence base [88], specific benefits of 
the eccentric exercise as a superior tendon strengthening 
protocol may be questioned as peak tendon forces do not 
differ between concentric (i.e., toe raising) and eccentric 
(i.e., toe lowering) contractions [89]. In terms of struc-
tural adaptations and the therewith associated potential 
strain-induced injury preventive effects, the high-loading 
protocol appears to be superior compared to both passive 
therapy and eccentric exercises.

Limitations
We investigated a male patient population as gender 
might be a confounding factor [49] leading to gender-
specific effects post-intervention [90] conceivably due to 
differences in Achilles tendon stiffness and rate of tendon 
hypertrophy [91]. These differences might have led to 
potential between-group heterogeneity. Thus, the effec-
tiveness of the high-loading protocol needs to be veri-
fied with a female population and potentially adapted, 
to be applicable to females. In addition, as tendinopathy 
patients are generally a very heterogeneous group (e.g., 
highly differing in activity status and BMI), the high-load-
ing protocol may not necessarily lead to similar improve-
ments for the entire spectrum of Achilles tendinopathy 
patients when compared to our study sample.

We assessed both insertional and mid-portion tendi-
nopathy without differentiation. This way, our results 
might inform clinicians dealing with chronic Achilles 
tendon disorder and support their decisions for either 
location. As the locations were equally distributed 
(Table  1), we did not expect any major outcome incon-
sistencies and thus, we do not think that the validity of 
our results is affected by the ratio of insertional and mid-
portion tendinopathy in the different treatment groups. 
Nevertheless, we acknowledge that due to differences in 
structure [92], particular rehabilitation approaches for 
either location were recommended [48] as outcomes may 
differ [93].

We assume that improved structural adaptations do 
have the potential for prolonged benefits as training-
induced overload injury might be reduced. As our study 
design was not able to adequately assess long-term 
effects, future research with a more comprehensive (i.e., 
return to sport) follow-up in addition to a much longer 
monitoring time period should further establish this 
empirically.

The allocation-to-group was not predictable. As one 
of the three assessors knew the allocation sequence 
(G.R.), entirely concealed allocation could not be 
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guaranteed. Therefore, a methodological risk of bias 
(i.e., internal validity) cannot be fully excluded. How-
ever, there were no significant differences between 
groups at baseline in none of the parameters which 
might give statistical support that the allocation 
method did not establish allocation bias. In addi-
tion, ensuring a strict standardized assessment pro-
cedure without disclosure of our study hypothesis at 
any time might have reduced potential bias. Blinding 
(to groups) of patients and therapists was precluded, 
as patients must know about their allocation as well 
as their supervising therapists to conduct and support 
treatment properly which is a common methodologi-
cal approach [94].

A physiotherapy certificate as well as a medical 
referral/receipt was mandatory to apply this interven-
tion whereas for the application of the Alfredson and 
the High-load intervention it was not as it was home-
based. However, it is self-evident that Alfredson and 
High-load interventions as exercise modalities are 
certainly within the scope of physiotherapy treatment, 
and based on our results, we encourage the application 
of high-loading by physiotherapists.

Passive therapy treatment might impact clinical out-
comes. However, a control group without any thera-
peutic modalities at all is considered to be unethical 
[95]. The therapeutic modalities of our control (i.e., 
passive therapy) group thus aimed to control one of 
our primary outcomes (i.e., structural tendon adapta-
tion). As the lack of mechanical loading of the Achil-
les tendon presumably would not lead to any structural 
adaptations, our passive therapy group controlled the 
two active exercise groups (i.e., High-load and Alfred-
son). Moreover, we aimed to control passive therapy 
beforehand by thorough instructions (i.e., letter to 
the physio and medical referral) and afterward due 
to the training diary reported by each patient. Thus, 
we considered the therapy applied within the uti-
lized appointments in all three groups to be mostly 
(i.e., > 90%) of passive nature and to not have positive 
effects on structural tendon adaptation.

Clinical assessment was performed by recording 
the VISA-A score and a daily average for pain (NRS). 
Although the VISA-A score is the most widely used 
assessment in Achilles tendinopathy, the current liter-
ature alluded to some weaknesses of the VISA-A score 
questioning its validity and adequacy [96]. Moreover, 
recent literature recommends the assessment of nine 
core domains reflecting physical, psychosocial and 
overall status/life impact factors to better estimate 
treatment effects [97].

Conclusions
The application of the high-load protocol, which has 
already been shown to be reliable and effective in healthy 
participants [41], showed very promising results as an 
exercise therapy option in male Achilles tendinopathy 
patients. High compliance and no reported impeding 
incidents suggest that this therapeutic approach is highly 
feasible. Structural adaptations, potentially leading to 
prolonged health benefits, are in favor of this therapeu-
tic approach. In addition, its home-based application 
and its time-saving implementation, compared to the 
eccentric exercise protocol (Table  1), may be beneficial 
for high adherence. Thus, we recommend the application 
of high-loading in Achilles tendinopathy patients as an 
effective (alternative) therapeutic protocol for clinicians 
and therapists in Achilles tendinopathy rehabilitation 
management.

Acknowledgements
We thank Prof. Dr. Bernd Wolfarth and his team, particularly Dr. Ralf Doyscher, 
of the Department of Sports Medicine at the Charité Berlin for their support 
regarding patient recruitment and Matthias Wolf for image processing.

Author contributions
All authors (i.e., GR, SB, KP, AA, KL) contributed to the study conception and 
design. Material preparation, data collection and analysis were performed 
by GR, KP and SB. The first draft of the manuscript was written by GR, and all 
authors commented on previous versions of the manuscript. All authors read 
and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. This work was 
supported by the Federal Institute of Sport Science (BISp) Germany [ZMVI4-
070102/16-17] and the foundation Stiftung Oskar-Helene-Heim, Berlin, Ger-
many. We acknowledge support by the German Research Foundation (DFG) 
and the Open Access Publication Fund of Humboldt-Universität zu Berlin.

Availability of data and materials
The datasets generated during and/or analyzed during the current study are 
available from the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Ethics approval for this study was obtained from the Ethics Committee of 
Charité – Universitätsmedizin Berlin (EA1/142/15). Informed written consent 
was obtained from all participants before starting the trial. The study was 
performed in compliance with the Declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Institute of Sports Sciences, Movement Biomechanics, Humboldt-Universität 
zu Berlin, Philippstr. 13, 10115 Berlin, Germany. 2 Department Performance, 
Neuroscience, Therapy and Health, Medical School Hamburg, Faculty of Health 
Sciences, University of Applied Sciences and Medical University, 20457 Ham-
burg, Germany. 3 Institute of Interdisciplinary Exercise Science and Sports 
Medicine, Medical School Hamburg, University of Applied Sciences and Medi-
cal University, 20457 Hamburg, Germany. 4 Department of Training and Move-
ment Sciences, Humboldt-Universität zu Berlin, 10099 Berlin, Germany. 



Page 17 of 19Radovanović et al. Sports Medicine - Open           (2022) 8:149 	

5 Munich Institute of Robotics and Machine Intelligence, Technische Universität 
München, 80992 Munich, Germany. 

Received: 26 January 2022   Accepted: 6 December 2022

References
	1.	 Skjong CC, Meininger AK, Ho SSW. Tendinopathy treatment: where is the 

evidence? Clin Sports Med. 2012;31:329–50. https://​doi.​org/​10.​1016/j.​
csm.​2011.​11.​003.

	2.	 de Jonge S, van den Berg C, de Vos RJ, van der Heide HJL, Weir A, Verhaar 
JAN, et al. Incidence of midportion Achilles tendinopathy in the general 
population. Br J Sports Med. 2011;45:1026–8. https://​doi.​org/​10.​1136/​
bjspo​rts-​2011-​090342.

	3.	 Andres BM, Murrell GAC. Treatment of tendinopathy: what works, 
what does not, and what is on the horizon. Clin Orthop Relat Res. 
2008;466:1539–54. https://​doi.​org/​10.​1007/​s11999-​008-​0260-1.

	4.	 Legerlotz K. Rehabilitation of tendopathies in human athletes. Comp 
Exerc Physiol. 2013;9:153–60. https://​doi.​org/​10.​3920/​CEP13​030.

	5.	 van der Vlist AC, Breda SJ, Oei EHG, Verhaar JAN, de Vos R-J. Clinical risk 
factors for Achilles tendinopathy: a systematic review. Br J Sports Med. 
2019;53:1352–61. https://​doi.​org/​10.​1136/​bjspo​rts-​2018-​099991.

	6.	 Kader D. Achilles tendinopathy: some aspects of basic science and clini-
cal management. Br J Sports Med. 2002;36:239–49. https://​doi.​org/​10.​
1136/​bjsm.​36.4.​239.

	7.	 Holmes GB, Lin J. Etiologic factors associated with symptomatic achilles 
tendinopathy. Foot Ankle Int. 2006;27:952–9. https://​doi.​org/​10.​1177/​
10711​00706​02701​115.

	8.	 Gaida JE, Alfredson H, Scott A, Mousavizadeh R, Forsgren S. Apolipopro-
tein A1 distribution pattern in the human Achilles tendon. Scand J Med 
Sci Sports. 2018;28:1506–13. https://​doi.​org/​10.​1111/​sms.​13051.

	9.	 Radovanović G, Wolfarth B, Legerlotz K. Interleukin-6 levels drop after a 
12 week long physiotherapeutic intervention in patients with Achilles 
tendinopathy—a pilot study. Transl Sports Med. 2019;2:233–9. https://​doi.​
org/​10.​1002/​tsm2.​95.

	10.	 Abate M, Silbernagel KG, Siljeholm C, Di Iorio A, de Amicis D, Salini V, et al. 
Pathogenesis of tendinopathies: inflammation or degeneration? Arthritis 
Res Ther. 2009;11:235. https://​doi.​org/​10.​1186/​ar2723.

	11.	 Wang T, Lin Z, Day RE, Gardiner B, Landao-Bassonga E, Rubenson J, et al. 
Programmable mechanical stimulation influences tendon homeostasis in 
a bioreactor system. Biotechnol Bioeng. 2013;110:1495–507. https://​doi.​
org/​10.​1002/​bit.​24809.

	12.	 Wren TAL, Lindsey DP, Beaupré GS, Carter DR. Effects of creep and cyclic 
loading on the mechanical properties and failure of human Achilles ten-
dons. Ann Biomed Eng. 2003;31:710–7. https://​doi.​org/​10.​1114/1.​15692​
67.

	13.	 Ker RF, Alexander RM, Bennett MB. Why are mammalian tendons so thick? 
J Zool. 1988;216:309–24. https://​doi.​org/​10.​1111/j.​1469-​7998.​1988.​tb024​
32.x.

	14.	 Kjaer M. Role of extracellular matrix in adaptation of tendon and skeletal 
muscle to mechanical loading. Physiol Rev. 2004;84:649–98. https://​doi.​
org/​10.​1152/​physr​ev.​00031.​2003.

	15.	 Mersmann F, Bohm S, Schroll A, Boeth H, Duda G, Arampatzis A. Evidence 
of imbalanced adaptation between muscle and tendon in adolescent 
athletes. Scand J Med Sci Sports. 2014;24:e283–9. https://​doi.​org/​10.​
1111/​sms.​12166.

	16.	 Mersmann F, Bohm S, Arampatzis A. Imbalances in the development of 
muscle and tendon as risk factor for tendinopathies in youth athletes: a 
review of current evidence and concepts of prevention. Front Physiol. 
2017;8:987. https://​doi.​org/​10.​3389/​fphys.​2017.​00987.

	17.	 Karamanidis K, Epro G. Monitoring muscle-tendon adaptation over 
several years of athletic training and competition in elite track and field 
jumpers. Front Physiol. 2020;11: 607544. https://​doi.​org/​10.​3389/​fphys.​
2020.​607544.

	18.	 Kaux JF, Forthomme B, Goff CL, Crielaard JM, Croisier JL. Current opinions 
on tendinopathy. J Sports Sci Med. 2011;10:238–53.

	19.	 Scott A, Ashe MC. Common tendinopathies in the upper and lower 
extremities. Curr Sports Med Rep. 2006;5:233–41.

	20.	 Fredberg U, Stengaard-Pedersen K. Chronic tendinopathy tissue pathol-
ogy, pain mechanisms, and etiology with a special focus on inflamma-
tion. Scand J Med Sci Sports. 2008;18:3–15. https://​doi.​org/​10.​1111/j.​
1600-​0838.​2007.​00746.x.

	21.	 Lian OB, Engebretsen L, Bahr R. Prevalence of jumper’s knee among elite 
athletes from different sports: a cross-sectional study. Am J Sports Med. 
2005;33:561–7. https://​doi.​org/​10.​1177/​03635​46504​270454.

	22.	 Mersmann F, Pentidis N, Tsai M-S, Schroll A, Arampatzis A. Patellar tendon 
strain associates to tendon structural abnormalities in adolescent 
athletes. Front Physiol. 2019;10:963. https://​doi.​org/​10.​3389/​fphys.​2019.​
00963.

	23.	 Mersmann F, Charcharis G, Bohm S, Arampatzis A. Muscle and ten-
don adaptation in adolescence: elite volleyball athletes compared to 
untrained boys and girls. Front Physiol. 2017;8:417. https://​doi.​org/​10.​
3389/​fphys.​2017.​00417.

	24.	 Cook JL, Purdam CR. Is tendon pathology a continuum? A pathology 
model to explain the clinical presentation of load-induced tendinopathy. 
Br J Sports Med. 2009;43:409–16. https://​doi.​org/​10.​1136/​bjsm.​2008.​
051193.

	25.	 Arampatzis A, Karamanidis K, Morey-Klapsing G, de Monte G, Stafilidis S. 
Mechanical properties of the triceps surae tendon and aponeurosis in 
relation to intensity of sport activity. J Biomech. 2007;40:1946–52. https://​
doi.​org/​10.​1016/j.​jbiom​ech.​2006.​09.​005.

	26.	 Arampatzis A, Karamanidis K, Albracht K. Adaptational responses of the 
human Achilles tendon by modulation of the applied cyclic strain magni-
tude. J Exp Biol. 2007;210:2743–53. https://​doi.​org/​10.​1242/​jeb.​003814.

	27.	 Arampatzis A, Peper A, Bierbaum S, Albracht K. Plasticity of human Achil-
les tendon mechanical and morphological properties in response to 
cyclic strain. J Biomech. 2010;43:3073–9. https://​doi.​org/​10.​1016/j.​jbiom​
ech.​2010.​08.​014.

	28.	 Bohm S, Mersmann F, Tettke M, Kraft M, Arampatzis A. Human Achilles 
tendon plasticity in response to cyclic strain: effect of rate and duration. J 
Exp Biol. 2014;217:4010–7. https://​doi.​org/​10.​1242/​jeb.​112268.

	29.	 Kharazi M, Bohm S, Theodorakis C, Mersmann F, Arampatzis A. Quantify-
ing mechanical loading and elastic strain energy of the human Achilles 
tendon during walking and running. Sci Rep. 2021. https://​doi.​org/​10.​
1038/​s41598-​021-​84847-w.

	30.	 Mersmann F, Laube G, Marzilger R, Bohm S, Schroll A, Arampatzis A. A 
functional high-load exercise intervention for the patellar tendon reduces 
tendon pain prevalence during a competitive season in adolescent 
handball players. Front Physiol. 2021. https://​doi.​org/​10.​3389/​fphys.​2021.​
626225.

	31.	 Mersmann F, Domroes T, Pentidis N, Tsai M-S, Bohm S, Schroll A, Aram-
patzis A. Prevention of strain-induced impairments of patellar tendon 
micromorphology in adolescent athletes. Scand J Med Sci Sports. 
2021;31:1708–18. https://​doi.​org/​10.​1111/​sms.​13979.

	32.	 Luan X, Tian X, Zhang H, Huang R, Li N, Chen P, Wang R. Exercise as 
a prescription for patients with various diseases. J Sport Health Sci. 
2019;8:422–41. https://​doi.​org/​10.​1016/j.​jshs.​2019.​04.​002.

	33.	 Alfredson H, Pietila T, Jonsson P, Lorentzon R. Heavy-load eccentric calf 
muscle training for the treatment of chronic Achilles tendinosis. Am J 
Sports Med. 1998;26:360–6.

	34.	 Morrissey D, Roskilly A, Twycross-Lewis R, Isinkaye T, Screen H, Woledge 
R, Bader D. The effect of eccentric and concentric calf muscle training on 
Achilles tendon stiffness. Clin Rehabil. 2011;25:238–47. https://​doi.​org/​10.​
1177/​02692​15510​382600.

	35.	 Fouré A, Nordez A, Cornu C. Effects of eccentric training on mechanical 
properties of the plantar flexor muscle-tendon complex. J Appl Physiol. 
2013;114:523–37. https://​doi.​org/​10.​1152/​jappl​physi​ol.​01313.​2011.

	36.	 Kongsgaard M, Kovanen V, Aagaard P, Doessing S, Hansen P, Laursen AH, 
et al. Corticosteroid injections, eccentric decline squat training and heavy 
slow resistance training in patellar tendinopathy. Scand J Med Sci Sports. 
2009;19:790–802. https://​doi.​org/​10.​1111/j.​1600-​0838.​2009.​00949.x.

	37.	 Kubo K, Yata H. Effects of concentric and eccentric training on the stiff-
ness and blood circulation of the patellar tendon. Sports Med Int Open. 
2017;1:E43–9. https://​doi.​org/​10.​1055/s-​0042-​121000.

	38.	 Breda SJ, Oei EHG, Zwerver J, Visser E, Waarsing E, Krestin GP, de Vos R-J. 
Effectiveness of progressive tendon-loading exercise therapy in patients 
with patellar tendinopathy: a randomised clinical trial. Br J Sports Med. 
2021;55:501–9. https://​doi.​org/​10.​1136/​bjspo​rts-​2020-​103403.

https://doi.org/10.1016/j.csm.2011.11.003
https://doi.org/10.1016/j.csm.2011.11.003
https://doi.org/10.1136/bjsports-2011-090342
https://doi.org/10.1136/bjsports-2011-090342
https://doi.org/10.1007/s11999-008-0260-1
https://doi.org/10.3920/CEP13030
https://doi.org/10.1136/bjsports-2018-099991
https://doi.org/10.1136/bjsm.36.4.239
https://doi.org/10.1136/bjsm.36.4.239
https://doi.org/10.1177/107110070602701115
https://doi.org/10.1177/107110070602701115
https://doi.org/10.1111/sms.13051
https://doi.org/10.1002/tsm2.95
https://doi.org/10.1002/tsm2.95
https://doi.org/10.1186/ar2723
https://doi.org/10.1002/bit.24809
https://doi.org/10.1002/bit.24809
https://doi.org/10.1114/1.1569267
https://doi.org/10.1114/1.1569267
https://doi.org/10.1111/j.1469-7998.1988.tb02432.x
https://doi.org/10.1111/j.1469-7998.1988.tb02432.x
https://doi.org/10.1152/physrev.00031.2003
https://doi.org/10.1152/physrev.00031.2003
https://doi.org/10.1111/sms.12166
https://doi.org/10.1111/sms.12166
https://doi.org/10.3389/fphys.2017.00987
https://doi.org/10.3389/fphys.2020.607544
https://doi.org/10.3389/fphys.2020.607544
https://doi.org/10.1111/j.1600-0838.2007.00746.x
https://doi.org/10.1111/j.1600-0838.2007.00746.x
https://doi.org/10.1177/0363546504270454
https://doi.org/10.3389/fphys.2019.00963
https://doi.org/10.3389/fphys.2019.00963
https://doi.org/10.3389/fphys.2017.00417
https://doi.org/10.3389/fphys.2017.00417
https://doi.org/10.1136/bjsm.2008.051193
https://doi.org/10.1136/bjsm.2008.051193
https://doi.org/10.1016/j.jbiomech.2006.09.005
https://doi.org/10.1016/j.jbiomech.2006.09.005
https://doi.org/10.1242/jeb.003814
https://doi.org/10.1016/j.jbiomech.2010.08.014
https://doi.org/10.1016/j.jbiomech.2010.08.014
https://doi.org/10.1242/jeb.112268
https://doi.org/10.1038/s41598-021-84847-w
https://doi.org/10.1038/s41598-021-84847-w
https://doi.org/10.3389/fphys.2021.626225
https://doi.org/10.3389/fphys.2021.626225
https://doi.org/10.1111/sms.13979
https://doi.org/10.1016/j.jshs.2019.04.002
https://doi.org/10.1177/0269215510382600
https://doi.org/10.1177/0269215510382600
https://doi.org/10.1152/japplphysiol.01313.2011
https://doi.org/10.1111/j.1600-0838.2009.00949.x
https://doi.org/10.1055/s-0042-121000
https://doi.org/10.1136/bjsports-2020-103403


Page 18 of 19Radovanović et al. Sports Medicine - Open           (2022) 8:149 

	39.	 Agergaard A-S, Svensson RB, Hoeffner R, Hansen P, Couppé C, Kjaer M, 
Magnusson SP. Mechanical properties and UTE-T2* in Patellar tendinopa-
thy: the effect of load magnitude in exercise-based treatment. Scand J 
Med Sci Sports. 2021. https://​doi.​org/​10.​1111/​sms.​14013.

	40.	 Beyer R, Kongsgaard M, Hougs Kjaer B, Ohlenschlaeger T, Kjaer M, Mag-
nusson SP. Heavy slow resistance versus eccentric training as treatment 
for achilles tendinopathy: a randomized controlled trial. Am J Sports Med. 
2015;43:1704–11. https://​doi.​org/​10.​1177/​03635​46515​584760.

	41.	 Radovanović G, Kunz J, Bohm S, Arampatzis A, Legerlotz K. Reliable 
and effective novel home-based training set-up for application of an 
evidence-based high-loading stimulus to improve triceps surae function. 
J Sports Sci. 2021. https://​doi.​org/​10.​1080/​02640​414.​2021.​19599​81.

	42.	 Schulz KF, Altman DG, Moher D. CONSORT 2010 statement: updated 
guidelines for reporting parallel group randomised trials. BMJ. 2010;340: 
c332. https://​doi.​org/​10.​1136/​bmj.​c332.

	43.	 Yelland MJ, Sweeting KR, Lyftogt JA, Ng SK, Scuffham PA, Evans KA. Pro-
lotherapy injections and eccentric loading exercises for painful Achilles 
tendinosis: a randomised trial. Br J Sports Med. 2011;45:421–8. https://​doi.​
org/​10.​1136/​bjsm.​2009.​057968.

	44.	 Kim GK. The risk of fluoroquinolone-induced tendinopathy and tendon 
rupture: what does the clinician need to know. J Clin Aesthet Dermatol. 
2010;3:49–54.

	45.	 Obst SJ, Newsham-West R, Barrett RS. Three-dimensional morphology 
and strain of the human Achilles free tendon immediately following 
eccentric heel drop exercise. J Exp Biol. 2015;218:3894–900.

	46.	 Albracht K, Arampatzis A. Exercise-induced changes in triceps surae 
tendon stiffness and muscle strength affect running economy in 
humans. Eur J Appl Physiol. 2013;113:1605–15. https://​doi.​org/​10.​1007/​
s00421-​012-​2585-4.

	47.	 Bohm S, Mersmann F, Santuz A, Arampatzis A. Enthalpy efficiency of the 
soleus muscle contributes to improvements in running economy. Proc R 
Soc Lond B. 2021;288:20202784. https://​doi.​org/​10.​1098/​rspb.​2020.​2784.

	48.	 Silbernagel KG, Crossley KM. A proposed return-to-sport program for 
patients with midportion Achilles tendinopathy: rationale and imple-
mentation. J Orthop Sports Phys Ther. 2015;45:876–86. https://​doi.​org/​10.​
2519/​jospt.​2015.​5885.

	49.	 Silbernagel KG, Thomeé R, Eriksson BI, Karlsson J. Continued sports activ-
ity, using a pain-monitoring model, during rehabilitation in patients with 
Achilles tendinopathy: a randomized controlled study. Am J Sports Med. 
2007;35:897–906. https://​doi.​org/​10.​1177/​03635​46506​298279.

	50.	 Maganaris CN. Tendon conditioning: artefact or property. Proc R Soc 
Lond B. 2003;270:39–42.

	51.	 Schulze F, Mersmann F, Bohm S, Arampatzis A. A wide number of trials 
is required to achieve acceptable reliability for measurement patellar 
tendon elongation in vivo. Gait Posture. 2012;35:334–8. https://​doi.​org/​
10.​1016/j.​gaitp​ost.​2011.​09.​107.

	52.	 An KN, Takahashi K, Harrigan TP, Chao EY. Determination of muscle orien-
tations and moment arms. J Biomech Eng. 1984;106:280–2. https://​doi.​
org/​10.​1115/1.​31384​94.

	53.	 Fath F, Blazevich AJ, Waugh CM, Miller SC, Korff T. Direct comparison of 
in vivo Achilles tendon moment arms obtained from ultrasound and MR 
scans. J Appl Physiol. 2010;109:1644–52. https://​doi.​org/​10.​1152/​jappl​
physi​ol.​00656.​2010.

	54.	 Maganaris CN, Baltzopoulos V, Sargeant AJ. Changes in Achilles tendon 
moment arm from rest to maximum isometric plantarflexion: in vivo 
observations in man. J Physiol. 1998;510(Pt 3):977–85. https://​doi.​org/​10.​
1111/j.​1469-​7793.​1998.​977bj.x.

	55.	 Arampatzis A, Morey-Klapsing G, Karamanidis K, DeMonte G, Stafilidis 
S, Brüggemann G-P. Differences between measured and resultant joint 
moments during isometric contractions at the ankle joint. J Biomech. 
2005;38:885–92. https://​doi.​org/​10.​1016/j.​jbiom​ech.​2004.​04.​027.

	56.	 Mademli L, Arampatzis A, Morey-Klapsing G, Bruggemann G-P. Effect of 
ankle joint position and electrode placement on the estimation of the 
antagonistic moment during maximal plantarflexion. J Electromyogr 
Kinesiol. 2004;14:591–7. https://​doi.​org/​10.​1016/j.​jelek​in.​2004.​03.​006.

	57.	 Arampatzis A, de Monte G, Karamanidis K. Effect of joint rotation correc-
tion when measuring elongation of the gastrocnemius medialis tendon 
and aponeurosis. J Electromyogr Kinesiol. 2008;18:503–8. https://​doi.​org/​
10.​1016/j.​jelek​in.​2006.​12.​002.

	58.	 de Monte G, Arampatzis A, Stogiannari C, Karamanidis K. In vivo motion 
transmission in the inactive gastrocnemius medialis muscle-tendon 

unit during ankle and knee joint rotation. J Electromyogr Kinesiol. 
2006;16:413–22. https://​doi.​org/​10.​1016/j.​jelek​in.​2005.​10.​001.

	59.	 Fortin M, Battié MC. Quantitative paraspinal muscle measurements: inter-
software reliability and agreement using OsiriX and ImageJ. Phys Ther. 
2012;92:853–64. https://​doi.​org/​10.​2522/​ptj.​20110​380.

	60.	 Lohrer H, Nauck T. Cross-cultural adaptation and validation of the VISA-A 
questionnaire for German-speaking achilles tendinopathy patients. 
BMC Musculoskelet Disord. 2009;10:134. https://​doi.​org/​10.​1186/​
1471-​2474-​10-​134.

	61.	 Stevens M, Tan C-W. Effectiveness of the Alfredson protocol compared 
with a lower repetition-volume protocol for midportion Achilles 
tendinopathy: a randomized controlled trial. J Orthop Sports Phys Ther. 
2014;44:59–67. https://​doi.​org/​10.​2519/​jospt.​2014.​4720.

	62.	 Linthorne NP. Analysis of standing vertical jumps using a force platform. 
Am J Phys. 2001;69:1198. https://​doi.​org/​10.​1119/1.​13974​60.

	63.	 Moir GL. Three different methods of calculating vertical jump height 
from force platform data in men and women. Meas Phys Educ Exerc Sci. 
2008;12:207–18. https://​doi.​org/​10.​1080/​10913​67080​23497​66.

	64.	 Sengkerij PM, de Vos R-J, Weir A, van Weelde BJG, Tol JL. Interobserver reli-
ability of neovascularization score using power Doppler ultrasonography 
in midportion achilles tendinopathy. Am J Sports Med. 2009;37:1627–31. 
https://​doi.​org/​10.​1177/​03635​46509​332255.

	65.	 Zanetti M, Metzdorf A, Kundert H-P, Zollinger H, Vienne P, Seifert B, Hodler 
J. Achilles tendons: clinical relevance of neovascularization diagnosed 
with power Doppler US. Radiology. 2003;227:556–60. https://​doi.​org/​10.​
1148/​radiol.​22720​12069.

	66.	 Boesen MI, Koenig MJ, Torp-Pedersen S, Bliddal H, Langberg H. Tendinop-
athy and Doppler activity: the vascular response of the Achilles tendon to 
exercise. Scand J Med Sci Sports. 2006;16:463–9. https://​doi.​org/​10.​1111/j.​
1600-​0838.​2005.​00512.x.

	67.	 Tardioli A, Malliaras P, Maffulli N. Immediate and short-term effects of 
exercise on tendon structure: biochemical, biomechanical and imaging 
responses. Br Med Bull. 2012;103:169–202. https://​doi.​org/​10.​1093/​bmb/​
ldr052.

	68.	 Torp-Pedersen ST, Terslev L. Settings and artefacts relevant in col-
our/power Doppler ultrasound in rheumatology. Ann Rheum Dis. 
2008;67:143–9. https://​doi.​org/​10.​1136/​ard.​2007.​078451.

	69.	 Cohen J. Statistical power analysis for the behavioral sciences. 2nd ed. L. 
Erlbaum Associates; 1988.

	70.	 Kongsgaard M, Reitelseder S, Pedersen TG, Holm L, Aagaard P, Kjaer M, 
Magnusson SP. Region specific patellar tendon hypertrophy in humans 
following resistance training. Acta Physiol (Oxf ). 2007;191:111–21. https://​
doi.​org/​10.​1111/j.​1748-​1716.​2007.​01714.x.

	71.	 Seynnes OR, Erskine RM, Maganaris CN, Longo S, Simoneau EM, Grosset 
JF, Narici MV. Training-induced changes in structural and mechanical 
properties of the patellar tendon are related to muscle hypertrophy but 
not to strength gains. J Appl Physiol. 2009;107:523–30. https://​doi.​org/​10.​
1152/​jappl​physi​ol.​00213.​2009.

	72.	 Färnqvist K, Pearson S, Malliaras P. Adaptation of tendon structure and 
function in tendinopathy with exercise and its relationship to clinical 
outcome. J Sport Rehabil. 2020;29:107–15. https://​doi.​org/​10.​1123/​jsr.​
2018-​0353.

	73.	 Drew BT, Smith TO, Littlewood C, Sturrock B. Do structural changes (eg, 
collagen/matrix) explain the response to therapeutic exercises in tendi-
nopathy: a systematic review. Br J Sports Med. 2014;48:966–72. https://​
doi.​org/​10.​1136/​bjspo​rts-​2012-​091285.

	74.	 Savva C, Karagiannis C, Korakakis V, Efstathiou M. The analgesic effect of 
joint mobilization and manipulation in tendinopathy: a narrative review. 
J Manual Manipulat Ther. 2021;29:276–87. https://​doi.​org/​10.​1080/​10669​
817.​2021.​19043​48.

	75.	 Mitham K, Mallows A, Debenham J, Seneviratne G, Malliaras P. Conserva-
tive management of acute lower limb tendinopathies: a systematic 
review. Musculoskeletal Care. 2021;19:110–26. https://​doi.​org/​10.​1002/​
msc.​1506.

	76.	 Bialosky JE, Bishop MD, Price DD, Robinson ME, George SZ. The mecha-
nisms of manual therapy in the treatment of musculoskeletal pain: a 
comprehensive model. Man Ther. 2009;14:531–8. https://​doi.​org/​10.​
1016/j.​math.​2008.​09.​001.

	77.	 Chaves P, Simões D, Paço M, Silva S, Pinho F, Duarte JA, Ribeiro F. Deep 
friction massage in the management of patellar tendinopathy in athletes: 

https://doi.org/10.1111/sms.14013
https://doi.org/10.1177/0363546515584760
https://doi.org/10.1080/02640414.2021.1959981
https://doi.org/10.1136/bmj.c332
https://doi.org/10.1136/bjsm.2009.057968
https://doi.org/10.1136/bjsm.2009.057968
https://doi.org/10.1007/s00421-012-2585-4
https://doi.org/10.1007/s00421-012-2585-4
https://doi.org/10.1098/rspb.2020.2784
https://doi.org/10.2519/jospt.2015.5885
https://doi.org/10.2519/jospt.2015.5885
https://doi.org/10.1177/0363546506298279
https://doi.org/10.1016/j.gaitpost.2011.09.107
https://doi.org/10.1016/j.gaitpost.2011.09.107
https://doi.org/10.1115/1.3138494
https://doi.org/10.1115/1.3138494
https://doi.org/10.1152/japplphysiol.00656.2010
https://doi.org/10.1152/japplphysiol.00656.2010
https://doi.org/10.1111/j.1469-7793.1998.977bj.x
https://doi.org/10.1111/j.1469-7793.1998.977bj.x
https://doi.org/10.1016/j.jbiomech.2004.04.027
https://doi.org/10.1016/j.jelekin.2004.03.006
https://doi.org/10.1016/j.jelekin.2006.12.002
https://doi.org/10.1016/j.jelekin.2006.12.002
https://doi.org/10.1016/j.jelekin.2005.10.001
https://doi.org/10.2522/ptj.20110380
https://doi.org/10.1186/1471-2474-10-134
https://doi.org/10.1186/1471-2474-10-134
https://doi.org/10.2519/jospt.2014.4720
https://doi.org/10.1119/1.1397460
https://doi.org/10.1080/10913670802349766
https://doi.org/10.1177/0363546509332255
https://doi.org/10.1148/radiol.2272012069
https://doi.org/10.1148/radiol.2272012069
https://doi.org/10.1111/j.1600-0838.2005.00512.x
https://doi.org/10.1111/j.1600-0838.2005.00512.x
https://doi.org/10.1093/bmb/ldr052
https://doi.org/10.1093/bmb/ldr052
https://doi.org/10.1136/ard.2007.078451
https://doi.org/10.1111/j.1748-1716.2007.01714.x
https://doi.org/10.1111/j.1748-1716.2007.01714.x
https://doi.org/10.1152/japplphysiol.00213.2009
https://doi.org/10.1152/japplphysiol.00213.2009
https://doi.org/10.1123/jsr.2018-0353
https://doi.org/10.1123/jsr.2018-0353
https://doi.org/10.1136/bjsports-2012-091285
https://doi.org/10.1136/bjsports-2012-091285
https://doi.org/10.1080/10669817.2021.1904348
https://doi.org/10.1080/10669817.2021.1904348
https://doi.org/10.1002/msc.1506
https://doi.org/10.1002/msc.1506
https://doi.org/10.1016/j.math.2008.09.001
https://doi.org/10.1016/j.math.2008.09.001


Page 19 of 19Radovanović et al. Sports Medicine - Open           (2022) 8:149 	

short-term clinical outcomes. J Sport Rehabil. 2020;29:860–5. https://​doi.​
org/​10.​1123/​jsr.​2019-​0046.

	78.	 Christenson RE. Effectiveness of specific soft tissue mobilizations for the 
management of Achilles tendinosis: single case study—experimental 
design. Man Ther. 2007;12:63–71. https://​doi.​org/​10.​1016/j.​math.​2006.​02.​
012.

	79.	 Linton SJ, Shaw WS. Impact of psychological factors in the experience of 
pain. Phys Ther. 2011;91:700–11. https://​doi.​org/​10.​2522/​ptj.​20100​330.

	80.	 Malliaras P, Barton CJ, Reeves ND, Langberg H. Achilles and patellar ten-
dinopathy loading programmes: a systematic review comparing clinical 
outcomes and identifying potential mechanisms for effectiveness. Sports 
Med. 2013;43:267–86. https://​doi.​org/​10.​1007/​s40279-​013-​0019-z.

	81.	 Alfredson H, Ohberg L. Sclerosing injections to areas of neo-vascular-
isation reduce pain in chronic Achilles tendinopathy: a double-blind 
randomised controlled trial. Knee Surg Sports Traumatol Arthrosc. 
2005;13:338–44. https://​doi.​org/​10.​1007/​s00167-​004-​0585-6.

	82.	 de Vos R-J, Weir A, Cobben LPJ, Tol JL. The value of power Doppler ultra-
sonography in Achilles tendinopathy: a prospective study. Am J Sports 
Med. 2007;35:1696–701. https://​doi.​org/​10.​1177/​03635​46507​303116.

	83.	 Knobloch K. The use of a neovascularization score to predict clinical 
severity in Achilles tendinopathy. Am J Sports Med. 2008;36:395; author 
reply 395–7. https://​doi.​org/​10.​1177/​03635​46507​312378.

	84.	 Bojsen-Møller J, Magnusson SP, Rasmussen LR, Kjaer M, Aagaard P. Muscle 
performance during maximal isometric and dynamic contractions is 
influenced by the stiffness of the tendinous structures. J Appl Physiol. 
2005;99:986–94. https://​doi.​org/​10.​1152/​jappl​physi​ol.​01305.​2004.

	85.	 Silbernagel KG, Gustavsson A, Thomeé R, Karlsson J. Evaluation of 
lower leg function in patients with Achilles tendinopathy. Knee Surg 
Sports Traumatol Arthrosc. 2006;14:1207–17. https://​doi.​org/​10.​1007/​
s00167-​006-​0150-6.

	86.	 Kubo K, Ishigaki T, Ikebukuro T. Effects of plyometric and isometric train-
ing on muscle and tendon stiffness in vivo. Physiol Rep. 2017. https://​doi.​
org/​10.​14814/​phy2.​13374.

	87.	 Mahieu NN, McNair P, Cools A, D’Haen C, Vandermeulen K, Witvrouw E. 
Effect of eccentric training on the plantar flexor muscle-tendon tissue 
properties. Med Sci Sports Exerc. 2008;40:117–23. https://​doi.​org/​10.​
1249/​mss.​0b013​e3181​599254.

	88.	 Rowe V, Hemmings S, Barton C, Malliaras P, Maffulli N, Morrissey D. 
Conservative management of midportion Achilles tendinopathy: a mixed 
methods study, integrating systematic review and clinical reasoning. 
Sports Med. 2012;42:941–67. https://​doi.​org/​10.​1007/​BF032​62305.

	89.	 Rees JD, Lichtwark GA, Wolman RL, Wilson AM. The mechanism for 
efficacy of eccentric loading in Achilles tendon injury; an in vivo study 
in humans. Rheumatology (Oxford). 2008;47:1493–7. https://​doi.​org/​10.​
1093/​rheum​atolo​gy/​ken262.

	90.	 Yu C, Deng L, Li L, Zhang X, Fu W. Exercise effects on the biomechanical 
properties of the Achilles tendon—a narrative review. Biology (Basel). 
2022. https://​doi.​org/​10.​3390/​biolo​gy110​20172.

	91.	 Magnusson SP, Hansen M, Langberg H, Miller B, Haraldsson B, Westh EK, 
et al. The adaptability of tendon to loading differs in men and women. Int 
J Exp Pathol. 2007;88:237–40. https://​doi.​org/​10.​1111/j.​1365-​2613.​2007.​
00551.x.

	92.	 Rabello LM, van den Akker-Scheek I, Kuipers IF, Diercks RL, Brink MS, 
Zwerver J. Bilateral changes in tendon structure of patients diagnosed 
with unilateral insertional or midportion achilles tendinopathy or patellar 
tendinopathy. Knee Surg Sports Traumatol Arthrosc. 2020;28:1631–8. 
https://​doi.​org/​10.​1007/​s00167-​019-​05495-2.

	93.	 Fahlström M, Jonsson P, Lorentzon R, Alfredson H. Chronic Achilles 
tendon pain treated with eccentric calf-muscle training. Knee Surg 
Sports Traumatol Arthrosc. 2003;11:327–33. https://​doi.​org/​10.​1007/​
s00167-​003-​0418-z.

	94.	 Stasinopoulos D, Stasinopoulos I, Pantelis M, Stasinopoulou K. Compari-
son of effects of a home exercise programme and a supervised exercise 
programme for the management of lateral elbow tendinopathy. Br J 
Sports Med. 2010;44:579–83. https://​doi.​org/​10.​1136/​bjsm.​2008.​049759.

	95.	 van der Vlist AC, Winters M, Weir A, Ardern CL, Welton NJ, Caldwell DM, 
et al. Which treatment is most effective for patients with Achilles tendi-
nopathy? A living systematic review with network meta-analysis of 29 
randomised controlled trials. Br J Sports Med. 2021;55:249–56. https://​doi.​
org/​10.​1136/​bjspo​rts-​2019-​101872.

	96.	 Comins J, Siersma V, Couppe C, Svensson RB, Johansen F, Malmgaard-
Clausen NM, Magnusson SP. Assessment of content validity and psycho-
metric properties of VISA-A for Achilles tendinopathy. PLoS ONE. 2021;16: 
e0247152. https://​doi.​org/​10.​1371/​journ​al.​pone.​02471​52.

	97.	 Vicenzino B, de Vos R-J, Alfredson H, Bahr R, Cook JL, Coombes BK, 
et al. ICON 2019-international scientific tendinopathy symposium 
consensus: there are nine core health-related domains for tendinopa-
thy (CORE DOMAINS): Delphi study of healthcare professionals and 
patients. Br J Sports Med. 2020;54:444–51. https://​doi.​org/​10.​1136/​bjspo​
rts-​2019-​100894.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1123/jsr.2019-0046
https://doi.org/10.1123/jsr.2019-0046
https://doi.org/10.1016/j.math.2006.02.012
https://doi.org/10.1016/j.math.2006.02.012
https://doi.org/10.2522/ptj.20100330
https://doi.org/10.1007/s40279-013-0019-z
https://doi.org/10.1007/s00167-004-0585-6
https://doi.org/10.1177/0363546507303116
https://doi.org/10.1177/0363546507312378
https://doi.org/10.1152/japplphysiol.01305.2004
https://doi.org/10.1007/s00167-006-0150-6
https://doi.org/10.1007/s00167-006-0150-6
https://doi.org/10.14814/phy2.13374
https://doi.org/10.14814/phy2.13374
https://doi.org/10.1249/mss.0b013e3181599254
https://doi.org/10.1249/mss.0b013e3181599254
https://doi.org/10.1007/BF03262305
https://doi.org/10.1093/rheumatology/ken262
https://doi.org/10.1093/rheumatology/ken262
https://doi.org/10.3390/biology11020172
https://doi.org/10.1111/j.1365-2613.2007.00551.x
https://doi.org/10.1111/j.1365-2613.2007.00551.x
https://doi.org/10.1007/s00167-019-05495-2
https://doi.org/10.1007/s00167-003-0418-z
https://doi.org/10.1007/s00167-003-0418-z
https://doi.org/10.1136/bjsm.2008.049759
https://doi.org/10.1136/bjsports-2019-101872
https://doi.org/10.1136/bjsports-2019-101872
https://doi.org/10.1371/journal.pone.0247152
https://doi.org/10.1136/bjsports-2019-100894
https://doi.org/10.1136/bjsports-2019-100894

	Evidence-Based High-Loading Tendon Exercise for 12 Weeks Leads to Increased Tendon Stiffness and Cross-Sectional Area in Achilles Tendinopathy: A Controlled Clinical Trial
	Abstract 
	Background: 
	Objectives: 
	Methods: 
	Results: 
	Conclusion: 

	Key Points
	Introduction
	Materials and Methods
	Design
	Allocation and Blinding

	Intervention
	Primary Outcomes
	Mechanical and Material Properties
	Morphological Properties
	Clinical Outcomes

	Secondary Outcomes
	Functional Properties
	Vascularity

	Statistical Analysis

	Results
	Primary Outcomes
	Mechanical and Material Properties
	Morphological Properties
	VISA-A Score
	Pain

	Secondary Outcomes
	Jump Performance
	Vascularity

	Training Diary Analysis
	Compliance
	Activity Level
	Progression
	Passive Therapy Treatment

	Laterality

	Discussion
	Limitations

	Conclusions
	Acknowledgements
	References


