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4. ENGLISH RESUME

Tendons play an essential role in transmitting force from muscle to bone and are thus designed
to resist considerable loads during locomotion. Yet, repetitive use often results in overuse
injuries such as tendinopathy, which accounts for 30-50% of all sports related injuries. This type
of injury is a substantial clinical challenge, since it often causes long-term (months to years)
impairment of function for the affected person. Tendinopathy is characterized by pain during
activity, localized tenderness upon palpation, swelling of the tendon and impaired
performance. The list of currently available interventions for tendinopathy is extensive.
However, loading-based interventions have become the preferred treatment for tendinopathy,
although, the optimal dose in regards to number of repetitions and sets, frequency, and load
remains unknown. Thus, understanding how tissue structure, function and mechanical behavior
in tendinopathic tendons adapt to varying loading configuration, and how this influence the
clinical outcome is important and may contribute to optimizing the rehabilitation thereof.

The aim of the thesis was to bridge the gap in knowledge related to the effect of
load magnitude on clinical outcome, tendon structure and function in exercise-based treatment
of patellar tendinopathy. We conducted a randomized clinical trial on a population of male
recreational athletes with chronic patellar tendinopathy. In the trial, we tested the hypothesis
of a superior response to a 12-weeks exercise intervention with high load magnitude (90% of
1RM) compared to moderate load magnitude (55% of 1RM) when equalized to total exercise
volume. The response was assed at short-term (12 week) and long-term (52 week) follow-up.
Secondly, we aimed to investigate the reproducibility of the MRI Ultra-short time to echo (UTE)
imaging with the T2* mapping method in tendinopathic tendons. We hypothesized that the
method could be applied as a non-invasive marker for early internal tendon tissue material
alterations.

The main finding showed, that in contrary to our hypothesis exercising with heavy
load (HSR) was not superior to exercising with moderate load (MSR) in relation to clinical
outcome, tendon structure and function. Importantly, both HSR and MSR treatment
demonstrated clinical improvement after the 12-weeks intervention, which was maintained at
one-year follow-up, although it did not reach the same level as asymptomatic tendons.
Conversely, the mechanical, material and morphological properties of the tendon were

unaltered in response to both HSR and MSR treatment. Finally, MRI UTE imaging with T2*
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mapping was deemed to be a reproducible method to examine chronic tendinopathic patellar
tendons.

In conclusion, when the total exercise volume was kept equal the effect of
exercising with heavy load was not superior to moderate load in regards to clinically, structural,
or functional improvements. This indicates that either of these loading regimes can be applied
during treatment of tendinopathy. Both HSR and MSR yielded clinical improvements that were
maintained after one year, although these did not reach normal values. On the mechanical,
morphological or material tendon properties, no short-term effects of the interventions were
detected. Finally, the MRI UTE-T2* method was shown to be reproducible in patellar tendons
with chronic tendinopathy, but the applicability to detect internal material alteration and
changes thereof need further investigation.

Future studies are needed to determine the reason for the protracted and
incomplete clinical recovery and the lack of response to loading magnitude in mechanical,
morphological and material properties. Furthermore, it remains to be established to what
extent other factors like restitution time between session influences the clinical, structural and

functional outcome.



5. DANSK RESUME

Under bevaegelse er kroppens sener bindeleddet i kraftoverfgrslen fra muskel til knogle.
Senerne er derfor designet til at kunne modstar stor kraftpavirkning. Alligevel kan gentagne
belastninger fgre til overbelastningsskader af senerne, sasom tendinopati. Disse skader udggr
30-50% af alle sports relaterede skader. Tendinopati er karakteriseret ved; smerte under
aktivitet, lokal gmhed ved palpation, havelse og nedsat ydeevne. Skaderne udgegr et alvorligt
klinisk problem, idet det kan begraense deltagelse i fysisk aktivitet i maneder, endda ar for den
bergrte person. Listen over aktuelle tilgaengelige behandlingsmetoder til tendinopati er
omfattende, men den optimale behandling er fortsat ukendt. Behandling med forskellige
treningsformer er blevet den typiske behandlingsstrategi. Dog er den optimale traeningsdosis
ift. seet og repetitioner, treeningshyppighed og belastningsst@rrelse fortsat ukendt, specielt i
relation til det langsigtede resultat. En gget forstaelse af hvordan senens strukturelle forhold,
mekaniske egenskaber og den kliniske effekt adaptere til forskellige grader af belastning kan pa
sigt medvirke til at optimere behandlingen af tendinopati.

Formalet med denne afhandling var derfor at undersgge den kliniske effekt
(smertesymptomer), senestruktur og funktion ved forskellige belastningsstgrrelser under
treningsbaseret behandling af patellar tendinopati. For at undersgge dette gennemfgrte vi et
randomiseret klinisk studie pa en population af idraetsaktive mand med kronisk patellar
tendinopati. Gennem studiet testede vi hypotesen at 12 ugers genoptraning med hgj
belastning (90% af 1RM) ville veere mere effektiv end genoptraening med moderat belastning
(55% af 1RM), nar treeningsvolumen var den samme over interventionsperioden. Bdde den
kortsigtede (12 uger) og den langsigtede (52 ugers) effekt af de forskellige belastningsgrader
blev undersggt. Yderligere, undersggte vi reproducerbarheden af MRI ultra-kort tid til ekko
(UTE) -billeddannelse med T2* analyse anvendt pa tendinopatiske sener. Vores antagelse var at
metoden kunne bruges som en ikke invasiv markgr til at male tidligere forandringer i senen pa
materiale niveau.

| modsaetning til vores oprindelige hypotese, viste det overordnede resultat, at
traening med tung belastning (90% af 1RM) ikke var bedre end traening med moderat belastning
(55% af 1RM) i forhold til kliniske effekt, senestruktur og funktion. Der var en klinisk effekt for
begge behandlingstilgange (moderat og hgj belastningsgrad) pa kort sigt (12 ugers opfglgning).

Forbedringen fortsatte helt op til et ars opfglgning, men naede ikke et niveau svarende til
10



symptomfrie sener. Derimod var der ingen effekt pa senens mekaniske, materielle eller
morfologiske egenskaber efter traening med hverken moderat eller hgj belastning. Endelig blev
det vist at MR UTE-billeddannelse med T2* analyse er en reproducerbar metode til
undersggelse af kroniske tendinopatiske patellar sener.

Vi kan konkludere at den kliniske effekt (smertesymptomer), senestruktur og
funktion ikke var bedre efter traening med tung belastning end med moderat belastning, nar
det samlede traeeningsvolumen var ens. Dette indikerer at belastningsregimet kan vaelges frit.
Begge programmer medfgrte kliniske forbedringer helt op til et ar, men uden at na et niveau
svarende til symptomfrie sener. Derimod var der ingen effekt af treening pa kort sigt for de
mekaniske, morfologiske eller materielle senegenskaber uafhangigt af belastningsgraden.
Endelig blev MR UTE-T2* metoden vist at vaere en reproducerbar metode til undersggelse af
patellar sener med kronisk tendinopati. | hvilken grad metoden kan anvendes til at detektere
materiale forandring i senen og sndringer deraf kraever yderligere undersggelse.

Fremtidig forskning er ngdvendig for at klarlaegge arsagen til at deltagerne ikke
bliver raske efter et ar og at de mekaniske, morfologiske og materielle sene egenskaber ikke
pavirkes af traening. Derudover er det stadig uklart, i hvilket omfang andre faktorer, sasom

restitutionstid mellem sessioner, pavirker det kliniske, strukturelle og funktionelle resultat.
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6. INTRODUCTION

Tendon tissue play a key role as force-transducers transmitting force from bone to muscle, and
therefore well-functioning tendons are crucial for optimal locomotion*!. Despite tendons are
designed to withstand considerable loads during locomotion, repetitive use often results in
overuse injuries as tendinopathy’®, which account for 30-50% of all sports related injuries!3®,
Specifically, patellar tendinopathy is a substantial clinical challenge, especially since it often
causes long term (months to years) performance reduction for the affected person and among
athletes often result in early retiring from sport’®. Despite loading based treatment has been
the preferred treatment for tendinopathy, the optimal dose in form of repetitions, set,
frequency and load is still unknown?, To better understand tendinopathic tendon tissues
adaptation and optimize the rehabilitation thereof it is necessary to investigate to what extent
loading configuration during treatment influences the clinical outcome and the tendon
structure, function and mechanical behavior of pathological tendons. It is my hope that the

work of this thesis will contribute to some knowledge in answering that question.

7. BACKGROUND

7.1 Anatomy and structure of the patellar tendon

The patellar tendon connects the patella apex to the tuberosity tibia and is an extension of the
quadriceps femoris muscle and quadriceps tendon'?. It is a thick tendon (3-4 mm)**%° with a
relative short length of approximately 5 cm, however, considerable variation occurs3”72,
Furthermore, cross sectional area (CSA) of the patella tendon varies along its length by
increasing from the proximal to the distal part®®.

Tendons are a densely packed connective tissue composed of triple-helical type |
collagen molecules bound together by intermolecular crosslinks’®. Organized in a strict
hierarchical pattern as shown in Figure 1, the collagen molecules forming fibrils, fiber bundles,
fascicles and hole tendon units with each structural level influencing the mechanical properties
of the tendon. The fibers and fascicles are bound together and inverted by the endotenon that

contains blood vessels, nerves and lymphatics supply to the tendon and finally a fine sheath,
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the epitenon, enclose the entire tendon. The whole patellar tendon is further surrounded by a

paratenon which ensure free movement of the tendon from the surrounding tissue.

Peritenon

/Epitenon Paratenon

/ Fibril Fibre Fascicle . Tendon
( 50-200nm | 50-100pm | 20-200pm | 100-500pm

Figure 1: Hierarchical tendon structure (Nourissat et al. 20151°)

The composition and structure of the tendon influence the mechanical properties resulting in
function®?, The fibrils is considered to be fundamental for the force-transmitting function of the

tendon'??

and have recently been shown to run the hole tendon length in adults human
patellar tendons'#°. Furthermore, region specific structural differences in form of greater fibril
density and tendency to smaller fibril CSA in the posterior fascicles compared to anterior
fascicles in the patellar tendon have been shown and indicating region specific material
properties>®.

Collagen makes up 60-85% of the dry-weight of the tendon, with the majority
being type | collagen (90%) and the remaining consisting among others of type Il and type
V7681 The fibrillar collagen is embedded in an extracellular matrix, which in addition to collagen
and water consists of a small amount of elastin (1-2%), proteoglycans (PG), glycosaminoglycans
(GAGs), and glycoproteins. Like other connective tissues, water constitutes 55-70% of the total
tendon and the amount of water is closely linked to the amount of proteoglycans in the

extracellular matrix3L.
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The dominant cell type in the tendon are the elongated shaped fibroblasts, placed between and
in parallel with the collagen fibrils and in the paratenon’#’®, During mechanical stretching the
fibroblast undergo deformation and respond with expression of growth factors that work on
the extracellular matrix components including synthesis of collagen?2. Conversely, lack of
mechanical loading (strain), might lead to degradation®. Therefore, mechanotransduction in the
fibroblasts is important for both maintenance of matrix homeostasis and morphologic
alterations in response to loading and unloading.

There is a large heterogenicity in the results of studies investigating the rate of
tendon tissue turnover. An increase in collagen turnover rate in patellar tendons in response to
acute exercising has been suggested in a study using a stable isotope infusion method?!!,
Likewise, increased collagen protein synthesis in the peritendinous tissue of the Achilles tendon
in response to both acute and long term exercising has been shown with microdialysis®'°2.
Conversely, a more recent study using the 14C bomb pule method has shown that the core of
the human Achilles tendon is almost unaltered during adult life and only the periphery is
replaced®. The differences have been suggested to be related to region specific alteration in
the tendon tissue. However, a newly published study on healthy human patellar tendons from
cadavers clearly show that turnover does not differ between the regions (length, width and
thickness)'8. Moreover, the data indicate that the turnover rate in the tissue do not change

throughout life.

7.2 Biomechanics and function of the patellar tendon

The patellar tendon is designed to create and resist sizeable loads’®. It transfers muscle
generated force from the quadriceps muscle to the tibia bone to extend the knee and is
essential for walking, running and jumping. It has been estimated that the patella tendon may
be loaded up to 4 kN (~400 kg) during a single counter movement jump?!.

Previous the patella tendon has been considered as one force-transmitting
structure. However, recent studies have shown different mechanical properties of collagen
fascicles from the anterior part of the tendon (stronger) compared to the posterior part>®°’,
The region specific mechanical properties indicate that the different part of the patella tendon

might operate more independently.
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The mechanical properties of the individual tendon can be determined on the force-
deformation curve (Figure 2, A) and requires simultaneously measurement of load and
corresponding stretch of the tendon’#. The initial part of the curve “the toe region” reflect that
the crimped collagen fibers, existing in the resting state, are stretched out when load is applied.
The following linear region of the curve initiates when deformation (mm) increases relative to
linear response to force (N) and continues until the yield point where initial tissue damage
occurs. After the yield point the tissue damage in form of fiber failure occurs until the plastic
unreversible part of the curve ends with complete failure. The slope of the curve in the linear
part represent the stiffness (N/m) of the tendon and have functional implication for the force
transmission. Thus, tendon stiffness will change the force-length relationship of the muscle and
has been shown to be associated with isometric muscle force output and dynamic muscle

action measured as maximal jump hight2%-%,
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Figure 2: Force-deformation curve of the tendon (A), drawing with inspiration from Jozsa and Kannus 199777,
Stress-Strain curve of the tendon (B), duplicated from Wang 20068,

The dimension of the tendon (length and CSA) influence the structural properties, for which
reason the force-elongation curve can be normalized dividing force by CSA and deformation by
length giving the tendon stress (MPa) and strain (%), respectively3®1°8 The slope of the linear
part of the normalized stress-strain curve (Figure 2, B) is then representing the material
properties of the tissue (Young’s modulus, MPa), which enable tendon comparison. In vivo,

human tendons operate during normal physical activity only on the elastic part of the curve (2-

15



4% strain) in which it returns to its original geometrical shape after the stress has been
removed. Most of the energy storage in the tendon during stretching is returned on recoil.
However, because tendons are viscoelastic tissue some energy is lost as heat (hysteresis)’4.
Further, a decline in force in response to ongoing deformation of the tendon (stress relaxation)
or gradually increased deformation over time in response to constant load applied to the
tendon (creep) may occur. Finally, the speed by which the tendon is loaded influence the

mechanical properties because of the viscoelastic material®®.

7.3 Patellar tendinopathy- Prevalence, definition, and diagnosis

Overuse injuries account for 30-50% of all sports related injuries!®. The incidence of lower
extremity tendinopathies in Danish general practice has been reported to be as high as
7.9/1000 patients per year!?>, Among adolescents athletes patellar tendinopathy is the most
common42'157'169.

The majority of patellar tendinopathy occurs in jumping sports that requires high
and repetitive loads on the knee extensors and mainly in men in the age group of 15-30
years*%9° The prevalence of patellar tendinopathy is high with 9% of non-elite athletes
reporting symptoms?®. In elite level athletes the overall prevalence is reported as high as 14%,
and yet within explosive sport the prevalence can reach as high as 32% among basketball
players and 45% among volleyball players®. Many athletes experienced recurrence of
symptoms, substantial negative impact on sports performance (55%), and patellar
tendinopathy pain is for more than 50% the reason for retiring early from sport?>78. Moreover,
reduced work ability was reported as high as 16% among athletes with patellar
tendinopathy®’.

Patellar tendinopathy (also called “Jumpers Knee“) is defined as a syndrome
characterized by activity related pain at the inferior pole of the patella, impaired physical
performance, swelling of the tendon and localized tenderness upon palpation’91%3, The
chronology of symptoms of tendinopathy can be classified into 3 stages were symptoms
present for less than 6 weeks is characterized as “acute”, for 6 to 12 weeks as sub-acute and for

more than 3 months as chronic®.
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Clinically, the diagnosis of patellar tendinopathy is usually determined based on patient history
and physical examination!®’. Patients often present with a history of load-related pain in the
patella tendon or the “warm-up phenomenon” with reduced pain after repeated loading, but
reappearing pain the day after energy storing activities'®>12°, Further the clinical diagnosis is
often stated on a specific test which causes tenderness upon palpation, however, the test
despite of high sensitivity in reproducing symptoms show low specificity in identifying
pathological structure?>. Moreover, Fredberg et al* show a high rate of misdiagnosis for
Achilles and patellar tendinopathy using only clinical examination. Therefore, it is
recommended that clinical testing is verified by ultrasonographic pathological findings such as
local anterior-posterior thickening of the tendon, hypo-echogenicity and increased

vascularity46-108:159

7.4 Etiology and pathology of patellar tendinopathy
The exact etiology and mechanisms behind developing overuse injuries as tendinopathy remain

elusivell®

and is likely multifactorial'4”:164, A resent systematic review of risk factors established
several suggested risk factors with moderate to conflicting evidence; greater volume of
strength training, better jumping performance, less normalized hip extension torque, decreased
knee extension fatigue ratio and altered corticospinal excitability to the quadriceps*’.
However, there were a lack of strong evidence risk factors and they conclude that there is a
need for lager-scaled prospective high quality studies in order to identify the exact risk factors
for patellar tendinopathy.

It has been believed for many years that inflammation plays a role in
tendinopathy and its time cause have been investigated and debated. However, it has been
difficult to detect any signs of inflammation in long-term chronic tendinopathy3* and a recent
study of early tendinopathy corroborates the lack of inflammation also in early tendinopathy®?.
Furthermore, studies on anti-inflammatory medical treatment have not yielded successfully
outcomes in either early (unpublished data from our lab) or prolonged tendinopathy®2120,

However, to what extent inflammation play a role in some stages of tendinopathy or maybe

prior symptoms occur is still not fully established. Even if it remains speculative an assumption
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could be that inflammation occur in repeated but shorter periods, even though detection
thereof is limited by the today available methods for detecting inflammation.

On a structural level, patellar tendinopathy is considered the result of repetitive
isolated micro-ruptures of the fibrils*?’. It is well established that the collagen fibrils appears
thinner and disorganized in the pathological tendon tissue®%8>120 |nterestingly, in animal
tendons it has been shown that even though cyclic loading result in buckling of the collagen
fibrils leading to nanoscale molecular disorder, development of actual micro ruptures of the
collagen fibrils is not initiated®>1>3, The lack of altered mechanical properties in early
tendinopathy recently shown support this assumption that tendinopathic tendon maintain their

microstructural pattern®®?

with fibrils running all along the tendon length#°,

However, the today widely accepted model for chronic tendinopathy is still that
overloading of the tendon might lead to a failed healing response of the micro-damages that is
initiated and repaired well balanced in response to loading in healthy tendon tissue!®!. The
insufficient repair process in the tissue lead to altered response of the fibroblast and thereof
loss of tissue homeostasis. This assumption is supported of the well-established histopathology
of the painful tendons presenting increased cellularity, increased content of proteoglycans (PG),
Glycoaminoglycans (GAG’s) and water, hypervascularization and altered collagen synthesis!,
The modified cellular and molecular response result in the pathological finding of thickening in
addition to hypo-echogenicity and increased vascularity!%, The pain in the tendinopathic tissue
is suggested to be caused by ingrowth of sensory nerves prolonged with ingrowth of small
capillary from the paratenon (neovascularization) which contribute to the
hypervascularization!®. Even if it remains speculative pain could also be caused just by
increased pressure from the hypervascularization.

The pathological alteration in patellar tendinopathy is primarily presented in the
proximal posterior portion of the tendon’2%, It has been speculated that region specific
differences were the main reason why tendinopathy typically occur in specific regions of the
tendons. However, due to the results of the newly published study by Zhang et al'®® on the
human patellar tendon (clearly demonstrating lack of region specific differences in tissue turn-
over) this cannot explain differences in the increased occurrence of tendinopathy in some parts

of the tendon.
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To what extent pathological alteration in the tendinopathic patellar tendon causes modification
of the mechanical properties is still unclear!!®. Thus, patellar tendon stiffness has been shown
to be both unaffected3®> and decreased®1%3 in response to tendinopathy. Importantly, due to
the slow insidious onset of tendinopathy, the knowledge of etiology is built on pathological
finding after onset of pain, which make it difficult to establish to what extent pathological tissue
response is the cause or the result of tendinopathy. A major limitation for the current evidence
on etiology of tendinopathy is the limited knowledge of the early stage of the disease primary
due to the gradually increase of symptoms and there is a need of larger scaled studies following
healthy tendons developing tendinopathy. Additionally, histopathological findings from all
phases of tendinopathy is needed to extend the knowledge, however, the invasive approach of
taking a biopsy, which might be the gold standard for this approach, is not feasible for repeated
measures. Thus, it is of great interest to investigate the applicability of non-invasive imaging
modalities which can be used for repeated measurement of both healthy and tendinopathic

tendon tissue.

7.5 Exercise-based treatments of Patellar tendinopathy

The list of currently available treatment modalities for tendinopathy are broad and may
include; exercise therapy, surgery, nonsteroidal anti-inflammatory drugs, steroid injection,
platelet-rich plasma injection, therapeutic ultrasound, sclerosing therapy, extracorporeal shock
wave therapy*3°. However, the dominant conservative treatment strategy for patellar
tendinopathy have become loading-based interventions?192, Yet, there is a lack of knowledge
of the optimal exercise dose in terms of repetition, sets, frequency and load!%%1%, The present
thesis will focus on the loading-based treatment paradigm, the development and the existing
evidence of the effect of load on tendons which play a central role in the present PhD project.

148 \were back in the 80’s the first to demand attention on

Stanish and Curwin
loading-based exercise as a treatment of tendinopathy by introducing stretch-shortening
exercise that included an eccentric component rapidly followed by a concentric component. A
decade later, promising clinical results of isolating the eccentric contraction and eliminate the
concentric component of a stretch-shortening cycle in treatment of Achilles tendinopathy was

suggested by Alfredson and colleges®. This eccentric exercise paradigm (ECC) gained
19



considerable popularity and is today globally the commonly used treatment of tendinopathy
despite limited and conflicting evidence that clinical outcomes is superior with eccentric loading
compared to other loading programs in treatment of patellar tendinopathy'%2. Likewise, basic
science does not rise evidence on superior effect of eccentric compared to concentric muscular
contraction mode. Thus, in animal studies it has been shown that isometric, lengthening or
shortening contraction mode do not yield different response on expression of collagen in the
tendon tissue if exposed to similar force level*’. Furthermore, a higher force production during
the eccentric contraction compared to the concentric contraction did not induce increased
collagen expression®®. Moreover, in human tendons it has been show that Achilles tendon
length change and peak tendon force is not significantly different during eccentric and

concentric contractions?*

and lastly that patellar tendon hypotrophy in response to resistance
training are similar irrespectively of contraction mode“. Collectively, these findings imply that
given that the force applied is high enough to produce the required stain on the fibroblast,
essential for mechanotransduction, there is no evidence to support isolating the eccentric
component.

Although, the above described lack of evidence supporting the eccentric regime
only a few loading-based exercise regimes such as; isolated concentric training®®, a combined
program including eccentric-concentric progressing to eccentric training and faster eccentric-
concentric'#?, Heavy slow resistance training (HSR) including both the eccentric and concentric
mode®* and most recently isolated isometric exercise®”'?® have been suggested.

Reviewing the literature from the past two decades of studies investigating loading-based
exercise regimes as treatment of patellar tendinopathy emphasized the need for high-quality
Randomized Clinical Trials (RCT) investigating aspects of loading intervention as load magnitude
before more systematic reviews pooling existing evidence is relevant. As shown in Table 1 the
number of RCT studies in the period of 2000 to 2020 were sparse. Specifically, in the past 10
years there were only three studies’®”128 investigating the effect of isometric loading programs
and with conflicting results. Interestingly, five systematic reviews*36:3993.102 jnyestigate the
optimal loading-based treatment have been published within the same period including the
same few above mentioned RCT studies, Table 1. Eccentric loading programs are recommended

in nearly all of the published systematic reviews. However, 8 out of 11 RCT studies (Table 1),
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which make up the body of evidence for the systematic reviews were carried out within the
time-period were the eccentric loading approaches was the only available program which might
guestioned the recommendations. The fact that requirements for both RCT studies and
systematic reviews have increased within the past 20 years might be a contributing factor that
four out of the five reviews conclude that lager high-quality RCT studies is needed and that
methodological issues and heterogenicity of the original research induce high risk of bias and is
a limitation of the conclusions. Further, variability in follow-up duration3®192, and various
outcome scores among the available RCT studies % is stated as a limitation for recommendation
of an evidence based treatment protocol. Beside these limitation, the review by Malliaras et
al.192 also stated that studies controlling for load intensity, time under tension, speed, and
contraction type are needed. In summary, reviewing the literature indicate that the focus on
the superiority of eccentric contraction mode and lack of high-quality RCT studies investigating
more recently developed loading-based treatment protocols have overshadowed other
relevant parameters influence on the loading program including the optimal load magnitude.

For both Achilles and patellar tendinopathy HSR and ECC loading have shown
equivalent improvement on the clinical outcome Victorian Institute of Sport Assessment-Patella
questionnaire (VISA-P) in short-term follow-up®384 Moreover, HSR was superior on patient’s
subjective satisfaction both in short- and long-term follow-up. The HSR loading program are
performed three times pr week in contrast to the ECC program consisting of two training
session per day, seven days a week which may explain the variation in satisfaction. The superior
patients satisfaction is a contributing factor why HSR loading regime have become the
treatment of choice in the Sports medicine clinic at Bispebjerg Hospital and thus is the applied
loading regime in the RCT study included in this PhD thesis.

The HSR program developed by Kongsgaard et al®* is in addition to the above
described prolonged restitution period between training sessions characterised by quadriceps
resistance exercise carried out with high load magnitude (progression 15-6RM) and slow action
(performed with 6s/repetition). The aspect of high load magnitude is supported by a meta-
analysis by Bohm et al*® showing that tendon are highly responsive to load and load magnitude
in particular. The theories behind the HSR is further that it has been shown that healthy
tendons were more responsive to a low number of loads of long duration than a high number

of faster load®. Lastly, negative net balance between synthesis and degradation of collagen in
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response to loading has been suggested to occur up to 36 hours after exercising®!

, why three
weekly sessions in the HSR program might ensure sufficient tendon tissue restitution time
essential for healing.

In relation to loading-based rehabilitation the HSR loading regime has in addition
to positive outcome with respect to improvement in tendon pain and function (VISA-P) in short-
term also been shown to be beneficial in relation to long-term follow-up®*. Noteworthy, the
long-term component is generally rarely investigated in the literature®*1°2, Furthermore, HSR
yields favorable structural composition (fibril diameter, fibril density), and biochemical
composition (enzymatically derived cross-links) compared to ECC loading®+%°.

Although, the HSR loading programs has been shown to be beneficial, there was
still a lack of full recovery and the VISA-P score, representing tendon pain and function, at half-
year follow-up was only 86 points®* out of the 100 points which represents an asymptomatic,
fully performing individual*>*. This result point in direction of that it is relevant to investigate
different components influencing the loading programs in an attempt to increase the
rehabilitation success rate. In contrast to contraction mode, there is evidence from a clinical
trial®* and from basic science (will be outlined in the next paragraph) to suggest that load
magnitude might be an import aspects in the attempt to optimize the treatment response.
Thus, that more RCT studies have compared the effect of different loading programs, and
repeated reviews have tried to establish the optimal treatment options based on these studies
(Table 1), they rarely match the load or isolate specific parameters of exercise dose (repetition,
set, frequency) or load magnitude2. Therefore, the optimal load magnitude in exercise-based

treatment of tendinopathy is still unknown.
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Summary of Randomized Clinical Trials in the period 2000-2020 and Systematic Reviews in the

period 2010-2020 investigating the effect of loading-based treatment of patellar tendinopathy.

Table 1
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Institute of Sport Assessment-Patella questionnaire; VAS, Pain score on a Visual analogue scale; PPT’s, Pressure

pain thresholds
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7.6 Effect of loading on tendons and tendinopathy

It is well established that tendon response to mechanical loading includes an adaptive response
on both molecular, structural and mechanical level, however, the underling mechanisms are
still not completely understood especially in relation to tendinopathic tendons!®,

The adaptation in morphological, material and structural properties of healthy
tendon in response to loading has been investigated in several studies®?. In relation to tendon
morphology, there is evidence to support that tendons can hypertrophy in response to long
term training. Endurance runners have been shown to have lager Achilles tendon CSA
suggesting that years of training lead to tendon grow3387.99133 | jkewise, the long duration of
morphological alteration is supported by a study on elite fencers and badmintons player?®. In
this study, were the athletes due to an asymmetric loading pattern of the lower extremities for
years had been loading the lead leg more than the non-lead leg, they showed a 20% increase in
patellar tendon CSA on the lead extremity. Conversely, shorter duration (months) of resistance
training has shown unchanged®* or a more moderate CSA increase®8®14%, Noteworthy, the
tendon hypotrophy is region specific being more pronounced at the insertions in the studies on
both endurance and resistance training, respectively. These findings further support the
assumption that the tendon growth is linked to loading dose.

The underling mechanism of increased CSA as material changes in terms of
increased amount of collagen in still unknown, however limited evidence from both animal and
human studies imply that fibrils are unaffected by loading'®. The evidence of the influence of
loading on tendinopathic tendons are very limited. However, one study show both abnormal
fibril morphology in tendinopathic patellar tendons and alteration toward normal fibril density
and area in response to exercising with heavy load®. Likewise, heavy load exercising has been
shown to influence the composition of crosslink in tendinopathic tendons®*.

A recent systematic review by Weisinger et al.'®? shows that tendon structure
response to both short- and long term mechanical loading in healthy tendons, however, there is
substantial variation in the detected stiffness (varies between -26% to 84.3%). In tendinopathic
tendons, stiffness has been shown to decrease in response to exercise 84894,

On the cellular and molecular level, the fibroblast in healthy tendon tissue

response to loading (thus strain) by initiating synthesis of collagen and other extracellular

matrix component important for maintenance of tissue homeostasis and tendon growth as
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outlined in a previous paragraph. Furthermore, that tendinopathic tendons have decreased cell
number and increased anabolic and catabolic activity in responses to loading. In vivo cell
culture studies suggested that increased dynamic strain might lead to increased response of the
fibroblast!>®1%> However, the optimal dose and if there is an upper limit were load begin
resulting in degradation is still unknown.

Altought, tendon adaptation seems to be related to mechanical loading, no dose-
relationship could be detected based on the existing evidens on healthy tendons in vivo!6:162,
However, in human a study of Arampatzis et al.> showed that with equal exercise volume,
exercising with greater load (90% of MVC) (and thus strains) yield increased stiffness and
increased cross section compared to moderate load (55% of MVC) in healthy Achilles tendons.
Likewise, for the patellar tendon in asymptomatic humans, it was shown that changes in
stiffness was related to load intensity%4.

The above outlined effect of loading on healthy tendons is supported by a recent
systematic review and meta-analysis by Bohm et al.1°. They conclude that tendons are highly
responsive to loading and suggest that loading magnitude play an essential role for the tendon
response. Importantly, reviewing the literature it still remains unknown to what extend load

magnitude also play a key role for tendinopathic tendons adaptation.

7.7 Tendon imaging
The two commonly used imaging modalities to investigate structural change in tendons are
Ultrasound (US) and Magnetic resonance imaging (MRI) in both scientific research and clinical
evaluation®>'37, As described in a previous paragraph it is recommended that clinically
diagnosed tendinopathy is verified by imaging and US assessment is increasingly used in both
diagnosing and monitoring pathology in tendons**41, The tendinopathic tendon appears
hypoechoic and thickened on gray-scale-ultrasound (GS-US) imaging in response to
degenerative changes leading to increased water and swelling of the tendon and disorganized
fibrils. Additionally, power-doppler-ultrasound (PD-US) provides information on
neovascularization, which is likewise a response of pathology in the tendinopathic tendon.
GS-US has been shown to be more accurate than MRI in diagnosing patellar

159 and, used in combination with color-doppler-ultrasound (US-CD), which have
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shown good ability to confirm an asymptomatic tendon, the accuracy of US imaging is further
strengthened. Importantly, US detected abnormalities in tendons without corresponding
presentation of pain has been reported within ~20% of asymptomatic patellar tendons?443.
Conventional MRl is more time-consuming and costly*® but eliminates some of the main
disadvantages of using US; high degree of operator dependency and high intra-observer
variation?’. Reliable assessment of tendon structure is crucial for monitoring changes in
response to treatment and consequently MRI might be of value for repeated imaging of smaller
structural changes in a research setting despite limited applicability in diagnosing tendinopathy.

Yet, neither US nor conventional MRI provide detailed material or quantitative
structural information of the tendon tissue!'®%>2, Tendon biopsies are the gold standard in
relation to methods raising evidence on structural and biochemical composition®®. However,
the invasive nature of biopsy sampling makes it practically and ethically challenging to use for
repeated measurements. Moreover, it has recently be shown that the trauma caused by biopsy
sampling in healthy human patellar tendons lead to upregulation of cell activity making
repeated measures infeasible®®. An alternative non-invasive method suggested for
quantification of detailed structural information of tendon tissue is MRI ultra-short time to
echo (UTE) imaging with T2* mapping*®13°,

MRI imaging are based on detection of protons in the tissue?3?

. When a person is
placed in a MRI scanner all protons of the body will align in the same direction and application
of a radiofrequency pulse (RF-pulse) will flip the protons to a transversal plan. The time it takes
before the protons fall back to their transversal resting state, the transversal relaxation time
(T2*) depends on the tissue density. The dense tendon tissue consists mainly of short T2*
components due to strongly bound water to collagen and proteoglycans leading to a rapid
decay of signal (T2* relaxation time of 1-2 ms) after a RF-pulse application during the MRI
scan®3%, Thus, by the TE's (time between RF pulse applied and the detection of signal) used in
conventional clinical MRI for investigation of tendon dimensions (8-20 ms) the tendon will
appear dark. This provides no information on tendon tissue quality or possible alterations
taking place before micro structural alteration might be visible.

In contrast, UTE sequences with TE< 1ms have been developed and used in

connective tissue such as tendons*3!. The UTE MRI sequences make it possible to obtain
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sufficient signal from tendons®3® and subsequently perform T2* mapping analysis*®. Figure 3

show an example of UTE sequences and T2* analysis.

Furthermore, longer T2* relaxation time of tendinopathic tendons compared to
healthy tendons have been suggested to be related to loosely bound or free water content
increased in tendinopathic tissue as a result of increased amount of proteoglycans and collagen
disruption!®215275 However, the reproducibility and monitoring applicability in tendinopathic

tendons remain unknown.
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Figure 3: Representative images from UTE MRI sequences (mid tendon) for increasing TE (A to D) with decreasing
signal intensity (upper part of the figure); Representative plot from the mono-exponential fitting procedure
including values from the four TE’s (A, B, C and D), the T2* analysis (lower part of the figure).
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8. AIMS AND HYPOTHESIS

The overall aim of the thesis was to examine the effect of load magnitude in exercise-based
management of patellar tendinopathy in recreational adult male athletes on clinical outcome,
and tendon structure and function. Furthermore, the reproducibility of the MRI ultra-short time

to echo imaging with T2* mapping method recently applied on tendons were investigated.

Specific aims Study 1:
To investigate how 12 weeks of exercise intervention, with high (90% of 1RM) or moderate
(55% of 1RM) load magnitude at equalized volume, applied to the tendinopathic patellar
tendon:

e influence the clinical, structural, and functional outcomes when assessment on the short

term (12 seeks) and the long term (52 weeks) (paper I).

e influence on the mechanical, material and morphological properties. Furthermore, to
explore if T2* relaxation time obtained with MRI UTE could be used as a non-invasive
marker for internal alterations on a material level to quantify early changes in response

to intervention (paper Il).

It was hypothesized that a superior response to an intervention of high load magnitude (90% of
1RM) compared to moderate load magnitude (55% of 1RM) would be seen, when total exercise

volume was equal among the two interventions.
Specific aims Study 2:

To evaluate the test-retest reproducibility, and the inter- and intra-observer reproducibility of

MRI UTE-T2* mapping in tendinopathic human patellar tendon (paper llI).
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9. METHODOLOGICAL CONSIDERATIONS

In this section methodological considerations and challenges of applied methods in this thesis
will be presented. Further methodological details can be found in the material and method
section of each paper at the end of the thesis. An overview of studies, timeline, included

participants and the generated papers is shown in the flowchart, Figure 4.

| 42 participants, data from 12 and 52 weeks (paper I) |
I

| 42 participants, data from 12week (paper Il) |

Study 1

October 2018 July 2019

April 2017 // July 2018

October 2017 to June 2018

[ Start of inclusion ] [ End of inclusion ]

15 participants, Baseline MRI x 2 (paper Il1)

Study 2

Figure 4: Flowchart showing overview of the two studies, timeline, included participants and the generated
papers. Blue colors indicates Study 1 (the treatment study). Orange colors indicates Study 2 (The method study).

9.1 DESIGN AND PATICIPANTS

9.1.1 Study 1- Treatment study (paper | and Il)

The study was a prospective randomized controlled, single-blinded, superiority trial, designed
with a two-group parallel design comparing interventions of high load magnitude (HSR) with
intervention of moderate load magnitude (MSR). The study was designed with a primary
endpoint after a 12-week intervention period. Given that tendon tissue has a relatively slow
turnover, and long-term follow-up are rarely investigated, a 52-week follow-up period was
additionally included. We could have chosen 52-weeks as primary outcome in the present study
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to account for the general slow tendon tissue turnover. However, it was not feasible to control
the participants behavior or sufficiently measure the adherence following cessation of the
intervention period.

We decided not to include a non-exercise control group due to ethical reasons. Two

132 155

previous studies on Achilles™* and patellar tendinopathy™>, respectively, have compared
exercise to wait-and-see treatment and suggested no or little effect of wait-and-see on clinical
outcomes. Thus, we did not expect an effect on clinical outcomes of a control group in the
present study. It cannot be ruled out that some improvements have occurred over time
regardless of treatment, however, we expect this influence to be equal in both treatment
groups.

Between April 2017 and July 2018 participants were recruited from the Sports Clinic at
Bispebjerg Hospital and via advertisements on social media and the internet based on the
inclusion and exclusion criteria listed in Table 2. In total, 44 participants with chronic patellar
tendinopathy were enrolled in the study and randomly allocated to one of two intervention
group; Moderate slow resistance group (MSR) or the heavy slow resistance group (HSR). The
number of included participants were based on a sample size calculation performed a priori to
detect a between group difference of 13 points on Victorian Institute of Sports Assessment-
Patella questionnaire (VISA-P) score (minimal clinical important difference®*) with 80% power
and an alpha level of 0.05. The used standard deviation was 13 points based on previous data
of 0-12 weeks VISA-P improvement®4, We estimated that a sample of 18 participants were

needed in each group and 44 participants were included in total to account for a 20% drop out

rate.

Table 2: Eexclusion and inclusion criteria for participants

Inclusion criteria Exclusion criteria

e Male athletes e Patellar tendinopathy >12 month
o Age 20-45 years e Previous knee surgery
e BMI18.5-30 e Confounding diagnosis to the knee joint
e Uni- or bilateral patellar tendinopathy e Diabetes or arthritis
e Symptoms >3 months e Previous corticosteroid injection for
e Ultrasonographical tendon swelling patellar tendinopathy
e Ultrasonographical hypo-echoic area e Smoking

with power doppler e Being elite volley ball player
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Taken the relative small number of participants in each group into account a computer-
generated minimization randomization procedure (MinimPy version 0.3, Python Software
Foundation, Beaverton, OR, USA)34 stratified according to pre-injury physical activity level, pain
level and symptoms duration was applied. The advantages of the minimization compared to
simple randomization is the ability making small groups closely similar in relation to participants
characteristics and thereby decreasing the risk of bias!2.

Limiting the inclusion criteria; sex, age and symptom duration for the study population
decreases the extern validity of the results. However, the present study, was designed to
answer the question about influence of load magnitude, which is why we attempt to keep other
confounding parameters as stable as possible. It is well established that tendons response to

119 and that tendons undergoes aging-related changes?®,

loading differs in men and women
Therefore, eligible age were restricted to 20-45 years and only men were included in the
present study. A pain duration of above three months were used to ensure a chronic condition
of patellar tendinopathy. It has been suggested that longer duration of tendinopathy might
result in a stages of degrative tendinopathy, where pathological changes have little or no
capacity for reversibility?’. To exclude participants in this potential end stage of tendinopathy,
and only include reversible stages where the primary stimulus for tendon tissue alteration still
might be ‘load’, symptom duration was limited to 12 months.

Diagnosing patellar tendinopathy using only clinical examination have shown a
high rate of misdiagnosis**. Therefore, the clinical diagnosis in the present study was confirmed
by ultrasonographic (US) pathological findings; local anterior-posterior(AP) thickening of the
tendon of at least 1 mm compared with the mid-tendon level, a hypo-echoic area and presence
of power doppler (PD) signal. Magnetic resonance imaging (MRI) have been suggested to be
more accurate than US in differential diagnostic of tendinopathy3> and were therefore used for
examination of confounding diagnosis to the knee joint, which was an exclusion criteria in the
study. However, MRI was conducted at baseline examination. Thus, the MRI-description
resulting in exclusion of two participants was first received after the randomization.
Retrospectively, inscribing in the study protocol the opportunity for replacing excluded
participants after randomization might have been relevant.

In the study a two week “wash-out” period from any previous treatment was

included after inclusion and prior to baseline assessment. The length of two weeks might be
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minimal and potentially insufficient time to control for previous treatment. However, in
relation to e.g. NSAID treatment two weeks might be sufficient, and corticosteroid injection
treatment (which have documented high impact on treatment effect) was an exclusion criteria.
Moreover, if the participants previously had performed exercise-based treatment it would
require a much longer “wash-out” period, which was not feasible in the design of the present
study. Furthermore, we speculated that a longer “wash-out” period could result in some
eligible participants refraining to participate. Taken into account that any previous exercise-
based treatment would have made it even less likely that they improved over time we decided
to use the duration of two weeks.

Designing the study in a PhD setting carrying out the RCT within three years lead to
some pragmatically decisions about the study population. We decided to include both proximal
and distal patellar tendinopathy thus we expected this could increase the possibility of
including sufficient participants within the limited time course. Based on the study results, only
including one distal tendinopathy and the fact that the response might depend on location of

148 it might retrospectively been relevant only to included proximal

the tendinopathy
tendinopathy. However, in fact only one case of distal tendinopathy was included which has
likely not influenced the result. Moreover, the participant with distal tendinopathy were
excluded in the per protocol analysis. Due to the same time aspect we included participants
with both uni- and bilateral tendinopathy. For the participants with bilateral tendinopathy the
leg with the most severe symptoms was included in the analysis to allow for unpaired statistical
analysis. However, due to the inherent limitation of comparing injured versus contralateral
asymptomatic leg in participants with bilateral symptoms, it was only possible to carry out
between leg comparison within a reduced study population.

Both primary and secondary outcomes of the study were pre-registered on
clinicaTrials.gov which reduce the risk of bias. Pre-registration increase the transparency of the
study and eliminate selective reporting of outcomes in trails!'2, Within the time span of the
present study the popularity of publishing the RCT trial protocols have increased. Publishing the
study protocol may have increased the transparency of the present study even further. Yet, this

opportunity might be more relevant for lager-scaled multicenter study with more than one

stake-holders and a wider intervention protocol.
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9.1.2 Study 2 - Method study (paper Ill)
The study was an observational reproducibility study designed to evaluate the test-retest and
intra- and inter-observer reproducibility of the MRI UTE-T2* mapping method in tendinopathic
patellar tendons. An important factor regarding developing new measurement methods is that
two different operators using the same method or the same operator repeating the method
have the same results. The reproducibility of repeated measures is essential for tracking
changes between assessment with a minimal risk of measurement error 7160,

We included 15 consecutively enrolled participants from Study 1 between
October 2017 and June 2018 (Figure 4). As the specific MRI UTE-T2* mapping method used in
the study was tested for the first time, a sample size calculation was not performed due to the
lack of references values. Instead, the sample size was based on feasibility. MRI is costly and we
decided that a sample of 15 was acceptable to detect a differenced within and between
observes, although the included number of participants in the study might be in the low end.
Prior to the study a standardized protocol for evaluation was developed and practiced among
the observers, which is a strength of the design because it decreases the risk of bias.

Retrospectively, choosing to validate the method only in the study population
from the RCT only answers if it is applicable in this specific population. However, tissue
alteration differ between stages of tendinopathy and changes might occur during an
intervention or follow-up period. Therefore, it might have been relevant to investigate the
reproducibility of the method in different stages of tendinopathy. Likewise, day to day
reproducibility of the method need to be investigated since the utilization of the method is

measuring tissue alterations over a period of time.

9.2 INTERVENTION (Study 1)

Heavy slow resistance training (HSR) have shown favorable outcomes, especially in the long
term, and is an effective treatment for patellar tendinopathy®*. The HSR program used by the
participants in the present study was based on that applied in the previous study and the
somewhat modified HSR program used by the clinical sports physiotherapists at our
department. Importantly, the number of applied exercises was changed from three in the

original program to two in the present study. Identical programs in respect to exercise choice
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between the HSR and MSR groups in the present study was preferable and adding one extra
exercise would have made the MSR program even more time consuming to perform.

Furthermore, two quadriceps loading exercise have been applied in the program used at our
department within the last 10 years with beneficial results. Therefore, we decided to include
one bilateral leg-press and one unilateral knee extension exercise performed separately with

both leg (Figure 5).

Figure 5: Depiction of applied exercises. A: Leg press, performed bilaterally; B: Knee
extension performed unilaterally. Figure are duplicated from supplement paper I.

The premise for including the applied loading approach (90% and 55% of 1RM) in the present
study came from a study on healthy Achilles tendon by Arampatzis and colleges®. Based on the
data from this study we hypothesized that the same superior effect of a high load compared to
moderate load magnitude could be obtained in tendinopathic tendons when total exercise
volume was equal in both groups.

Designing the loading protocol to obtain equivalized total work produced some
challenges and was therefore based upon different methodological consideration. We designed
the present study to test the influence of load magnitude per se., and it was not possible to
exactly match all parameters completely accurately. In addition to equalized volume, slow
contraction mode (6s/repetition) was applied in both groups and sets (3-5) and sessions (3
weekly) were matched. However, this was at the cost of repetitions and total time under
tension differing (~30%) between groups. The final intervention protocol for the two groups,

HSR and MSR are shown in Table 3.
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Table 3: Intervention protocol the two treatment groups

Exercise protokol

Week 1 2 3 4 5 6 712

Sets 3 3 3 4 4 4 5

% of 1RM 55 65 70 75 80 85 90
HSR  Repetitons 15 12 10 8 6 5 4

% of 1RM 5 55 55 55 55 55 55
MSR

Repetitions 15 14 13 11 9 8 7
HSR, heavy slow resistance group; MSR, moderate slow resistance group;
RM, repetition maximum. Table are duplicated from paper | & Il

For both groups, one of the three weekly sessions were carried out under supervision. This
approach was chosen to ensure high adherence rate, specifically in relation to how the
exercises were performed and that the prescribed load was applied. Moreover, every second
week the supervision included a sub-maximal test (5RM test) in order to estimate progression
in strength and adjust training load accordingly. The participants were given a maximum of five
attempt to determine 5RM, and were allowed to perform the exercise in a self-selected speed.
The measurement was standardized and equal among each test session and a two-minute rest-
period was applied between each test trial to avoid muscle fatigue. The percentage of 1RM and
thereof the training load was calculated based on the 5RM test. To ensure agreement between
the physiotherapists performing the supervision and the sub-maximal test a protocol was
developed. However, it might have been relevant to use the template for Intervention
Description and Replication (TIDieR) and the SPIRIT statement to increase standardization and

transparency of the intervention protocol®’%,

Pain
Pain during exercises was accepted, similarly to previous studies including participants with

tendinopathy. The pain monitoring model developed by Thomee®>®

and more recently modified
by Silbernagel*** was applied in both intervention groups for controlling pain. Pain during
exercises was allowed to reach up to five on the numeric rating scale (NRS). Yet, pain was not
allowed to increase after the end of exercise and had to subside side 3-4 hours after, otherwise
load was adjusted. Furthermore, the participants were carefully informed that pain during the

controlled loading programs was a normal tendon tissue response.
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No effect of loading-based treatment for patellar tendinopathy have previously been shown
among elite volleyball players allowed to continue training and compete during the
intervention period®>®. However, reducing activity by only allowing leisure-time activity
performed within a pain threshold of 50, on the visual analogue scale (VAS), has been applied
successfully in the management of Achilles tendinopathy!*3. Based on these results both groups
in the present study were allowed to perform sporting activities throughout the 12-weeks
intervention period introducing a load management model where activity related pain up to a
maximal NRS score of three was allowed. A maximal allowed pain of three was chosen to
reduce risk of relapse. Furthermore, the participants were encouraged to not change their

duration of weekly sport participation during the intervention period.

Compliance

A training diary using a smartphone app was used in the study. The training records ensured
close registration of training intensity (repetitions, sets and load) and attendance and further
pain during training (NRS) and information of deviation from the planed intervention protocol

were collected.

9.3 PROCEDURE AND TESTING ORDER

Study 1

An overview of the procedure for each participant are shown in Figure 6. Outcome
measurements were obtained at baseline, mid-intervention (6 weeks), post-intervention (12
weeks) and one-year follow-up (52 weeks). The examination order was identical for all follow-
up evaluation and the participants were instructed to abstain from physical activity 24 hour
prior to examination day one and two, respectively. At test day two the US examination were

followed by a 5-minute warm-up on a bicycle-ergometer prior to further examinations.

Study 2
The first MRI scan included in this study was the baseline MRI recording from Study 1. A

consecutive MRI recording was obtained at the same day (Figure 6) by the same technician
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separated by a 45-minute break were the participants were seated in the waiting room without

performing any physical activity.

INCLUSION -2 wk 0 wk 6 wk 12 wk 52 wk

// m—

@
Study 1
Study 2

Figure 6: Overview of the testing procedure for each participants. HSR, heavy slow resistance intervention; MSR,
moderate slow resistance intervention; R, Randomization.

9.3.1 Blinding

Study 1

When planning a Randomized clinical trial (RCT) blinding is important to minimize the risk of
bias!'2. The present study was a single blinded study thus it was not possible to blind
participants and the physiotherapists for the treatment intervention. Lack of blinding might
influence the participant compliance with the allocated intervention!?. In an attempt to reduce
this risk of bias, the physiotherapists performing the supervision in the present study were
instructed to state to the participants that both intervention programs could potentially
provide beneficial results.

Designing the study pragmatically in relation to how many members of the
research-team it was feasible to blind results in some limitation related to blinding. The primary
outcome was blinded, and furthermore we prioritize blinding of subjective outcomes as
ultrasound examination. However, it was not possible systematically to blind assessment of all
outcomes and consequently risk of bias cannot be ruled out. Based on the fact that all baseline

measurements were collected before randomization and that all data analyzes were performed
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blinded, we find it unlikely that there would be a high risk of bias influencing the results of the

present study.

Study 2
All MRI recordings were anonymized and randomized before evaluation. All segmentations
were performed in a fully blinded fashion and no communication between the observers was

allowed during the study phase

9.4 OUTCOMES

An overview of outcomes included in the papers and when obtained are shown in Table 4.

Table 4: Outcomes and when obtained

Study 1 Study 2 |
Paper| @ Paper Il © Paper Il @
Baseline 6 weeks 12 weeks 52 weeks | Baseline +
1h

Participant reported outcomes

VISA-P () () () ()

NRS -running o () () [

NRS -squat () [} () [}

NRS -preferred sport o o o o

Weekly sport participating ) () () ()

Participants satisfaction () [
Imaging

Ultrasound PD () () () ()

Ultrasound Thickness () o () o

MRI conventional (tendon CSA) o0 [ X©)

MRI UTE (tendon material) e () e
Function

Strength MVC (isometric) ) (]

Jump-test (SJ & CMJ) o [

SLDS-test () () () ()
Mechanical testing (tendon (<) (<]
properties)

VISA-P, Victorian Institute of Sport Assessment-Patella questionnaire; NRS, Pain score on a numeric rating scale;
PD, Power doppler; MRI, Magnetic resonance imaging; MRl UTE, Magnetic resonance imaging ultra-short time to
echo; MVC, Maximal voluntary contraction; SJ, Squat Jump; CMJ, Counter movement jump; SLDS-test, Single leg
decline squat test.
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9.4.1 Clinical evaluation

The focus of including patient reported outcome measures (PROM) have increased during the
last years and PROM’s are now highly recommended as primary outcome in RCT studies!#112,
When we designed the present RCT (Study 1) we therefore decided to use a PROM as primary
outcome and the choice of VISA-P questionnaire was based on different considerations. First,
the VISA-P questionnaire assess both symptoms, function and the ability to participate in
sportst®4, Using VISA-P compared to only monitoring pain is relevant because patellar
tendinopathy is a syndrome characterized by activity related pain and impaired physical
performance. Secondly, VISA-P has been shown to be valid for monitoring severity and reliable
for repeated outcome measure in patients with patellar tendinopathy°. The VISA-P
guestionnaire is translated into several languages and acceptable cross-cultural validity have
been shown repeatably!'’. A cross-cultural adaptation was recently performed and a Danish
VISA-P-DK version is developed but not published. Yet, we requested the VISA-P-DK from the
author and applied this version in the present study. However, the VISA-P questionnaire have a
limitation given that the relative change score depends on the baseline score®*. Moreover, we
experienced limitation related to other aspect of validity like structural validity in the danish
version of VISA-P questionnaire and in general the validation of the questionnaire is limited in
relation to more of the domains (reliability, validity and responsiveness) in the COnsensus-
based Standards for the selection of health Measurement INstruments (COMIN) taxonomy
developed to evaluate measurement properties of health status measurement instruments!®3,

Based on consideration of that VISA-P, despite its limitations, was the best
available population specific questionnaire we decided to apply this in the present study.
Moreover, VISA-P is applied in nearly all RCT studies investigating patellar tendinopathy within
the last two decades3®°3, which make comparison of result from the present study to previous
studies possible. That minimal clinical important difference (MCID) for the VISA-P in athletes
with patellar tendinopathy have been investigated and estimated to be 13 points®* is another
reason why VISA-P can be applied with advantages.

The questionnaire was completed without assistance from the investigator in
order to minimize bias. The questionnaire was completed after the ultrasound examination and

the participants perception of the results might therefore have affected their answers.
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Retrospectively it may have been relevant to complete the questionnaire prior to ultrasound
examination. Importantly, the order was equal at al timepoints.

Secondary clinical outcome included evaluation of maximal tendon pain where
participants were asked to rate pain during preferred sporting, squat and running on a 0 to 10
NRS scale (10 being the worst imaginable pain and 0 denoting no pain). Furthermore, self-
reported evaluation of treatment satisfaction was included at the end of the intervention and in
the long-term follow-up.

To be able to control for altered activity level as a confounder for potential effects
of load magnitude we decided to monitor weekly sport participations during the intervention
period. Therefore, the participants were asked to rate weekly sport participation in hours

during the preceding week at every visit.

9.4.2 Functional evaluation

Strength measurements

To monitor if both applied intervention protocols result in knee extensor strength gains,
maximal peak force and KEM were obtained during an approximately eight seconds isometric
contraction as previous described?. Four maximal isometric contractions were conducted, with
a 2-minute rest-period between each test. The first trial was considered as familiarization to the
test and maximal peak force and knee extensor moment (KEM) among the remaining three
were used for analysis. Normally, the strength test is continued until no further improvement
occurred. We decided to apply four trials, because further outcomes were assessed after the
strength-test. However, the same approach was applied at both baseline and 12-weeks follow-

up, and should thus not influence the time effect investigation.

Single leg decline squat test

The single leg decline squat (SLDS) test is the only published clinical test for patellar
tendinopathy, which assess participants subjective reported pain on a Numeric rating scale

(NRS) upon maximal eccentric loading of the patellar tendon'!?. The test has shown good

123 170

reliability**> and has been successfully used as clinical assessment tools in a previous study-’*,
and therefore we decided to use it to assess the efficacy of the treatment over time. However,
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the test has limitations that we considered. First, the participants expectation of pain might
influence the performance and pain score during the test. Secondly, pain improvement after
repeated loading is characteristic for patellar tendinopathy, and thus a decrease in pain among
the practice trial and the first test (and test trial one and two) might influence the pain score. In
an attempt to standardize the warm-up effect, which potentially might be most pronounced in
the beginning of the study due to more severe symptoms, we decided that the SLDS test should
be performed after the 5-minute warm-up on bicycle-ergometer. Finally, the evaluation of pain
using a NRS scale is an inherent limitation due to the ordinal nature of the scale and given that
increasing pain by one is not as easy in the high as in the low end of the scale. Although, a two-
point difference on the NRS is considered to be a MCID3>, MCID specifically for the SLDS test or
in a population of patients with patellar tendinopathy is unknown. Furthermore, the speed of
the loading test is self-selected by the participants, thus it cannot be ruled out that the score of
pain might be influenced by the speed or the time under tension. To reduce bias in the present
study, participants were not allowed to know the score from their previous test before the test
trial so the rating would not be affected by the previous result. In fact, the test was carried out
at baseline, 6 weeks, 12 weeks and one-year follow-up it cannot be excluded that the data

obtained at the end of the study may have been influenced by a learning effect.

Jump test

In the study we chose to include the two jump tests; Squat jump (SJ) and Counter Movement
Jump (CMIJ) to assess if patellar tendinopathy caused functional deficits. Based on the high
prevalence of patellar tendinopathy in jumping sports we hypothesized that the jumping ability
were affected in tendinopathy and might respond to the loading-based treatment. Since
assessment of jumping ability was secondary outcome in the study, and extending the time of
the total test program was not feasible, we decided to perform the jump tests on a portable
contact-mat. From this devices and associated software vertical jump height was estimated
from recorded flight time. Conversely, carrying out the jump tests on a force-plate would have
added information on movement of the knees, hip and trunk influencing the results, specifically
in relation to the SJ which is technically difficult to perform. To avoid any counter movement in
the starting positioning of SJ, which might be a painful position in the study population we

included an adjustable steel frame with an attached sound sensor on the top to the test setup.
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This custom-made equipment provided auditive feedback if the participant squatted to deeply.
In addition, we decided that it was allowed to provide verbal feedback to the participants with
respect to critical performance points (starting and ending positions, not bending the knee in
the air prior to landing, movement of trunk, hips and knees) between both the practical trials
and the test trials. The test was continued until three technically corrected jumps were
recorded and the mean jump height was used for further analysis. The effect of pain on the
jumping performance was another consideration thus it might change during baseline and post-

test. Therefore, participants were reporting pain on a NRS scale upon the jump tests.

9.4.3 Mechanical properties

Patellar tendon mechanical properties were examined by a previous described method>>1°1
consisting of measuring patellar tendon elongation with ultrasound during isometric knee
extension. The method was applied in the present study, since it has been shown to be
accurate and reproducibly®. Yet, in vivo testing of tendon mechanics is challenging and the
method has some inherent limitation covered by Seynnes and colleges!*° in a recently
published critical evaluation of the method. We tried to eliminate issues based on these
recommendations, thus only one investigator performed all tests, and the preconditioning
(warm-up, equal examination order and 1-3 practical-trials) was equal at pre- and post-test.
Furthermore, we tried to optimized the method previously used at our department by
recording the US directly on the machine to gain a better quality (Figure 7, A). In addition, the
way of determine the Patellar tendon deformation was optimized by using a more recent
custom-made Matlab scrip (Matlab R2016b, The MathWorks Inc, USA) based on a cross-
correlation algorithm to track the tendon insertions on patella and tibia'®!. Figure 7 B, show an
example of tracking the patellar insertion movement by the Matlab script, placing around 10
tracking nodes on apex patellar. The tracking was performed 2-3 time at apex patella and
tuberositas tibia, respectively, and the calculated tendon deformations were then correlated
with associated force measurements in a costom-made excel template replacing the previous
applied analysis in SigmaPlot. An example of a generated force-deformation curve, fitted to a
second-order polynomial is shown in Figure 7, C. Three investigators conducted the tracking
analysis in a blinded fashion. Re-analysis of five participants during the training phase of the
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method show a typical error below 7% for the intra- and inter-observer measurements.
However, to eliminate risk of bias the pre- and post-scan for each participant were analyzed by
the same investigator.

Mechanical and material properties were extracted from each curve at maximum
force. Because we wanted to investigate the differences between the two groups all curves
were additionally cut to the lowest common force across all participants and timepoints, which
ensure that a potential effect was not only related to different force levels between the two
groups. In analysis of differences between injured and asymptomatic tendons, all curves were
cut to the lowest common force across each leg and timepoint, because we wanted to

investigate differences between legs and change over time within the same participants.

c 4000

Force (N)
\

Deformation (mm)

Figure 7: A: Experimental test setup for synchronous recording of force during a ramped isometric contraction and
ultrasound recording directly on the machine; B: Example of a tracking of the patellar insertion movement by the

Matlab script, placing around 10 tracking nodes; C: Example of a generated force-deformation curves, fitted to a
second-order polynomial

Tendon cross sectional area (CSA) is an important factor in calculation of the patellar tendon
stress component. The reports of conflicting tendon CSA in tendinopathic patellar tendons in
the literature likely due to differences in measurements location and applied methods (US and
MRI) might explain a similar large variation in detected modulus!®?. Based on the assumption
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that CSA in the study may be influenced by the intervention we decided to use the average
(proximal, mid, distal) CSA of the whole tendon determined from the conventional MRI. The
choice of applying MRI for determining tendon CSA and length although MRI is more time-
consuming and costly to asses was the superiority of MRl compared to US in relation to
repeated measures®®. Obtaining MRI recordings bilaterally was not feasibly due to the total
scan time of the MRI protocol including both conventional and UTE MRI. This implies that only
stiffness and not modulus could be compared between the injured leg and the contralateral

asymptomatic leg in participants with unilateral symptoms.

9.4.4 Tendon imaging

Ultrasound grey scale and power doppler assessment

Gray-scale-ultrasound (GS-US) and power-doppler-ultrasound (PD-US) assessment was applied
to confirm the clinical diagnosis of patellar tendinopathy and as an objective method for
monitoring the effect of the treatment. The applied methods and settings of GS and PD were
identical for confirming the diagnosis, baseline assessment and all follow-up examinations in
the study.

One of the disadvantages of US is a high degree of operator dependency and high
intra-observer variation!’. To avoid bias during the repeated measures and among investigators
a standardized protocol was developed. Furthermore, a template for GS and PD settings,
respectively, was applied and the same machine use for all examinations. In addition, the
ultrasound examination was performed by the same two assessors and if possible all scan for
each participant were conducted by the same assessor.

Measurement by GS-US is a widespread and established parameter for detecting
the level of degeneration (thickness and hypo-echoic areas) in the patellar tendon*>10>,
Although, the method has been shown to be valid*4, the use in the present study was based on
different considerations. Because of the repeated nature of measurements in the present study
we included anterior-posterior (AP)-thickness from a longitudinal scan (Figure 8, A) as a
measure of tendon thickness as recommended by Fredberg et al.**. Including both a
longitudinal and transversal scan is preferable** and might have been optimal to elucidate

influence of angling of the probe. However, we tried to eliminate angulation of the transducer
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by standardizing the scan protocol. Furthermore, we used a long transducer, which gave the
opportunity to visualize the whole tendon in one image and all GS examination recordings were
obtained with the participant seated and with 90 degree of knee flexion to standardize knee

angle and tendon stress as.

BG:20 DR:70 B 0
HdTHI-R HdTHI-R  250/10MHz

Figure 8: A: Ultrasonography gray-scale assessment using a long transducer. Red lines illustrate measuring
site for Anterior-Posterior tendon thickness. B: Ultrasonography assessment of Power Doppler activity using
a short transducer.

A reliability study on healthy patellar tendon show considerable variation in tendon thickness
throughout the full range of the patellar tendon®. Even though the study is on healthy tendons
it underlines the importance of standardizing the measurement. In the present study, the
specific measuring site 0.5 cm distally from the patellar apex was performed as previous
described®* and based on the typical location of the degenerative changes. However, to
optimize accuracy of the measurement, recorded images were exported to the FlJI/Image)
program where the analyses were carried out on pixel level by one assessor blinded for group,
timepoint and scan number. The max AP-thickness of two recorded scans at each timepoint
were used for analysis. Previously the mean of three AP-thickness measurements were used for
analysis®*. However, Skou and Aalkjaer4> found no further improvement on intra- and
interrater reliability or measurement precision when using a mean of three measurements
compared to two in the evaluation of patellar tendon thickness.

As previously described, the neovascularization is another response of pathology
in the tendinopathic tendon, which was evaluated by PD-US, Figure 8, B. We chose to use PD
because of the increased sensitivity reduced dependence on the transducer angle compared to

color-doppler ultrasound (CD-US)Y. Although, using PD might limit the opportunity to compare
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our results to previous studies, the technological improvement on the imaging quality and

sensitivity within the last decades!3®

might anyway lead to incomparable results for
neovascularization. To avoid bias in the measured amount of perfusion care was taken to avoid
artifacts in the study; scan was performed on stretch leg in a relaxed position (reduced strain
on the patella tendon) and compression reduced by applying a thin layer of gel. Further
participants were instructed to abstain from hard physical activity 24 hours prior to the
examination, because this might lead to increased flow?®3.

An inherent limitation of the measurement is that it was not possible to cover the
whole tendon in one recording by the shorter transducer used for PD assessment. We tried to
standardize the region of interest by adjusting the position to ensure that the apex patella was
“exactly” in the left side of the image and the color box fill out the entire image. However, in
participants with doppler more widespread in the tendon it might have underestimated the
total amount of PD.

Another artifact in the PD recordings is noise®’. Firstly, we try to eliminate noise in
the recordings by optimizing the scan parameters. Moreover, noise was taken into account in
the post process analysis of the recorded videos after they were imported to the FlJI/ Image)
program. The custom-made macro was set to only include areas >20 combined pixel as areas
<20 pixel were considered as noise. Additionally, all detected PD areas were manually
evaluated and if established as noise not included in the analysis. Furthermore, PD was only
included if it was localized within the tendon.

Two investigators conducted all analyses in a blinded fashion. A small intra-rater
reliability study was performed on the PD analysis method by a master student on 10 random
selected series showing a typical error percentage of 1.64%. Additionally, another small inter-
rater reliability test at our department showed a typical error of 4.71% when the analysis
method was applied on Achilles tendon. Therefore, all scans for each participant were analyzed

by the same investigator.

Magnetic resonance imaging — tendon dimensions

Conventional MRI was used to provide detailed information on dimensions of the injured
patellar tendon. Although, MRI is more time-consuming and costly it eliminate some of the

main disadvantages of using US; high degree of operator dependency and high intra-observer
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variation?’, which is why we chose to use it in estimation of CSA in the present study. The
measurement method applied by Kongsgaard et al.8® was applied in the present study since it
has been shown to be informative of region specific dimension and alteration following
resistance training. To avoid CSA underestimation, which has been reported when measuring
only on gray-scale images®3, a NIH color-scale were additionally applied during the
measurement, Figure 9. This approaches has been shown to reduce the underestimation of CSA
by 2.8% compared to using only grey scale®3. To further optimize accuracy of the measurement
the same investigator carried out all measurements and a mean of three measurements at each
location was used for analysis. Prior to measurement of tendon dimension in the study, a
reliability test of the method was performed on a small random sample showing a typical error
percentage of approximately three percent for the investigator who performed the final
analysis.

The patella tendon length was also determined from MRI. This consideration was
based on the 3D nature of the MRI compared to the 2D nature of the grey scale US recordings.
The 3D imaging eliminates assessment errors of the US transducer related to angle and

movement?*.

Figure 9: MRI axial grey scale (A) and National Institute of health (NIH) colour scale (B) of the patellar
tendinopathic tendon. In both pictures green line indicates tendon outline.

Ultra-short time to echo magnetic resonance imaging with T2* mapping

We hypothesized that the MRI ultra-short time to echo (UTE)-T2* mapping method would be a
relevant method to apply in Study 1 as a non-invasive marker for tendon material alterations
based on the existing evidence (described in the background section). The work with setting up

the method and further developing the analysis was a considerable part of this PhD, because
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the method was not previously applied in our department and included several collaborators
and failed attempts prior to the final solution applied in Study 1 and Study 2. Furthermore,
since the applicability of UTE-T2* as a tool for monitoring of tendinopathy was not established
we further decided to set up the reproducibility study (Study 2).

Detailed description of the final developed and applied UTE-T2* protocol as well
as pros and cons of the method are covered in paper Ill. The T2* value of each voxel included in
the T2* fitting analysis will determine the outcome (mean T2* relaxation time(ms)), thus the
selection of voxel included was an important part of the development of the method, why the
methodological considerations thereof will be elaborated below.

The mono-exponential fitting procedure was made in all voxels for the whole
tendon and presented in a T2* map (Figure 10, A). A corresponding goodness of fit map
presented the Person correlation r-values in all voxels (Figure 10, B). In many previous
studies®'™37>, they included al voxels within the tendon in the analysis of T2* values without
adjusting for voxels with poor fitting. We decided to replicate this approach and a mean T2*
including all voxels within the segmented tendon volume was calculated. However, because we
on the goodness of fits maps consistently observed an area with poor fit in the posterior medial

tendon part we decided to account for this.

<0.8 1

Figure 10: A: Representative T2* map, scale bar values 24.5 ms are red. B: Corresponding
goodness of fit map (Pearson correlation r-values), scale bar values <0.8 are blue. In both
pictures black line indicates tendon outline. (Figure are duplicated from paper Ill, Agergaard
etal. 2020%).
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Therefore, T2* values for corrected values where calculated only including voxels with
goodness of fit > 0.8 (corrected values). Voxels with a poor fit coincide with high T2* values,
thus excluding these voxels result in a lower mean T2*, which mean that the T2*corrected
values end up lower than T2* including all voxels, Figure 11. The corrected T2* values are those
which will be presented in the thesis as T2* values, because we found it most relevant to

present values based on voxels where an exponential fit actually was possible.
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Figure 11: Representative plot from the mono-exponential fitting procedure, which was
made in all voxels for the whole tendon volume. T2*: fitting procedure including all voxels;
T2* o fitting procedure including only voxels with r>0.8. (Figure are duplicated from Paper
Ill, Agergaard et al 2020")

Tendinopathic tissue have a less dense structure and therefor an inherently higher T2 value. To
describe these areas with severe tendinopathy, longer TE than used in our protocol might be
required and for this reason the most server part of the tendinopathic tendon might have had
worse fitting and therefore not be included in the corrected T2* values. However, the
possibility to address this limitation of the method in relation to different disease stages and

different tendon parts in same investigation need further investigation.
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9.5 STATISTICS

In Study 1 statistical analysis was performed in in GraphPad Prism (version 8.2.1 for macQOS,
GraphPad Prism Software, California) whereas the statistical analysis of Study 2 was carried out
in Excel 2018 (MicrosoftVR Corporation, Redmond, WA, USA) and SPSS (IBMVR, Version 23, 64-
bit edition). Prior to analysis all data was evaluated for normality by visual inspection of residual
plots. All demographic baseline data were analyzed by use of unpaired Students t-test and
reported as mean * standard deviation. All other results are presented as mean error for
continuous variables and mean (95%Cl) for log-transformed values unless otherwise noted.

In both studies, the statistical significance level was set to 5%.

Study 1

We employed unpaired Students t-test to determine whether the treatment groups (HSR and
MSR) were statistically different with respect to demographic baseline data and participants
compliance. Two-way analyzes of variance (time x intervention) with Bonferroni post hoc

analyzes were used to analyze differences in other outcome parameters.

In paper | Fisher exact tests were used to compare the treatment groups with respect to
participants satisfaction at 12 and 52 weeks. Furthermore, correlation of changes in VISA-P
score and PD from baseline to 12-week and baseline to 52-weeks were analyzed with Persons

correlation

In paper Il for individuals with unilateral involvement, Two-way analyses of variance were used
to calculate difference between mechanical properties of the injured and contralateral
asymptomatic tendons with time and side as factors. Furthermore, correlation of material
properties (T2* relaxation time) with mechanical properties (stiffness and modulus) at baseline

were analyzed with Persons correlation.

In Study 1, all analyzes were performed as intention to treat, with the last observation carried
forward. For all outcomes, per-protocol analyzes including participants that fulfilled at least

75% of the prescribed training sessions were also carried out but did not change any of the
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conclusions in paper | or paper Il. Therefore, in the thesis only intention to treat data will be

presented.

Study 2

Paired Students t-test was used to assess differences between repeated measures (test—retest)
and within and between observers (intra- and inter- observer reproducibility).

To evaluate reliability, intraclass correlation coefficient (ICC) with 95% confidence intervals was
calculated. Furthermore, typical error percentages were used as a measure of the relative
measurement error and Bland-Altman plots for visualization of the relative difference between

the two tests.
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10. RESULTS AND DISCUSSION

In the following section, the main findings from the two studies will be presented, explained
and discussed in relation to the existing literature. Complete results sections and more detailed

discussions can be found in the three papers at the end of the thesis.

10.1 Summary of key findings Study 1

A total of 44 participants were enrolled in the study and randomized into one of the two
groups. Due to baseline findings on MRI two participants did not receive the allocated
intervention and were removed from the analysis. Characteristics for the 42 participants

included in the analysis are shown in Table 5 and the two groups were well balanced at

baseline.
Table 5: Participants demographics and baseline characteristics
Variable HSR (n=21) MSR (n=21)
Age (y) 28.8 + 5.1 (20-38) 32.3+4.9(23-41)
Height (cm) 185.8+7.1 180.7+7.2
Weight (kg) 86.7+9.3 82.2+9.2
BMI (kg/m?) 25.1+2.4 25.2+2.6
Symptom duration (months) 6.9+2.4(3-12) 7.3+2.9(3-12)
Weekly sport participation (hours) 9.0+4.8(1-21) 7.0+3.8(1-14)
Pain during activity (NRS) 4.7+2.2(1-8) 5.2+2.0(2-9)
Unilateral/bilateral (n) 14:7 13:8
Proximal/distal injury (n) 21:0 20:1
Values are expressed as mean + SD (range). HSR, Heavy slow resistance group;
MSR, Moderate slow resistance group. There were no differences between the
two groups for any parameters at baseline. Table are duplicated from paper | & Il
Paper |

In the study both groups received a loading-based intervention. The prescribed exercises were
performed with either moderate loads (55% of 1RM) or high loads (90% of 1RM). Regardless of
loading regimes a significant improvement of clinical outcomes was observed after 12 weeks
intervention, and these were maintained after one-year. Thus, HSR was not superior to MSR
loading as measured by self-reported pain and function in VISA-P (primary outcome), NRS-

preferred sport and SLDS test, Figure 12.
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Figure 12: Clinical improvement in VISA-P (A), NRS-preferred sport (B) and SLDS test (C). Values are presented as
mean*SEM at baseline (0 weeks), mid the intervention (6weeks), after the intervention (12 weeks) and the one-
year follow-up (52 weeks) for the two intervention groups. VISA-P, Victorian Institute of Sports Assessment-
Patella; NRS pref Sport, pain during preferred sport measured on a numeric rating scale; SLDS, Single leg decline
squat test. HSR, Heavy slow resistance group (n=21); MSR, Moderate slow resistance group(n=21).

Two-way analysis of variance was conducted with group and time as main factors. VISA-P: P-values group (0.57),
time (<0.0001) and interaction (0.89). NRS pref sport: P-values group (0.48), time (<0.0001) and interaction (0.73).
SLDS: P-values group (0.73), time (<0.0001) and interaction (0.93).

Similarly, there were no significant differences between HSR and MSR in regards to changes in
US measures (A-P thickness and PD area), and there were no significant time effects at 12
weeks, Figure 13. However, neovascularization decreased significantly from baseline to 52

weeks in both groups whereas no effect of time was observed in A-P patellar tendon thickness.
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Figure 13: Changes in power doppler (PD) area (A) and AP-tendon thickness (B). Values are presented as
mean+95%Cl at baseline (0 weeks), mid the intervention (6weeks), after the intervention (12 weeks) and the one-
year follow-up (52 weeks) for the two intervention groups. HSR, Heavy slow resistance group (n=21); MSR,
Moderate slow resistance group(n=21). Two-way analysis of variance was conducted with group and time as main
factors. Doppler: P-values group (0.30), time (0.01), and interaction (0.22); Thickness: P-values group (0.37), time
(0.10) and interaction (0.58).
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Paper Il

Both 12 weeks exercise with moderate (55% of 1RM) and high load (90% of 1RM) resulted in
significant strength gains (Figure 14, A) in participants with patellar tendinopathy, but there
were no effects on stiffness (mechanical properties)(Figure 14, B) and T2* relaxation time
(material tissue structure), Figure 15.

For the participants with unilateral symptoms, stiffness did not differ significantly between the

injured and contralateral asymptomatic tendon and there was no effect of time, Figure 16.
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Figure 14: Pre and post force-deformation curves for maximum force (MAX)(A) and for lowest common force (CF)
across all participants and timepoints (B) for the two loading regimes. HSR, Heavy slow resistance group; MSR,
Moderate slow resistance group; Pre, baseline 0 weeks; Post, after the treatment intervention (12 weeks). Peak
points are displayed as mean+SEM. Two-way analysis of variance was conducted with group and time as main

factors. Peak Forcemax: P-values group (0.21), time (<0.0001) and interaction (0.32). Peak Stiffnessce: P-values group
(0.85), time (0.43) and interaction (0.68).
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Figure 15: Proximal (A), distal (B) and total (C) tendon T2* values of the injured Patellar tendon at baseline 0 weeks
(PRE) and after 12 weeks intervention (POST). Values are presented as mean+SEM. HSR, Heavy slow resistance
group; MSR, Moderate slow resistance group. Two-way analysis of variance was conducted with group and time as
main factors. T2* Proximal: P-values group (0.35), time (0.88) and interaction (0.07). T2* Distal: P-values group

(0.45), time (0.29) and interaction (0.08). T2* Total: P-values group (0.29), time (0.07) and interaction (0.07). Figure
are duplicated from Paper I
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Figure 16: Force-deformation curves for lowest common force across each leg and timepoint within each
participants at baseline (PRE) (A) and after 12 weeks intervention (POST) (B). linjured leg and contralateral
asymptomatic leg for participants with unilateral symptoms (HSR and MSR together, n=26). Peak points are
displayed as mean+SE. Two-way analysis of variance was conducted with leg and time as main factors. Stiffness: P-
values between leg (0.08), time (0.65) and interaction (0.22).

10.2 Discussion of the main results Study 1

In the following section, the key findings from Study 1 will be explained and compared with
findings from other studies. Further, additional data on changes in strength and load during the
intervention period for all participants and data from ultrasonography in participants with
unilateral symptoms will be presented. These are not presented in the papers but will be
included in the discussion below. Finally, the implication of applying different load magnitude in

exercise-based treatment programs will be covered.

10.2.1 The effect of load magnitude on clinical outcomes (paper I)

The present study demonstrated clinically improvements whit respect to pain and function
(Figure 12) from baseline to 12 weeks, and the magnitude of these were in line with
improvements that have been reported in previous studies on loading-based rehabilitation in
patients with patellar tendinopathy3293192_ Specifically for VISA-P the baseline values were
comparable with those that have previously been reported in a populations with chronic
patellar tendinopathy®”84, Furthermore, at 12-weeks the changes in VISA-P approached the
suggested clinically relevant change (13 points) ®4 in both groups (HSR 11.7 points and MSR 12.6

points).
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The lack of superiority of HSR compared to MSR at the primary endpoint (12-week follow-up)
was surprisingly. However, this may be explained by the relationship between load magnitude
and clinical improvements. Thus, theoretically clinical improvements might increase up to a
certain amount of load and then levels off, so increasing the load above this point would not
further enhance the clinical response to the treatment. The data from the present study
certainly support this notion. The explanation for the proposed relationship between load
magnitude and clinical improvements remains speculative. However, the results in the present
study suggest that the training volume may be more important than the load magnitude. Thus,
a high volume of more moderate loads may be sufficient to induce sufficient strain on the
fibroblast in order to stimulate the synthesis of collagen®®’3, which is essential for tendon
healing. Two previous studies!>#* have compared HSR and ECC training. They showed similar
improvements in VISA-P and VAS in both groups. Although, they did not match the groups in
regard to load or volume in these studies, it might be reasonable to assume that the HSR group
received higher load magnitude compared to the ECC group who trained with their own body
weight as resistance. This support the finding from the present study, and emphases that very
high load is not necessary to induce short term clinical effect.

In the present study, we included a six-weeks follow-up, which enabled us to
evaluate whether the improvements primarily occurred during the familiarization period or in
the period where high load magnitude was applied. In the familiarization period from baseline
to six weeks the VISA-P score improved by 7 and 10 points (HSR and MSR respectively), but with
no significant interaction between the groups, which supports that a substantial amount of the
improvements occurred in this period. The data from the present study thereby further support
that very high load is not necessary to induce short term clinical effect. Thus, high load
magnitude was first applied in the HSR group the last six weeks of the intervention period.
However, the minimal threshold for initiating improvements in tendons remains elusive. In
skeletal muscle strength gains have been demonstrated in response to both heavy (70% of
1RM) and very light load (15% of 1RM) at equalized total work®8. Thus, it could be speculated
that the minimal threshold for clinically improvement might be as low in tendon.

When we designed the study, we were concerned that the time performing the
MSR program due to the extensive amount of reps and set performed in slow actions would

result in reduced compliance. However, there were no difference in compliance rate between
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the two treatment groups in relation to session performed of aim (HSR 78% and MSR 86%).
Another aspect that could have influenced the results of no superiority of HSR was if the
participants were not loaded with the prescribed load. As shown in Figure 17 the load changes
were substantially different between the two treatment groups in all three exercises from
baseline to six-weeks follow-up, but not from seven to 12-weeks follow-up, which supports that
the two loading intervention differed in load magnitude, as prescribed. Additionally, the
improvement in load for the HSR group was a result of both increased load intensity (55-85%)
and gain in strength, whereas the improvement in the MSR group where it only reflects gain in
strength (unaltered load magnitude at 55%). This further supports a difference in load

magnitude between the two groups.
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Figure 17: Change in load % for the three exercises; Leg press (A), Knee extension injured leg (B), Knee extension
contralateral asymptomatic leg (C) during the total intervention period (0-12 weeks), from baseline to mid
intervention (0-6 weeks) and from mid to after intervention (6-12 weeks) for the two intervention groups. HSR,
Heavy slow resistance group (n=21); MSR, Moderate slow resistance group (n=21). Values are presented as
meantSEM.

Moreover, as shown in Figure 18 there were no markedly differences between the groups for
any of the exercises in actual strength gains (1RM) from baseline to 12-weeks follow-up, which
supports equivalized total volume despite different load magnitude applied. Comparing the
relative change in load with the mean MVC in the injured leg at baseline (HSR: 193+11Nm;
MSR: 194410 Nm) there were no significant differences (P=0.95) between groups. This further
strengthen the assumption that the volume was equivalized and not a confounding factor for

the obtained results in the present study.
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Figure 18: Change in strength % for the three exercises; Leg press (A), Knee extension injured leg (B), Knee
extension contralateral asymptomatic leg (C) during the total intervention period (0-12 weeks), from baseline to
mid intervention (0-6 weeks) and from mid to after intervention (6-12 weeks) for the two intervention groups.
HSR, Heavy slow resistance group (n=21); MSR, Moderate slow resistance group(n=21). Values are presented as
meantSEM.

The duration of the intervention could also be an explanation of the results in the present
study. Thus, it could be speculated that a longer intervention period could have revealed
superior effects of HSR compared to MSR. Indeed the effect of relatively short loading
interventions (typically 12-weeks) have been questioned!®?, and Bohm it al.'° conclude in a
systematic review that durations >12 weeks of loading interventions is more effective inducing
tendon tissue alterations. However, after 12-weeks intervention the two groups performed
almost identical on all parameters, which makes further improvements highly unlikely.
Furthermore, due to the inherent limitation in keeping all other parameters than load
magnitude stable, an effect of differences in time under tension and reps between the two
loading programs cannot be ruled out. Finally, an inherent risk of type two error exists.
However, the relatively small within participants variation in VISA-P score at 12-week, which is
maintained at 52-week follow-up supports that no real differences exist. However, it cannot be
ruled out that the statistical power in the analysis was too low.

Only a few studies!'84167 have investigated the long-term effect of loading-based
treatment in patellar tendinopathy. Likewise, studies investigating long-term effect of
treatment with loading protocols in Achilles tendinopathy is lacking!'*. However, since HSR
have shown superior long-term clinically effect compared to ECC training in a previous study on
a similarly population with chronic patellar tendinopathy®*, we would have expected a superior
clinical effect of HSR compered to MSR on the long-term follow-up. The discrepancies between

the two studies may be explained by differences in follow-up length (52 weeks in the present
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study and 36 weeks in the previous study). In support of the finding in the present study a
previous study!? have shown similar clinical improvement of HSR and ECC training at one-year
follow-up in patients with Achilles tendinopathy.

Noteworthy, despite a difference in follow-up duration there was a lack of full
recovery in VISA-P in both studies (20% in the present study (Figure 12) and 15% in the study by
Kongsgaard et al.®*), which suggests that deficit might extend beyond one year. In support
hereof, persistent pain and impaired function for up to 5 year have been shown in patients with
Achilles tendinopathy?%142, An explanation for the lack of full recovery might be that
tendinopathy may lead to some kind of unreassurable damages in the tendon tissue as
suggested by Cook et al.?”-?8 in their continuum model for tendinopathy. This model includes
different stages of disease, whereof the last and most severe stage of degenerative
tendinopathy had little capacity for reversibility of pathological changes. Another key aspect
could be that an almost complete absent of tissue turnover in the core of adults Achilles
tendons has been shown®. However, it has also been suggested that the turnover is increased
in response to tendinopathy, at least in a smaller pool of the tissue®? although, the amount,
location and involvement of other components of the extracellular matrix than collagen
remains elusive. Even though it remains speculative this could explain why the patients do not
regain full function even after one year. Moreover, it indicates that a longer intervention
duration might be needed, in order to regain full function. Finally, another aspect explaining
lack of full clinical recovery at one-year follow-up could be fear-avoidance. Psychological
variables have been suggested to be associated with outcomes from treatment in
tendinopathy, however, the body of evidence within this area is conflicting and high quality of
evidence is lacking!?’. Noteworthy participants in the present study were asked about their fear
of return of pain and symptoms (data not included in papers) at one-year follow-up. At that
point 54% answered that they were afraid of relapse of pain and symptoms related to patellar
tendinopathy and 10% that the symptoms were persistent. Moreover, the data on weekly
sports participation at one-year follow-up was significantly different from pre-injury level in
both groups, Table 6. This might support that the lack of full recovery one year after loading-
based treatment is reduced due to persistent pain or fear of pain. On the other hand, it could
also reflect a period of overloading prior to symptoms and thus more a contributing factor

developing the patellar tendinopathy.
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Table 6: Weekly sport participation

Sport participation (hours/ week) HSR (n=21) MSR (n=21)
Pre Injury 9+1(1-21) 7+1(1-14)
Week 0 6+ 1 (1-10) 5+ 1(0-15)
Week 6 4+1(1-18) 5+ 1 (0-20)
Week 12 4+1(0-18) 5+ 1(0-16)
Week 52 6+1(0-18) 5+1(0-17)

A Pre injury-week 0 -3+1(-4.6,-1.8)* -2+1(-3.8,-0.9)*
A Pre injury-week 52 -3+1(-4.5,-0.4)* -2+1(-4.3,-0.2)*
A 0-12 week -1+1(-3.7,1.1) 1+1(-1.8,3.0)
A 12-52 week 2+1(-0.3,4.5) -1+1(-2.9,1.9)
A 0-52 week 1+1(-1.6,3.1) 1+1(-2.3,2.5)

Data are obtained as recall at pre examination (pre injury) and as self-reported at week 0,
6, 12 and 52. Data are reported as Mean+SEM (range) and A values are expressed as
Mean+SEM (95% ClI). There were no effect of time (p=0.439), group (p=0.75) or
Interaction (p=0.13) from baseline to 52-weeks follow-up but participating hours at 52
weeks were significantly different (P=<0.05) from Pre injury level. Table are duplicated
from paper |

10.2.2 Effect of load magnitude on ultrasonographical alteration

The results from the present study demonstrated reduced power-doppler (PD) from baseline to
one-year follow-up in response to 12 weeks of loading-based exercise (Figure 13, A), which are
in line with previous studies in Achilles® and patellar tendopathy?®*. It is noteworthy that we
were not able to reproduce the results from the previous study in patellar tendinopathy®* in
relation to the magnitude of decline in PD at 12 weeks. Thus, the previous shown decline in PD
at 12 weeks (45% reduction) was first reached at one-year follow-up (HSR 41% and MSR 36%) in
the present study. An explanation of faster reduction in vascularization could be a response to
the biopsies taken at both baseline and 12 weeks in the previous study. Biopsy sampling of
healthy patellar tendons have recently been shown to result in increased tendon cell activity®®
and in addition, dry needling has shown positive effect as tendinopathy treatment®. Thus, the
biopsies themselves may contribute to the healing response. Another explanation could be
between study variation in sensitivity in relation to the applied US protocol and analysis of PD
area. Simply, the technological improvement on the imaging quality and sensitivity within the

138 may also explain the discrepancy.

last decays
Indeed, there is a reduction in doppler area from baseline to one-year follow-up
(HSR 41% and MSR 36% ), still a considerable amount of doppler exist one-year after initiation

of treatment (Figure 13, A), which previous only has been shown for Achilles tendinopathy?3.
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This could suggest that ingrown capillaries'® do not disappear within a year, but rather
decrease in size or flatten out in response to the treatment and therefore some degree of
doppler activity is present even after one year.

We expected a correlation between improvements in pain and changes in PD area
since nerve ingrowth along with the increased neovascularization have been suggested to be
the cause of pain in tendinopathy?%°, However, no correlations were detected between
change in VISA-P and PD area from baseline to 12 weeks (r=-0.28, 95%Cl [-0.34, 0.2]) or
baseline to 52 weeks (r=-1.9, 95%ClI [-0.46, 0.13]) in the present study. This finding is in line
with a study investigating badminton players were no association between intratendinous flow
and pain could be detected® and similarly results of no correlation between PD and clinical
severity has been shown in Achilles tendinopathy!!®, However, in contrast Cook et al.?® showed
that the presence of neovascularization in abnormal tendons was associated with greater
tendon pain. The fact that increased doppler flow represents both physiological response in
response to training and a pathophysiological response might explain the variation between
studies. Increased flow has been shown in healthy tendon after exercise!®231% and decreased
response in doppler flow to activity (running) has been suggested as a risk of developing
tendinopathy®®®. In relation to pathological tendons, the existence of doppler has recently been
demonstrated in the early phase (<3 months symptom duration) of tendinopathy!>l. However,
it remains unknown if doppler is the cause of or the response to tendinopathy. It has been
demonstrated that tendons presenting with doppler activity are not necessarily painful, but the
presence of hypervascularization in asymptomatic athletes at rest represent a risk factor for
developing tendinopathy 2446156,

In the present study we did not observe presence of PD signal on the contralateral
asymptomatic site for participants with unilateral chronic tendinopathy (Figure 19, B), which
strengthen the notion that presence of PD is linked to localized pathological alterations.
Moreover, the present data show that prolonged loading might reduce but not remove doppler
in tendinopathic tendons (Figure 13, A & Figure 19, B) and importantly it does not induces
doppler in the contralateral asymptomatic tendons (Figure 19, B), which to the best of our
knowledge has not been shown previously. However, the immediately physiological flow in
response to training in tendinopathic tendons is still unknown. The fact that no PD on the

asymptomatic site could be detected in the present study further supports that using

61



contralateral asymptomatic tendon might be the best comparison when investigating e.g.
altered mechanical properties in response to tendinopathy due to the inherent effect of

limiting confounding variables.
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Figure 19: Power doppler area (PD) (A) and AP-thickness of the tendon (B). Data presented are for participants
with unilateral symptoms (HSR and MSR together, n=27). Values are presented as mean+95%Cl at baseline (0
weeks), mid the intervention (6weeks), after the intervention (12 weeks) and the one-year follow-up (52
weeks) for injured and asymptomatic contralateral leg. Two-way analysis of variance was conducted with leg
and time as main factors. Thickness: P-values Leg (<0.0001), time (0.01) and interaction (0.50). PD: P-values leg
(<0.001), time (0.01) and interaction (0.001).

Lastly it should be mentioned that the mean A-P-thickness for participants with unilateral
symptoms at baseline was 6.96mm (95%Cl: [7.4, 6.6]), which was significantly more than the
contralateral asymptomatic tendons, mean 4.68mm (95%Cl: [4.83, 4.54]) (Figure 19, A) and in
line with previous results**. Notable, the patellar tendon A-P thickness did not accompany the
detected decrease in PD from baseline to one-year follow-up. However, in thickened patellar
tendons pain has been demonstrated in absence of doppler flow%. Thus, it could be
speculated that increased pressure and not the nerve ingrowth might be the cause of pain in
tendinopathy. It is well established that increased water content along with
hypervascularization occur in tendinopathic tendons!?®, which highlights that increased water
and associated increased pressure could cause the pain if it is unaffected by reduced
hypervascularization. The data from the present study certainly support this notion, however

the mechanisms remain elusive.
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10.2.3 The effect of load magnitude on mechanical properties and UTE-T2* (paper Il)

In the present study baseline values for tendon stiffness (HSR: 2189+89N/mm; MSR:
2198+100N/mm) correspond to values from previous studies in tendinopathic patellar
tendons®+894163 However, in contrast to previous studies®*#°* showing decreased stiffness in
response to exercise in tendinopathic tendons there was no effect of 12 weeks exercising of
either HSR or MSR on the tendon stiffness in the present study (Figure 14). Thus, the
discrepancies between detected stiffness change in the present and previous studies could be
explained by a difference in pain induced reduction in loading relative to the pre-injury level
caused by tendinopathy. It is well established that patellar tendons mechanical stiffness albeit

with sizable variation, increase in response to training in healthy tendons6?

and conversely
more rapidly decrease in response to unloading?!, which highlights tendons capacity to adapt to
unloading. In the present study sports participation per week in hours for both groups during
the intervention period was unchanged (Table 6), which might have contributed to the
unaltered stiffness.

Variation of the HSR program applied in the previous study by Kongsgaard et al®
and the present study could also have influenced the results. It could be speculated that
number of exercise and variation in load magnitude progression and thereof varied total
volume and time under tension could have caused the discrepancy in detected stiffness
between the two studies. Indeed, high training compliance (>78%) and gain in strength (HSR
18% and MSR 11%) confirm that both groups were loading there tendons as prescribed in the
present study and because Heinemeier et al.®® have shown relative low turnover in tendon in
general makes insufficient time to change the mechanical properties most likely.

The T2* values obtained with MRI UTE did not change over the course of 12-
weeks in the present study. Indeed, T2* relaxation time have been suggested to reflect the
amount of unbound water in the tendons®3°, the T2* values obtained in the present study
(Figure 15) indicating unaltered material properties in the tendon. Thus, stiffness (reflecting the
tensile bearing component of the tissue) did not correlate with the T2* values (Figure 20, A) but
stiffness and modulus (influenced by both CSA and water content) did correlate (Figure 20, B).
Indirectly, because CSA is unchanged in the present study these correlations suggest that the

method might be applicable for detecting material alterations before they are transferred to
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mechanical alterations. However, this needs to be confirmed in response to longer

interventions were alterations in mechanical properties might occur.
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Figure 20: Data presented are baseline values merged for the HSR and MSR groups (n=41). Figure A: Scatter plots
between T2* and Stiffness and figure B: Scatter plots between modulus and T2* at baseline. Figure are duplicated
from Paper Il

It has been established that pathological alteration in patellar tendinopathy most frequently
involves the proximal posterior portion of the tendon’?29, In the present study values for T2* in
both the proximal and the distal tendon regions are increased compared to values from our
department (unpublished) in healthy patellar tendons (~1ms). Indirectly, the results support
that internal alteration on a material level occurs in the whole tendon region in response to
tendinopathy, which suggest more widespread tissue alteration than previously assumed.
Moreover, the present data show unaffected tendon stiffness in tendinopathic patellar tendon
compared to contralateral asymptomatic tendons among participants with unilateral symptoms
(Figure 16). Thus, the discrepancy in the values for T2* between tendinopathic and healthy
tendons could suggest that some material alterations might occur in tendinopathic tissue but
that they might be too small to be detected as alterations in the mechanical properties. This
indicates that the method could be used as a non-invasive marker for internal material
alterations, however, this need further validation.

The expectation of intensity specific changes in the mechanical properties was
based on findings from previous studies on healthy tendons®>!%, The pathology of the tendon
could have influenced the results. Thus, the lack of response to loading indirectly supports that
no accretion of collagen to the fibrils occurs, which would have resulted in altered mechanical

properties. In fact, it was beyond the scope of the precent study to obtain biopsies precise
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information of the collagen concentration and other factors (e.g. crosslinks) influence the
mechanical properties is elusive. However, the duration of the intervention could also have
influenced the results. The present data show no difference in stiffness between injured and
contralateral asymptomatic tendon among participants with unilateral symptoms in response
to 12 weeks of exercising (Figure 16), which suggest that mechanical response might require a
longer duration (properly due to the relatively low turnover in tendons) more than a different

response to loading among tendinopathic and healthy tendons.

10.2.4 Implication of applying different load magnitude in the exercise-based treatment
programs
We were surprised to observe that mean training session compliance was high in both
intervention groups (HSR 78% and MSR 86%) and with no between-group difference,Table 7.
Still, we would have expected that it could be difficult to achieve equally high compliance in
both groups. In the MSR group, participants were instructed to maintain the magnitude at 55%
throughout the intervention period and further in the beginning of the intervention period had
to perform a sizable number of repetitions in a slow manner. It has previously been speculated
that similar interventions (sizable number of slow reps) may lead to lower satisfaction
compared to the HSR program 32 why we thought it could influence the compliance in the
MSR group. Further, the physiotherapists performing the supervision reported of pain in the
end range in the knee extension machine applied in the commercial fitness center specially for
the HSR group, which could have reduced compliance of the performed absolute volume
percent of aim in that exercise. Yet, the data from the present study show that participants
completed both the moderate and high load exercise program with a high percent of the total
absolute volume prescribed for both exercises; leg press and knee extension, Table 7.
Moreover, equal gains in strength after the intervention period (15% HSR and 10% MSR) were
observed, which confirms that the variation in form of repetition, set, frequency and load
appears less important at least when the total volume is kept sufficiently high. Furthermore,
the present study demonstrated that participants treatment satisfaction did not differ
significantly between the two treatment groups at 12-weeks (P>0.99) or at 52-weeks follow-up
(P=0.33). Thus, at 12-week follow-up 95% (18/19) in the HSR and 95% (20/21) in the MSR group
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was satisfied with the clinical outcome. Almost similarly, 84% (16/19) in the HSR and 95%
(20/21) in the MSR group were satisfied at 52-weeks follow-up. Altogether, the demonstrated
high compliance with both intervention programs and the lack of superiority of satisfaction
with the HSR program indicates that both loading regimes can be applied in a clinical setting

why the exercise regime that best fits the patient preferences can be freely chosen.

Table 7: Compliance of prescribed interventions 0-12 weeks

HSR (n=21) MSR (n=21) P- value

Session % of Aim 78.2+4.3 85.8+2.18 0.13
Supervision % of Aim 81.3+45 85.7+23 0.39
Load % of Aim

Leg press 97.6+0.9 99.8+£0.2 0.02

Knee ext IL 93.6+1.3 95.9+0.9 0.16

Knee ext AL 93.5+1.7 95.7+0.8 0.25
Reps % of Aim

Leg press 97.9+1.6 99.7+0.3 0.29

Knee ext IL 97.7+1.2 97.7+0.6 0.97

Knee ext AL 96.5+1.4 98.0+0.6 0.36
Volume % of Aim

Leg press 97.6+3.5 87.8+1.5 0.16

Knee ext IL 77.8+3.3 83.2+2.1 0.18

Knee ext AL 77.5+3.8 83.312.0 0.19
Absolut volume % of Aim

Leg press 76.8 4.2 84.8+2.2 0.10

Knee ext IL 729+43 80.3+2.7 0.15

Knee ext AL 71.7+4.7 80.4+2.6 0.12
Absolut TUT % of Aim

Leg press 79.0+£3.9 85.3+2.1 0.17

Knee ext IL 77.1+3.9 834124 0.18

Knee ext AL 75.0+4.2 83.6+2.3 0.09

Values are presented as mean+SEM and expressed as % of Aim. Load, reps and volume demonstrating
compliance during the training session. Absolut volume and TUT percent of aim demonstrate the total
compliance, including missing training session and adjusted for progression in prescribed load during the
intervention period. Knee ext IL: Knee extension exercise on injured leg; Knee ext AL, knee extension
exercise contralateral asymptomatic leg; HSR: Heavy slow resistance group; MSR: Moderate slow
resistance group. TUT: time under tension. Table are modified from table in supplement in paper 1&II.

In the present study, the absolute training volume (adjusted for missing training session and
progression in prescribed load during the intervention period) was high and no significant
difference were observed between the groups, Table 7. Finally, training was performed both

supervised and unsupervised, in a commercial fitness center in training machines (leg-press and
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knee-extension) that are very common. Because, the participants missed training sessions due
to work, school, illness etc. the intervention setting is comparable to treatment of patients with
patellar tendinopathy in a clinically setting, which increases the generalizability of the results

from the present study.

10.3 Summary of key findings Study 2

In Study 2 (paper lll), we evaluated the reproducibility of multi-slice UTE-T2* mapping of human
tendinopathic patellar tendons. The method was overall shown to be feasibly for use in a
research setting and clinical practice. The test-retest evaluation demonstrated a small bias but
with a very low associated mean difference (3.7%) between the two recordings and with an
excellent reproducibility (ICC = 0.08) and low typical error (<4.6%) in all three tendon regions;

proximal, distal and total, Table 8.

Table 8: Test-retest reproducibility of UTE-T2* analysis

Tendon part S1M101 S2 M1 01 Diff P-values TE % ICC (95% Cl)
Proximal
T2*(ms) 1.61+0.28 1.65 £ 0.27 0.04 £ 0.07 0.046 3.0 0.96 (0.87-0.99)
Volume (mm3) 2503 + 696 2422 + 692 81+229 0.192 6.6 0.94 (0.84-0.98)
Distal
T2*(ms) 1.75 +0.24 1.84 £0.20 0.09+0.11 0.008 4.6 0.80 (0.33-0.94)
Volume (mm?3) 2104 + 696 1956 + 587 148 + 298 0.076 10.4 0.88 (0.65-0.96)
Total
T2*(ms) 1.67£0.23 1.73+0.21 0.06 £ 0.07 0.006 3.0 0.91 (0.58-0.98)
Volume (mm?3) 4605 + 1370 4376 £ 1260 228 +473 0.083 7.5 0.93 (0.78-0.98)

Values are presented as Mean + SD. T2* relaxation time (ms) from monoexponentially fitting of UTE Images of the
patellar tendon. Values are presented for the proximal, distal and total tendon region. S1& 2: Scanning one and two;
M1: Measurement one, O1: Observer one; Diff: difference between the two measurements; TE %: Typical error
percentage; ICC: Inter Class Coefficient. Table are modified from table presented in paper Ill, Agergaard et al 2020°.

Similarly, excellent reproducibility was shown for intra- and inter-observer evaluation (ICC 2
0.98 and ICC 2 0.97, respectively) of the method in all regions followed by a low typical error
percentages for intra-observer (<2.2%) and inter-observer (<2.3%), respectively, Table 9 and

Table 10.
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Table 9: Intra-observer reproducibility of UTE-T2* analysis

Tendon part S1M101 S1M201 Diff P-values TE % ICC (95%)
Proximal
T2*(ms) 1.61+0.28 1.61+0.28 0.00 +£0.03 0.993 1.2 1.00 (0.99-1.00)
Volume (mm3) 2503 + 696 2561 + 668 58 + 201 0.283 5.6 0.96 (0.88-0.99)
Distal
T2* (ms) 1.75+0.24 1.76 £ 0.26 0.01+0.06 0.468 2.2 0.98 (0.93-0.99)
Volume(mm3) 2102 + 696 2231 + 660 129 +200 0.025 6.6 0.96 (0.88-0.99)
Total
T2* (ms) 1.67£0.23 1.67£0.24 0.01+0.03 0.493 13 0.99 (0.98-1.00)
Volume (mm3) 4605 + 1370 4792 +1300 187 £330 0.045 5.0 0.97 (0.91-1.00)

Values are presented as Mean + SD. T2*relaxation time (ms) from monoexponentially fitting of UTE Images of the
patellar tendon. Values are presented for the proximal, distal and total tendon. S1: Scanning one; M1 & M2:
Measurement one and two, O1: Observer one; Diff: difference between the two measurements; TE %: Typical error
percentage; ICC: Inter Class Coefficient. Table are modified from table presented in paper Ill, Agergaard et al 2020,

Table 10: Inter-observer reproducibility of UTE-T2* analysis

Tendon part S1M101 S1 M1 02 Diff P-values TE% ICC (95%Cl)
Proximal
T2* (ms) 1.61+0.28 1.59 +£0.27 0.02 £ 0.04 0.077 1.8 0.99 (0.96-1.00)
Volume (mm3) 2503 £ 696 2795 * 653 292 +189 <0.001 5.1 0.88 (0.04-0.97)
Distal
T2* (ms) 1.75+0.24 1.73+£0.25 0.02 £ 0.06 0.234 2.3 0.97 (0.92-0.99)
Volume (mm3) 2102 £ 696 2394 + 709 292 + 274 0.001 8.7 0.85 (0.23-0.96)
Total
T2* (ms) 1.67£0.23 1.65+0.23 0.02£0.03 0.052 13 0.99 (0.96-1.00)
Volume (mm3) 4605 + 1370 5189 + 1350 584 + 427 <0.001 6.2 0.87 (0.09-0.97)

Values are presented as Mean + SD. T2* relaxation time (ms) from monoexponentially fitting of UTE Images of the
patellar tendon. Values are presented for the proximal, distal and total tendon. S1: Scanning one; M1: Measurement
one, 01 & 02: Observer one and observer two; Diff: difference between the two measurements; TE %: Typical error
percentage; ICC: Inter Class Coefficient. Table are modified from table presented in paper Ill, Agergaard et al 2020,

10.4 Discussion of the main results Study 2

In the following section | will compare the main findings from Study 2 with findings from other

studies and discuss the results in relation to the COSMIN taxonomy!!3 of relationship of

measurement properties.

Detection of alterations in the microstructural composition of tendon tissue is of great interest

in order to establish the pathology of tendinopathy and monitoring the effect of treatment.



Therefore, it was advantageous to investigate if the UTE-T2* method was a valid non-invasive
tool for monitoring of tendinopathy. To the best of our knowledge the present study is the first
to formally evaluate test-retest and intra- and inter-observer reproducibility in tendinopathic
patellar tendons in vivo. Only one other study by Gardin et al.>3 have quantified the
reproducibility of UTE-T2* in human tendons in vivo. They show a test-retest coefficient of
variation (CV) of 18% in Achilles tendons, and a mean intra- and inter-observer CV of 22% and
64%, respectively. They additionally observed a 40% difference in T2* values between
symptomatic and non-symptomatic tendons and conclude that the reproducibility of the
method was low and therefore not applicable on the individual level or in clinical trials with
small number of participants included. Conversely, the data from the present study showed a
considerably more promising reproducibility of the T2* quantification using UTE. Firstly, the
measurement seems valid in relation to the measurement variation indeed the demonstrated
typical error for test-retest of 3% (proximal tendon) far exceeds the differences in T2* values
between healthy and tendinopathic tendons, which are reported between 40-190% in the
literature °1°3%7 Further, unpublished values from investigations in our department have
shown mean T2* values in healthy patellar tendons around 1 ms and around 1.4 msin a
population of patients with early patellar tendinopathy (<3 month). Thus, compared with the
detected T2* values in the present study at 1.67 ms, it suggests that the method is able to
distinguish between different stages of tendinopathy, which strengthens the validity of the
method.

The ability of a method to detect changes over time is another important aspect
of the overall validity. We showed unchanged T2* values in response to 12 weeks exercise-
based treatment in Study 1. However, it remains unknown if this lack of response was due to
poor responsiveness of the UTE-T2* method. Moreover, it could be a true unaltered tissue
response, which need further investigation. Likewise, the day to day reproducibility of the
method needs to be investigated since the utilization of the method primarily is to monitor
tissue alterations over a period of time. Additionally, there was no correlation of T2* to VISA-P
at baseline (r=-0.01; 95%ClI [-0.31, 0.30]; P=0.97) in Study 1, which is in line with some °3 but not
all other studies®?**7>, However, this relationship needs further investigations in order to

establish the responsiveness of the method.
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In addition, the criterion validity of the method needs to be established. Tendon biopsies is the
gold standard in relation to quantification of structural and biochemical composition and
changes thereof 8. Therefore, it might be relevant to investigate criterion validity of the UTE-
T2* method by comparing it with biopsy findings, which is an ongoing project in our
department.

The present data show a small systematic increase in T2* values from the first to
the second recording. As discussed in paper Il this variation might be explained by different
factors, such as higher free water content at the second recording compared to the first
recording and an inherent technical variation of the MRI method. Likewise, between study
variation in these factors might explain the discrepancy in results between the precent study
and the previous reproducibility study by Gardin et al*3. Further, it cannot be ruled out that
differences between Achilles and patellar tendons might contribute to the discrepancy
between the two studies. In fact, the value of the method further depends on the ability to
detect changes in tendon structure over longer duration this also need to be investigated in
future studies.

Sufficiently Intra- and interobserver reproducibility are other important factors for
the overall validity of a measurement!!3, The present data show an excellent intra- and inter-
observer reproducibility of the applied UTE-T2* method. However, similar to the study by
Gardin et al®3 higher absolute values for intra-observer reproducibility (Table 9) compared to
those obtained for the inter-observer reproducibility (Table 10) were detected in the present
study, which highlights that reduced variation can be achieved if the same investigator perform
the evaluation.

Altogether, the UTE-T2* protocol, which was applied in the present study
demonstrated feasibility for use in clinical practice and science for detecting early alteration
and monitoring alteration in tendons. Importantly as outlined above, other validity aspects
need to be covered and lastly, the interpretability and minimal clinical important difference for

the measurement need to be established in future studies.
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11. CONCLUSIONS

Overall, this thesis demonstrated that there is no statistically superior effect of exercising with
heavy load (90% of 1RM) compared to moderate load (55% of 1RM) in relation to clinical
outcome, tendon structure and function in management of chronic patellar tendinopathy as
long as the total exercise volume are equal.

In a clinical perspective we can conclude that both heavy slow resistance training
(HSR) and moderate slow resistance training (MSR) show equally improvements in clinical
outcome, tendon structure and function in the short-term. Improvements in clinical outcome
and neovascularization continued in the long-term, but surprisingly did not reach values for
healthy tendons indicating that it takes long time to fully recover patellar tendinopathy. In
relation to mechanical, material and morphological properties of the tendon there were no
significantly improvement of either HSR or MSR treatments. Additionally, stiffness was
unaffected in the tendinopathic tendons compared to contralateral asymptomatic tendons
among participants with unilateral symptoms. Lastly, non-invasive MRI ultra-short time to echo
(UTE) imaging with T2* mapping of tendons was demonstrated to be a reproducible method
and seems to be applicable for detecting early alterations in response to interventions.

However, this needs further investigation.

12. PERSPECTIVES AND CLINICAL IMPLICATIONS

This PhD thesis contributes with important knowledge regarding to what extent loading
configurations during treatments influence the clinical outcome, the tendon structure, and
function and mechanical behavior of tendinopathic patellar tendons.

The lack of superiority of exercising with heavy load compared to moderate load is
important when treating patients with patellar tendinopathy. This indicates that the exercise
regime can be chosen on basis of patient preferences. Furthermore, the results from Study 1
indicate a protracted long-term recovery. This might be important to keep in mind when
treating and inform patients with tendinopathy in clinical practice, but also when designing and
performing clinical trials. Future studies need to investigate the reason for this lack of long-term

full recovery to establish a more efficient treatment of tendinopathy. Additionally, the relatively
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low turnover of tendon tissue in general® support the importance of an extended duration of
treatment intervention and likewise follow-up durations in future studies. Examining the
participants from the current study years after end of intervention would add important
information on the long-term recovery. Even though we not systematically record what they
have done in the intervening years. This could elucidate to what extent the tissue alterations
are becoming degenerative as believed by some research groups within the field of
tendinopathy.

Even though we detected a clinical improvement after 12 weeks intervention it
was not associated with significant alterations in mechanical, material or morphological
changes. Further research should focus on the mechanisms actually driving this improvement,
and to what extent clinical improvements are linked to e.g. material alteration occurring prior
to altered mechanical properties and altered tendon morphology. The UTE-T2* mapping
method show promising results as a non-invasive marker for early alterations. Although, the
validity of the method needs to be further investigated it might be relevant to apply the
method in future studies. In fact this might provide important knowledge of internal material
alterations and is an applicably method to obtain repeated measures.

Finally, the current study was designed to test the influence of load magnitude in
treatment of patellar tendinopathy. However, influence of other factors like restitution time
between session remains unknown and need to be investigated in future studies in an attempt

to improve outcome and time to complete recovery.

“The More You Know — The More You Realize You Don’t Know”

Aristotle
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Clinical outcome, structure and function improve with both heavy and
moderate load in the treatment of patellar tendinopathy: A
Randomized clinical trial

ABSTRACT

Background: Loading intervention has become a predominant treatment strategy for
tendinopathy, and positive clinical outcomes and tendon tissue response may depend on the
exercise dose and the load magnitude.

Purpose/ hypothesis: To investigate if the load magnitude influenced the effect of a 12-weeks
loading intervention for patellar tendinopathy in the short-term (12 weeks) and long-term (52
weeks). We hypothesized that a greater load magnitude of 90% would yield a more positive
clinical outcome, tendon structure and function compared to a lower load magnitude of 55%
when the total exercise volume was kept equal in both groups.

Study Design: Randomized clinical trial

Methods: Forty-four adult participants with chronic patellar tendinopathy were included and
randomized into a moderate slow resistance group (MSR, 55% of 1RM throughout the period), or
a heavy slow resistance group (HSR, rising up to 90% of 1RM). Function and symptoms (VISA-P
questionnaire), tendon pain during activity (NRS) and ultra-sound (tendon vascularization and
swelling) were assessed before, after 6 and 12 weeks of intervention and at 52 weeks follow-up.
Tendon function (functional tests) and tendon structure (ultrasound and MRI) were investigated
before and after the intervention period.

Results: The HSR and MSR treatments both yielded significant clinical improvements in VISA-P,
NRS-running, NRS-squat, NRS-preferred sport, Single-leg decline squat test and patient satisfaction
after 12 weeks and these were maintained after 52 weeks. HSR was not superior to MSR loading
for any of the measured clinical outcomes. Similarly, there were no differences in functional
(strength and jumping ability) or structural (tendon thickness, Power-Doppler area and CSA)
improvements between the HSR and MSR loading.

Conclusion: There is no superior effect of exercising with high load magnitude (HSR) compared to
moderate load magnitude (MSR) for the clinical outcome, tendon structure or function in

treatment of patellar tendinopathy in the short-term. Both HSR and MSR show, equally good,
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continued improvement in outcomes in the long-term, but did not reach normal values for healthy
tendons.

Clinical Relevance: Exercising with high or low load resistance can improve the clinical outcome,
tendon function and structure following a patellar tendinopathy. Therefore, both Moderate Slow
Resistance group (MSR) and Heavy Slow Resistance group (HSR) regimes can be applied in a
clinical setting. Importantly, the current study indicates that the time for complete recovery in
patellar tendinopathy exceeds one year. Future studies are needed to determine the reason for
the protracted long-term recovery to establish the most efficient treatment recommendations.
Key terms: Patellar tendon, tendinopathy, loading based treatment, load magnitude

What is known about the subject: There has been considerable focus on the clinical effects of
loading based exercise regimes as treatment for tendinopathy, but very little is known about the
importance of changing specific loading parameters.

What this study adds to existing knowledge: Load magnitude per se in loading based treatment
did not influenced the clinical outcome, tendon function or tissue response of the tendinopathic
tendons. Improvement in clinical outcomes, structure and function continued up to 1 year after

initiation of loading based treatment but did not reach normal values.
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INTRODUCTION

The patellar tendon is designed to withstand considerable loads during locomotion, and may be
loaded up to 4 kN during a single counter movement jump.®> However, repetitive use often results
in overuse injuries such as tendinopathy, which is a common clinical condition characterized by
pain during activity, localized tenderness upon palpation, and impaired performance.?’#* The
histopathology includes increased cellularity, increased proteoglycans, glycosaminoglycans and
water, along with hypervascularization and disorganized collagen.33

The prevalence of patellar tendinopathy has been reported as high as 14% in elite
athletes and 9% among recreational athletes, especially within explosive sports.32°° Further,
among elite male volleyball players, the prevalence can reach as high as 45%3? and the symptoms
as well as performance reduction may be long lasting (years).2® However, despite tendinopathy
being a common condition and a substantial clinical challenge, the exact pathology and optimal
treatment modalities remain elusive.83?

Loading interventions are the preferred treatment for tendinopathy, but the optimal
dose in form of repetitions, sets, frequency and load is debated.34*® Optimal exercise dose and
load magnitude during loading interventions may improve the clinical outcome® and lead to a
positive tendon tissue response. 2829 Nevertheless, while many clinical trials have compared the
effect of different exercise programs, they rarely isolate specific parameters influencing these
loading-based approaches e.g. to what extend load magnitude make a difference. Thus, the
optimal load magnitude in patients with tendinopathy is still unknown.

Different eccentric muscle loading programs have become the treatment of choice
for tendinopathy over the last decade.'®3! However, a recent systematic review concludes that
there is little clinical or mechanistic evidence that supports to isolate the eccentric component.>3*
Further, for patellar tendinopathy one study has shown that heavy slow resistance training yields a
superior long term response compared with an eccentric loading program.?® Nevertheless, the
focus on eccentric exercise may have overshadowed important aspects of loading intervention
including optimal load magnitude, which has some support from both basic science and clinical
trials.

The primary cells in the tendon are fibroblasts, which respond to mechanical

strain.?>*®47 Tissue loading results in strain on the fibroblasts and thus initiate synthesis of
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collagen and other extracellular matrix components important for the tendon healing process.
Conversely, lack of strain can lead to degeneration.® However, response of tendon, in vivo, to
various exercise (dose/response) remains unknown. In healthy, non-symptomatic humans, a study
by Arampatzis et al?> showed that with equal exercise volume, the exercise with greater loads (and
thus strains) yield increased tendon stiffness and increased cross sectional area in healthy human
Achilles tendons. Importantly, it remains unknown if this load magnitude also is important in
patients with tendinopathy.

Therefore, we designed a study to specifically examine if load magnitude influences
the outcome of a 12-week loading intervention as treatment for patellar tendinopathy.
Furthermore, we assessed the long term (52 weeks) response, which has only been examined in
few previous studies.*?®4° Based on the above considerations, we hypothesized that a greater
magnitude (90% of 1 repetition maximum (RM)) of loading would yield in a more positive clinical
(primary outcome, VISA-P), functional and structural outcome compared to a lower magnitude of
loading (55% of 1RM) in patients with patellar tendinopathy when total exercise volume is equal in

both groups.

MATERIALS AND METHODS

This study was a prospective randomized controlled, single-blinded, superiority trial conducted in
Copenhagen, Denmark. Ethical approval was obtained from the regional Ethics Committees for
medical research (No. H-15017806) (original study protocol are in the supplement) and all
participants provided written informed consent. The study was pre-registered on ClinicalTrials.gov
(No. H-15017806) (before inclusion of the first participant) and the reporting of this trial follows
the CONSORT guidelines.3®

Participants

Participants were recruited through the Sports Clinic at Bispebjerg Hospital, Copenhagen,
Denmark and via advertisements on social media and the internet. Inclusion criteria were: Male
athletes, age 20-45 years, BMI 18.5-30, patellar tendon pain duration of 3-12 months, and clinical

diagnosis of patellar tendinopathy by a sports physiotherapist or experienced sports physician
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based on defined clinical findings. Further the clinical diagnosis required confirmation by
ultrasonography: local anterior-posterior thickening of the tendon of at least 1 mm compared with
the mid-tendon level, a hypo-echoic area and presence of power Doppler signal.® Exclusion criteria
were: corticosteroid injection for patella tendinopathy, previous knee surgery, arthritis, diabetes,
any confounding diagnosis to the knee joint, smoking, or being elite volleyball players. Based on
previous data?®, we estimated that a sample of n=18 was needed in each group to detect a
between group difference at 13 points difference on VISA-P score (minimal clinical important
difference??) with an alpha level of 0.05 and a power/beta level of 0.80. Therefore, 44 participants

were included in total to account for a 20% dropout rate.

Randomization

Participants underwent a phone screening and pre-examination to verify compliance with
inclusion criteria. After inclusion and prior to baseline assessment, there was a 2-week “washout”
period from any previous treatment and heavy resistance training. After baseline participants
were randomly allocated to either the Moderate Slow Resistance group (MSR) or the Heavy Slow
Resistance group (HSR). The randomization sequence was a computer-generated minimization
randomization procedure® (MinimPy version 0.3, Python Software Foundation, Beaverton, OR,
USA) with a 1:1 allocation ratio and participants were stratified according to pre-injury physical

activity level, pain level and duration.

Blinding

Victorian Institute of Sport Assessment-Patella questionnaire (VISA-P) and other participant
reported outcomes were obtained blinded for members of the research team. Furthermore,
examiners conducting ultrasonography and Magnetic resonance imaging (MRI) were blinded to
treatment allocation. The person conducting the other follow-up test was not systemically
blinded, however, all baseline measures were collected before treatment allocation and all data
was analyzed blinded. Participants and the physiotherapists providing the intervention could not
be blinded, however, the physiotherapists were instructed to state that both intervention

programs could potentially provide beneficial results, during supervision of the participants.
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Interventions

The HSR program was started at 55% of 1RM and progressed toward 90% of 1RM. The MSR
loading program likewise started at 55% of 1RM and maintained this throughout the intervention
period. The total exercise volume was matched between groups and both groups performed three
weekly sessions (all in a commercial fitness center), where one session was supervised and the last
two were not supervised. Each session consisted of one bilateral leg press exercise and one
unilateral knee extension exercise (supplement) with each repetition lasted six seconds with (three
seconds for the concentric and eccentric phase, respectively) . Leg press was performed from
complete extension to 90° of knee flexion. Knee extension was performed from 100° of knee
flexion to 40° of knee flexion. Both groups completed one set of warm-up set before the exercise
protocol with 2-3 min rest between sets (Table 1). Every second week, a 5RM sub-maximal test
was performed in order to estimate 1RM and adjust training load accordingly. Pain during the
exercises (numeric rating scale (NRS) <5) was accepted, but was not allowed to increase following
cessation of the training session, and any training induced pain needed subside 3-4 hours after or

else the load was adjusted.

TABLE 1: Intervention protocols
Exercise protokol

Week 1 2 3 4 5 6 712

Sets 3 3 3 4 4 4 5

%ofIRM 55 65 70 75 80 85 90
HSR  Repetitions 15 12 10 8 6 5 4

%of LRM 55 55 55 55 55 55 55

Repetitions 15 14 13 11 9 8 7
HSR, heavy slow resistance group; MSR, moderate slow
resistance group; RM, repetition maximum.

MSR

Participants were allowed to perform sporting activities throughout the 12-week intervention
period if only causing light discomfort (NRS <3). A leisure-time activity pain threshold of 50, on the
visual analog scale (VAS), has previously been applied successfully in the management of the
Achilles tendinopathy.*® The participants were encouraged to maintain a uniform leisure time
sport participation during the 12-week intervention period.

All participants completed a training diary during the intervention using a

smartphone application (Injurymap Science ApS, Copenhagen, Denmark). The training records
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included training intensity (repetitions, sets and load), sessions, pain during training (NRS) and
information about deviations from the planed intervention protocol.

When the intervention period ended after 12 weeks, the participants did not receive
any further treatment but were encouraged to maintain their intervention and use the guidelines

about pain management and training adjustment.

Follow-up evaluation

Outcome measurements were obtained at baseline, mid intervention (6 weeks), post intervention
(12 weeks) and one-year follow-up (52 weeks). The primary outcome was VISA-P (change from
baseline to 12 weeks). Mechanical properties and ultra-short echo time (UTE) MRI outcomes
obtained will be published separately. Baseline and 12-week measurements were performed 3-4
days before and after the intervention period. The examination order was identical for all follow-
up evaluations, always starting with MRI at day one and day two starting with ultrasound
examination followed by a 5-minute warm-up on a bicycle-ergometer prior to further

examinations.

Participant reported outcome
All participants completed an electronic VISA-P questionnaire to assess symptoms, function and
ability to participate in sports. The VISA-P consists of 8 questions with a maximum score of 100 for
an asymptomatic, fully performing individual, and lower scores indicating more symptoms and
limitations of function and activity.* The VISA-P has been shown to be a valid and reliable
outcome measure for patients with patellar tendinopathy.3>*° The minimal clinical important
difference for the VISA-P in athletes with patellar tendinopathy is considered to be 13 points.?? In
addition, maximal tendon pain during preferred sporting and function was evaluated on a 0 to 10
NRS with 10 being the worst imaginable pain and 0 denoting no pain. Participants completed the
VISA-P and NRS questionnaire with no investigator assistance at baseline, after 6 weeks, 12 weeks
and at one-year follow-up.

Weekly sport participation (hours) during the preceding week was evaluated: before

injury (recall), at baseline, 6 weeks, 12 weeks and one-year follow-up. Participants evaluated their
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satisfaction with the results at the end of the intervention (12 weeks) and at one-year follow-up,

in the electronic written questionnaire.

Functional evaluation

Quadriceps muscle strength was measured during maximal voluntary isometric contractions
(iMVC) as previous described® at baseline and 12 weeks. Briefly, participants were strapped to a
custom-made rigid chair in a seated position with 90° hip and knee flexion. A rigid leg cuff was
placed on the lower leg, approximately three cm above the medial malleolus, which was
connected to a strain-gauge through a stiff steel rod. A wireless transmitter (8-channel, TeleMyo
2400T G2, Telemetry System, Noraxon Inc.) was used for force recording in Noraxon MR-XP 1.07
Master Edition. The distance from the cuff to the knee joint line (tibia length) was measured to
evaluate the knee extensor moment (KEM, peak force * tibia length). Four maximal isometric
contractions of approximately eight seconds, with a 2-minute rest period between each test, were
conducted. The first contraction was considered as familiarization and the maximal peak force and
KEM among the remaining three contractions were used for analysis.

A reliable patellar tendon pain provocation test, Single-leg decline squat (SLDS)3,
was used to examine pain during function at baseline, 6 weeks, 12 weeks and at one-year follow-
up. Participants performed a decline squat on a 25° decline board and reported pain using the NRS
pain scale upon completion. The participants were instructed to stand on one leg with their hands
placed at the waist and to keep the trunk vertical and heels in contact with the board. A SLDS was
performed until knee flexion of 50° and return to the starting position at self-determined speed.’
One practice trial was performed before the two tests with a 1-minute rest period between the
tests. The NRS pain was collected once at each test trail and the mean of the two were used for
further analysis.

Furthermore, Squat jump (SJ) and Counter movement Jump (CMJ) were used to
examine function at baseline and week 12. Jump tests were performed on a portable contact-mat
(Chronojump-Boscosystem, Barcelona, Spain) and vertical jump height was estimated from flight
time (gravity / 8 * flight time squared). The open-source system (Chronojump) has been
demonstrated to be a valid and reliable tool for measuring jumping ability.?” The SJ was performed

from a starting position of 90° knee angle without counter movement. The CMJ started on straight
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legs with a counter movement down to a knee angle of 90° before the jump. The subjects
performed two-three practice trials prior to testing, and the mean jump height of three technically

corrected jumps was used for further analysis.

Ultrasonography

Ultrasonography was performed on the patellar tendon using a HI Vision Hitachi Ascendus
ultrasound machine (Hitachi Medical systems, Japan). Gray-scale (GS) and Power-Doppler (PD)
setting were identical for all examinations. All participants were instructed to avoid strenuous
physical activity 24 hours before examination. The ultrasound examination was performed at
baseline, 6 weeks, 12 weeks and one-year follow-up by the same two experienced assessors.

GS examination was performed with the participant in a seated position with 90° hip
and knee flexion. The GS examination was performed with a 10.5 long linear transducer, the depth
fixed at 4.5 cm, a dynamic range of 70, and gain of 20. The transducer was placed at a 90° angle
(not rotated along the tendon surface) and moved medially to laterally to find the place where the
tendon was thickest. After imaging this position, the transducer was removed from the skin and
the procedure repeated. Ultrasound recordings were imported to FlJI/ImagelJ (version 1.52,
National Institutes of Health, USA) for quantitative analysis. The A-P patellar tendon thickness was
measured exactly 0.5 cm distally from the patella apex by the same blinded investigator. The
specific measuring site and method was performed as previously described.'® The max of the A-P
thickness from the two recorded image was used for further statistically analysis.

PD examination was performed with the participants placed supine and with
stretched and relaxed knee. The PD examination was performed with an 18.5 short linear
transducer, the depth fixed at 2.0 cm, a dynamic range of 70, a color Doppler frequency of 10
MHz, a pulse repetition frequency of 250 and a color gain of 37. The investigator applied minimum
transducer pressure during scanning. The transducer was placed at a 90° angle and moved
medially to laterally, to locate the maximum Doppler signal. At this location, two 4-second sine
loops were recorded in the sagittal plane (uncompressed AVI files each containing 16 frames). The
ultrasound recordings were imported to FlJI/Image) (version 1.52, National Institutes of Health,
USA) for quantitative analysis. A custom macro was set up to analyze the frame containing the

largest area of Doppler activity in each series. Doppler was only included if it was localized within
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the tendon and possible noise was excluded. The image with the largest Doppler area was used for
further analysis. Two investigators conducted all analysis in a blinded fashion with the pre and

post scan for each participant analyzed by the same investigator.

Tendon cross-sectional area

MRI was used to assess cross sectional area (CSA) of the Patellar tendon on the injured side at
baseline and 12 weeks (Siemens, Erlangen, Germany, 3.0-T). The parameters used in the MRI scan
were as follows: Transversal Proton density weighted; Slice thickness 3 mm, Field of View 80 x 80
mm, matrix resolution 0.42 x 0.42 x 3,00 mm, Echo Time 39 ms, Repetition Time 4000. Participants
were scanned in the supine position using a dedicated 15-channel send/receive knee coil.

The open source software Horos v.3.3.5for MAC OS (https://horosproject.org) was
used to analyze the MRI images. The Patellar tendon CSA was measured by manually outlining the
tendon in the axial plane just distal to the patella, mid tendon level and just proximal to the tibia
insertion as previous described.3® The mean of three measurements at each location was used for
further analysis. To optimize the measurement, both gray scale and NIH color scale were used
during outlining. This procedure has been described in detail elsewhere and has been shown to

reduce the underestimation of CSA by 2.8% compared with using only gray scale.!?

Statistical analysis

Statistical analyzes was carried out in GraphPad Prism (version 8.2.1 for macOS, GraphPad Prism
Software, California). Results are reported as mean + standard error unless otherwise noted.
Demographic baseline data and participant compliance were analyzed by use of unpaired Students
t-test. Outcome parameters were analyzed by two-way analyzes of variance (time x intervention)
with Bonferroni post hoc analyzes when appropriate. Participant satisfaction was analyzed with
Fisher exact tests at 12 and 52 weeks. Correlation of changes in VISA-P score and PD from baseline
to 12-week and baseline to 52-week were analyzed with Persons correlation. All analyzes were
performed as intention to treat, with the last observation carried forward. Per-protocol analyzes
(participants that fulfilled at least 75% of the prescribed training sessions) are shown in the

supplement. Significance level for all tests was set to P > 0.05.
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RESULTS

Participants

Between April 2017 and July 2018, 44 participants were enrolled in the study and randomized into
one of the two groups. For details, see the flowchart (Figure 1). Two participants did not receive
the allocated intervention due to MRI at baseline revealing confounding diagnoses and were
removed from the analysis. There were no significant differences between the two intervention
groups at baseline (Table 2). All participants were recreational athletes with a large number
(n=13) conducting strength training (including Cross-Fit) and other sports: soccer (n=9), running
(n=7), volleyball (n=4), badminton (n=3), basketball (n=3), gymnastics (n=1), swimming (N=1) and

American football (n=1) as preferred sports.

TABLE 2. Participants demographics and baselines characteristics

Variable HSR (n=21) MSR (n=21)
Age (y) 28.8+5.1(20-38)  32.3+4.9(23-41)
Height (cm) 185.8+7.1 180.7 7.2
Weight (kg) 86.7+9.3 82.2+9.2
BMI (kg/m?) 25.1+2.4 25.2+2.6
Symptoms duration (month) 6.9+2.4(3-12) 7.3+29(3-12)
Weekly sport participation (hours) 9.0+4.8(1-21) 7.0+ 3.8 (1-14)
Pain during activity (NRS) 47 +2.2(1-8) 5.2+2.0(2-9)
Unilateral/bilateral (n) 14:7 13:8
Proximal/distal injury (n) 21:0 20:1

Values are expressed as mean + SD (range) unless otherwise noted. HSR, heavy
slow resistance group; MSR, moderate slow resistance group. There were no
differences between groups for any parameters at baseline.
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[ Enrollment ]

telephone sc

Assessed for eligibility by
reening (n= 153)

v

Excluded (n=85)
- Not meeting inclusion criteria (n=85)
- Declined to participate (n=0)

Assessed for eligibility (n=68)

Excluded (n=24)
- Not meeting inclusion criteria (n=23)

- Declined to participate (n=1)

Randomized (n= 44)

v

[ Allocation ]

Allocated to HSR (n=21) Allocated to MSR (n= 23)

~ Received allocated intervention (n=21) - Received allocated intervention (n= 21)

- Did not receive allocated intervention (n= 0) - Did not receive allocated intervention due
to MRI at baseline revealing confounding
diagnosis (n=2)

v [ Follow-Up 6 wk ] \ 4
Lost to follow-up (n=0) Lost to foIIov_v-up due to interference with work
- . . . _ schedule (n=1)
Discontinued intervention (n=0) Discontinued intervention (n=1)
v [ Follow-Up 12 wk J v

Lost to follow-up due to exacerbation of pain Lost to follow-up (n=0 )

(n=1) Discontinued intervention (n=0 )

Discontinued intervention (n=1)

v [ Follow-Up 52 wk ]

Lost to follow-up due to low back surgery (n= 1) Lost to follow-up (n=0)

l [ Analysis ] v

Intention-to-treat Analysed (n=21) Intention-to-treat Analysed (n=21)

- Excluded from analysis (n= 0) - Excluded from analysis due to MRI at

Per protocol analysis (n= 16) baseline revealing confounding diagnosis (n=2)
Per protocol analysis (n=19)

FIGURE 1: CONSORT (Consolidated Standards of Reporting Trials) flowchart for the primary outcome Victorian

Institute of Sports Assessment- Patella (VISA-P). HSR, Heavy slow resistance group; MSR, Moderate slow resistance

group
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Compliance

Two participants dropped out; one due to exacerbation of pain, and one due to interference with
his work schedule. Further, one participant was lost at the one-year follow-up due to low back
surgery.

The mean training session compliance was 78+4% for the HSR and 86+2% for the
MSR group, which was not significantly different (P=0. 12) (supplement). All data from per-
protocol analysis (participants that fulfilled at least 75% of the prescribed training sessions) are
shown in the supplement, and the overall conclusions were equal to the intention-to-treat
analyses. The supervised session compliance was 81+4% for the HSR and 86+2% for the MSR
(P=0.39).

The participants completed the leg press exercise with a mean of 76.8+4.2% and
84.8+2.2% of the calculated total absolute volume prescribed for HSR and MSR, respectively
(P=0.10, in supplement). The knee extension exercise with the injured leg was performed with a
mean of 72+4.3% for HSR and 80.31£2.7% for MSR of the calculated total absolute volume (P=0.15).
Both exercises were performed with above 90% of the load prescribed for HSR and MSR,
respectively. Similarly, no difference in the prescribed total time under tension was demonstrated
between groups in leg press (HSR: 79£3.9%, MSR:85.3+2.1%, P=0.17) or knee extension on the
injured leg (HSR:77.1£3.9%, MSR:83.4+2.4%, P=0.18). There was no interaction, group or time

effect for the self-reported pain during both exercises (Table 3).
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TABLE 3: Pain during activity measured on Numeric Rating Scale

HSR (n=21) MSR (n=21) P group P time P group x time
Running (questionnaire)
0 weeks 32+0.4 4.0+0.5 0.33 <0.0001 0.42
6 weeks 24+04 3.0+04
12 weeks 1.8+0.3 21+04
52 weeks 13+ 04 1.3+0.3
Squat (questionnaire)
0 weeks 40+ 0.6 32+ 05 0.07 <0.0001 0.96
6 weeks 2.5 £ 0.5 1.6 £ 0.2
12 weeks 20+ 0.5 1.2 + 0.3
52 weeks 1.8 £ 0.5 0.7 £ 0.2
Pref sport (questionnaire)
0 weeks 49+0.6 4.7+0.5 0.48 <0.0001 0.73
6 weeks 3.5+ 0.6 3.3+0.5
12 weeks 3.1+0.7 2.3+0.5
52 weeks 2.0+0.6 1.3+0.3
Leg press (intervention)
0-6 weeks 0.6+0.1 0.5+0.1 0.70 0.60 0.29
7-12 weeks 0.5+0.1 0.5+0.1
Knee ext (intervention)
0-6 weeks 0.8+0.1 0.7+0.1 0.69 0.32 0.44
7-12 weeks 0.7+ 0.1 0.7+0.1
CMJ (examination)
0 weeks 1.2+0.3 1.3+0.3 0.95 0.01 0.57
12 weeks 0.7+0.3 0.6+0.3
SJ (examination)
0 weeks 1.0+0.3 0.8+0.2 0.99 0.01 0.32
12 weeks 0.4+0.2 0.6+0.2

Values are pain score measured on a numeric rating scale [NRS] and expressed as meantSEM. Two-way
analysis of variance was conducted with rehabilitation regime (group) and time as main factors. Alpha level
set at P <0.05. HSR, Heavy slow resistance group; MSR, Moderate slow resistance group; Questionnaire,
Patient reported outcome measured; Pref sport, Preferred sport; Intervention, Self-reported NRS pain
expressed as averaged pr. session during week 0-6 and week 7-12; Knee ext, knee extension for injured leg;
CMJ, Mean pain for the 3 counter movement jump; SJ, mean pain for the 3 Squat jump.

Clinical

There was no significant interaction (P=0.89) or group effect (P=0.57), but a significant effect of
time (P <0.0001) for VISA-P (Table 4). VISA-P increased from baseline to 12 weeks and from 12
week to 52 weeks follow-up in both groups. For the NRS-running, NRS-squat, and NRS-preferred
sport, there was a significant reduction with time (P <0.0001), but no significant interaction or
difference between group (NRS-running: P=0.33 , NRS-squat: P=0.09, and NRS-preferred sport:
P=0.50) (Table 3).
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Similarly, for NRS pain score during the SLDS test, there was no interaction (P=0.93)
or group effect (P=0.73), but a significant main effect of time (P < 0.0001). SLDS NRS decreased
significant from baseline to 12 weeks for both groups (P< 0.0001) but not from 12 to 52 weeks
(HSR, P=0.37; MSR, P=0.73) (Table 4).

The participants satisfaction with the clinical outcome at 12-week follow-up was
similar for the HSR (95 %, 18/19) and MSR (95%, 20/21)(P > 0.99). At 52-weeks follow-up 84% (16
of 19) of the HSR and 95% (20 of 21) of the MSR group were satisfied with no group difference
(P=0.33). For activity level, there was no significant effect of time (P=0.43), interaction (P=0.13) or
difference between group (P=0.75) (Table 5). The mean activity level during the 12-weeks
intervention period was not different from baseline level for any of the two groups. However,
activity level at baseline and 52 weeks follow-up was significantly lower compared to pre-injury

level.

TABLE 4: Clinical Results

HSR (n=21) MSR (n=21)
VISA-P, Point
0 weeks 58.8 + 4.3 (49.8, 67.8) 59.9 + 2.5 (54.8, 65.0)
6 weeks 65.8 + 3.7 (58.0,73.5) 69.9 + 2.8 (64.0, 75.7)
12 weeks 70.5 + 4.4 (61.3, 79.7) 72.5+ 2.9 (66.5, 78.5)
52 weeks 79.7 + 4.6 (70.0, 89.4) 82.6 2.5 (77.4, 87.8)
A 0-12 weeks 11.71 + 2.8 (4.1, 19.3)** 12.62 £ 2.8 (5.0, 20.2)**
A 12-52 weeks 9.1+2.8 (1.6, 16.7)** 10.10 £2.8 (2.5, 17.7)**
A 0-52 weeks 20.9 + 2.8 (13.3, 28.4)*** 22.7 +2.8 (15.1, 30.3)***
SLDS, NRS
0 weeks 43+0.4(3.3,5.2) 3.9+0.3 (3.2, 4.6)
6 weeks 2.4+0.4(1.5,3.3) 2.3+0.4 (1.6, 3.0)
12 weeks 2.0+0.4(1.2,2.9) 1.9+0.3 (1.2, 2.6)
52 weeks 1.4+0.4 (0.5, 2.2) 1.3+0.4 (0.6, 2.1)
A 0-12 weeks 2.2+0.4(-3.2, -1.2)*** 2.0+ 0.4 (-3.0, -1.0)***
A 12-52 weeks -0.7+0.4(-1.7,0.3) -0.6+0.4(-1.6,0.4)
A 0-52 weeks 2.9+ 0.4 (-3.9, -1.9)*** 2.6+ 0.4 (-3.6, -1.6)***

Values are presented as mean=SEM (95% Cl). Two-way analysis of variance was conducted with rehabilitation
regime (group) and time as main factors. Alpha level set at P <0.05. HSR, Heavy slow resistance group; MSR,
Moderate slow resistance group; VISA-P, Victorian Institute of Sports Assessment- Patella; SLDS, Single-leg
Decline Squat test. 0 weeks, baseline; 6 weeks, mid intervention; 12 weeks, post intervention; 52weeks, 1-
year follow-up. A, change in time interval. VISA-P: P-values group (0.57), interaction (0.89) and time <0.0001).
SLDS: P-values group (0.73), interaction (0.93) and time (<0.0001) ** Significant effect of time, P <0.01
***Significant effect of time, P<0.0001
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TABLE 5: Weekly sport participation (hours). Pre injury level recall at pre
examination and self-reported at week 0, 6,12 and 52.

Sport participation (hours/ week) HSR (n=21) MSR (n=21)
Pre Injury 9+1(1-21) 7+1(1-14)
Week 0 6+ 1 (1-10) 541 (0-15)
Week 6 4+1(1-18) 5+ 1 (0-20)
Week 12 4+1(0-18) 5+ 1(0-16)
Week 52 6+ 1(0-18) 5+1(0-17)

A Pre injury-week 0 -3+1(-4.6,-1.8)* -2+1(-3.8,-0.9)*
A Pre injury-week 52 -3+1(-4.5,-0.4)* -2+1(-4.3,-0.2)*
A 0-12 week -1+1(-3.7,1.1) 1+1(-1.8,3.0)
A 12-52 week 2+1(-0.3,4.5) -1+1(-2.9,1.9)
A 0-52 week 1+1(-1.6,3.1) 1+1(-2.3,2.5)

Pre injury and week 0, 6, 12 and 52 are reported as Mean+SEM (range). All Avalues
are expressed as Mean+SEM (95% Cl). Analyzed with 2way ANOVA (p< 0.05) show

week 0,6,12 and 52 no effect of time (p= 0.439), treatment (p= 0.75) or Interaction
(p=0.13).* Significant different from Pre Injury, P <0.05

Function

For the MVC, no significant interaction or group effect was detected, but there was a significant

increase after 12 weeks (P < 0.0001) (Table 6). For jump height in both SJ and CMJ, there was no
interaction, group or time effect (Table 6), but a significant main effect of time was found in pain

(P=0.01) for CMJ and SJ, respectively (Table 3).

Ultrasonography and MRI
There was no significant effect of time (P=0.10), group (P=0.37) or interaction (P=0.58) for tendon
A-P thickness. The PD area decreased significantly with time (P=0.01), but without any between
group difference (P=0.30) or interaction (P=0.22) (Table 7). However, while there was an overall
significant effect of time on PD area, the post hoc analysis within each group showed no significant
effect for any of the periods baseline to 12 weeks, 12 to 52 weeks or baseline to 52 weeks,
respectively. The change in PD area (HSR+MSR together) did not correlate significantly (r=- 0.28;
P=0.22) with changes in VISA-P score over time (baseline to 12 weeks).

For the CSA of the proximal, mid and distal part of the patella tendon there was no group

effect or difference from baseline to 12 week (Table 6).
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HSR (n=21) MSR (n=21) P group P time P gxt
MVC (Nm)
0 weeks 193 +11 194 +10 0.75 <0.0001 0.25
12 weeks 223 +11 213+10
CSA PROX (cm?)
0 weeks 1.53+0.09 1.40 £0.08 0.15 0.72 0.76
12 weeks 1.55+0.10 1.40 £0.08
CSA MID (cm?)
0 weeks 1.13+0.07 1.07 + 0.07 0.39 0.17 0.26
12 weeks 1.13+0.07 1.03 + 0.05
CSA DIST (cm?)
0 weeks 1.23+0.01 1.08 £ 0.04 0.15 0.72 0.76
12 weeks 1.23+£0.08 1.10 £ 0.05
CMJ Height (cm)
0 weeks 32.49+1.40 31.68 +£1.26 0.51 0.08 0.20
12 weeks 33.46+1.43 31.83+1.21
SJ Height (cm)
0 weeks 28.24+1.20 27.17+1.42 0.77 0.65 0.43
12 weeks 27.17+1.14 27.45+1.01

Values are presented as meantSEM. Two-way analysis of variance was conducted with rehabilitation

regime (group) and time as main factors. Alpha level set at P <0.05. HSR, Heavy slow resistance group;
MSR, Moderate slow resistance group. MVC, peak knee extension moment; CSA, Patella tendon cross-
sectional area; CMJ, counter movement jump, SJ, Squat jump.

TABLE 7: Sonographic Results

HSR (n=21)

MSR (n=21)

Doppler (mm?)

0 weeks

6 weeks

12 weeks

52 weeks

A % 0-12 weeks
A % 12-52 weeks
A % 0-52 weeks

Thickness (mm)

0 weeks

6 weeks

12 weeks

52 weeks

A % 0-12 weeks
A % 12-52 weeks
A % 0-52 weeks

14.66 (26.91, 7.99)

15.96 (27.33, 9.32)

11.15 (20.55, 6.05)

8.60 (16.28, 4.54)
-24 (-59, 41)
-23 (-58, 43)
-41 (-68, 9)

7.62 (8.64, 6.72)
7.67 (8.59, 6.85)
7.55 (8.32, 6.84)
7.13 (8.11, 6.27)
-1(-12,11)
-5(-16, 6)
-6 (-16, 5)

9.38(20.32, 4.33)
7.46 (14.94, 3.73)
10.3 (19.35, 5.49)
5.99 (12.31, 2.92)
10 (-41, 103)
-42 (-69, 8)
-36 (-66, 18)

6.77 (7.75,5.92
7.16 (8.23, 6.22
7.26 (8.19, 6.43
6.75 (7.80, 5.85
7 (-4, 20)
-7 (-17, 4)
0(-11, 12)

)
)
)
)

Values are presented as mean (95% Cl). A %, relative change in time interval. HSR, Heavy slow
resistance group; MSR, Moderate slow resistance group; Doppler, power doppler (total number of
colored pixel converted to area in mm?); Thickness, anterior-posterior thickness of the tendon. The
data was log-transformed and two-way analysis of variance were conducted with rehabilitation regime
(group) and time as main factors. Alpha level set at P <0.05. HSR.Doppler: P-values group (0.30),
interaction (0.22) and time (0.01); Thickness: P-values group (0.37), interaction (0.58) and time (0.10).
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Discussion

This randomized clinical trial investigated if load magnitude influenced the effect of a 12-week
loading intervention for patellar tendinopathy in the short (12 weeks) and long-term (52 weeks).
The main findings show that both a load magnitude of 90% (HSR) and 55% (MSR) of 1RM yielded
significant clinical improvements: VISA-P, NRS -running, NRS -squat, NRS -preferred sport, SLDS and
patient satisfaction after 12 weeks, and these were maintained one year later. However, contrary
to our original hypothesis, HSR was not clinically superior to MSR loading, and there were no
differences in improvements in function (strength and jumping ability) or tendon structure (A-P
thickness, PD area and CSA) between the interventions.

Loading based rehabilitation approaches to patellar tendinopathy has proven
clinically beneficial with respect to pain and function.31* In the present study, the participants
had baseline VISA-P values comparable with those previously reported in patients with chronic
patellar tendinopathy,?3? and over the intervention period the VISA-P score improved by 11.7
(HSR) and 12.6 points (MSR), which approaches the clinically meaningful score of 13 points.??
Furthermore, the pain improvement in the present study agrees well with the improvement
reported in the literature 103!

There has been considerable focus on the clinical effects of loading based exercise
regimes as treatment for tendinopathy, but very little is known about the importance of changing
specific loading parameters. Previous studies have solely focused on muscular contraction mode
(concentric, eccentric or isometric) in an attempt to optimize outcomes.3* However, clinical trials
>28 and basic science 12192139 do not support a strategy based on a distinct muscular contraction
mode. In fact, in animal models, collagen expression as a result of high forces appears to be
independent of muscle contraction mode, i.e. isometric, eccentric or concentric contractions. !
Furthermore, in healthy humans, resistance training associated tendon hypertrophy has also been
shown to be independent of contraction mode.? On the cellular level it is well known that the
fibroblasts in collagen rich tissue respond to loading (mechanical deformation) by stimulating the
synthesis of collagen?%?>47 and other extracellular components important for tendon growth.” In
healthy humans, stiffness of tendon tissue increases in response to exercise loading at 90% but
not at 55% of MVC 2, indicating that magnitude is an important factor for tendon adaptation, but

this has never been investigated in the treatment of tendinopathy. Unexpectedly, the result of the
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current study did not demonstrate a superior clinical effect of exercising with 90% compared to
55% of 1RM, which indicates that difference in load magnitude above 55% is inconsequential to
the clinical outcome in tendinopathic tendons. Two previous studies>?® have compared HSR to
eccentric training, which is commonly used as treatment for tendinopathy. The data suggest that
the clinical improvement over 12 weeks is similar with the two approaches. These studies did not
control for (or measure) training load per se, but it is likely that HSR achieved higher tendon loads
than the eccentric group that largely used body weight for resistance. Indirectly, this support the
findings of the present study that some magnitude of load is essential for the clinical picture to
improve, but does not necessarily require extremely high loads. The minimal threshold to achieve
such an improvement remains unknown.

Resistance training over 12 weeks will typically yield an increase in muscle strength
by ~10-20% in healthy individuals.*! The present study showed similarly gains with an increase in
muscle strength by 15% (HSR) and 10% (MSR). It could be argued that the increase may be the
result of a reduction in pain alone. However, it has been shown that a reduction in pain in patients
with tendinopathy treated with corticosteroid did not result in increased strength.?® The fact that
previous studies have shown comparable gain in strength for HSR in both tendinopathic 2%?° and
healthy patellar tendons 3° also supports that the increase in MVC in the present study was a
response to the applied training protocol. It is noteworthy that both MSR and HSR yielded
strength gains, however it is in accordance with previous data showing both heavy (70% of 1RM)
and light load (15 % of 1RM) at equalized total work is sufficient to induce increase in strength.?*
Interestingly, the participants in the current study did not improve their jumping ability despite a
decrease in pain and increased in strength, which may be because the gain was not large enough
to transfer to improvements in jump height.

Few studies*?®49 have investigated the long term follow-up of loading based
exercise. The present data show that the VISA-P score improved by ~13% from week 12 to 52
irrespective of loading regime (HSR or MSR), and the improvement from baseline to one year
exceeded the clinically meaningful score. The reported pain during function displayed a similar
pattern. The present study was not designed to answer if the effect of training with HSR and MSR
was equally good, however, the data show that both are effective in the treatment of patellar

tendinopathy. Further, no difference in patient satisfaction could be detected at 12 or 52 weeks.
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Therefore, clinically it may be important to choose the exercise regime that best fit the patient’s
preferences in order to improve compliance. Notably, in both groups, none of the clinical
outcomes or pre-injury weekly sport participation (hours) (lack around 30%) fully recovered after
one year. Additionally, no normalization of A-P thickness or CSA was found after 12 week or even
52 weeks. Altogether, these findings indicate that time to recover may extend beyond one year,
which is supported by a study on Achilles tendinopathy in which 20% of the patients had
symptoms that persisted for up to 5 years.*?

Ultrasonography with Doppler assessment is commonly used to evaluate
vascularization in tendinopathy!4, and it has been suggested that increased neovascularization
along with nerve ingrowth is the cause of pain.! In the literature, there is conflicting evidence
regarding the coupling between the presence of doppler activity and symptoms.*>1” In the present
study, an improvement in VISA-P score improved while doppler activity decreased from baseline
to 52 weeks. Reduced doppler in response to training has also been detected in previous studies
both in the short term for patellar tendinopthy?® and in the long term for Achilles tendinopathy?®,
which is in agreement with the present data. The change in Doppler area after 12 weeks in the
current study (HSR 24% decrease, MSR 10% increase) was less than the 45% reduction after 12
weeks of HSR shown previously?8, and this magnitude of decline was not reached until after one
year (HSR 41%, MSR 36%). However, variation between studies in relation to applied US protocols
and the way of measuring the Doppler area make it challenging to compare the absolute values.

This study has inherent limitations. First, a non-exercise control group was not
included, and therefore, it cannot be ruled out that improvements would have occurred over time
in the absence of either loading regime. Further, the wash-out period included to control for any
previous treatment was relative short. Additionally, the current study was designed to test the
influence of load magnitude, and optimally all other parameters should therefore be kept stable.
However, it is not possible to exactly match all parameters and we decided to match the volume,
rate of loading, sets and sessions at the cost of a group differences in repetitions and total time
under tension over the intervention period. The role of these parameters could be important and
will require additional research.

In conclusion, the current study demonstrates that there is no statistically superior

effect of exercising with 90% compared to 55% of 1RM. Importantly, VISA-P, SLDS and PD
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continued to improve up to one year, but did not reach normal values indicating that it takes a
long recovery time after patellar tendinopathy. It remains unknown if other exercising variables

e.g. frequency rate of loading have implications on the outcome and time to complete recovery.
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SUPPLEMENT

Figure S1: Depiction of applied exercises. A: Leg press, performed bilaterally;
B: Knee extension performed unilateral.
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Figure S2: Intention to treat. VISA-P at baseline (0 weeks), mid the intervention (6 weeks), after the intervention
(12 weeks) and at one-year follow-up (52 weeks) for the two intervention groups. HSR, Heavy slow resistance
group; MSR, Moderate slow resistance group; VISA-P, Victorian Institute of Sports Assessment- Patella. Values are
presented as mean+SEM.
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TABLE S1: Compliance of prescribed interventions 0-12 weeks

HSR (n=21) MSR (n=21) P- value

Session % of Aim 782+ 4.3 85.8+2.18 0.126
Supervision % of Aim 81.3+45 85.7+2.3 0.391
Load % of Aim

Leg pres 97.6+£0.9 99.8 £0.2 0.019

Knee ext IL 93.6+1.3 95.9+0.9 0.157
Reps % of Aim

Leg pres 979+16 99.7+0.3 0.292

Knee ext IL 97.7+1.2 97.7+0.6 0.973
Volume % of Aim

Leg pres 97.6+£35 87.8+1.5 0.159

Knee ext IL 77.8+3.3 83.2+2.1 0.177
Absolut volume % of Aim

Leg pres 76.8+4.2 84.8+2.2 0.103

Knee ext IL 729+4.3 80.3+2.7 0.153
Absolut TUT % of Aim

Leg pres 79.0+£3.9 85.3+2.1 0.168

Knee ext IL 77.1+£3.9 834124 0.176

Intention to treat analysis. Values are expressed as % of Aim and presented as
meanxSEM. HSR, Heavy slow resistance group; MSR, Moderate slow resistance group.
Knee ext IL, knee extension exercise injured leg. Load, reps and volume demonstrating
compliance during the training session. Absolut volume and TUT % of aim demonstrate
the total compliance, including missing training session and adjusted for progression

in prescribed load during the intervention period.
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TABLE S2: Compliance of prescribed interventions 0-12 weeks

HSR (n=16) MSR (n=19) P- value

Session % of Aim 86.8+1.7 88.1+1.7 0.570
Supervision % of Aim 87.0+£2.9 86.812.4 0.971
Load % of Aim

Leg pres 98.0+0.8 99.840.3 0.051

Knee ext IL 94.611.4 96.2+0.9 0.337
Reps % of Aim

Leg pres 98.8+0.5 99.610.3 0.188

Knee ext IL 98.1+0.6 97.7+0.7 0.619
Volume % of Aim

Leg pres 86.7+1.8 88.611.6 0.452

Knee ext IL 83.1+2.0 84.2+2.2 0.693
Absolut volume % of Aim

Leg pres 84.8+1.9 87.2+1.7 0.368

Knee ext IL 81.312.2 82.8+2.3 0.635
Absolut TUT % of Aim

Leg pres 86.3+1.6 87.4.£1.7 0.622

Knee ext IL 84.7+1.8 85.5+2.1 0.768

Per protocol analysis. Values are expressed as % of Aim and presented as mean+SEM. HSR, Heavy slow resistance
group; MSR, Moderate slow resistance group. Knee ext IL, knee extension exercise injured leg. Load, reps and volume
demonstrating compliance during the training session. Absolut volume and TUT % of aim demonstrate the total
compliance, including missing training session and adjusted for progression | prescribed load during the intervention
period.

TABLE S3: Weekly sport participation (hours). Pre injury level recall at pre examination
and self-reported at week 0, 6,12 and 52.

Sport participation (hours/ week) HSR (n=16) MSR (n=19)
Pre Injury 8 +1(1-14) 7+ 1(1-14)
Week 0 5+1(1-10) 4+1(0-15)
Week 6 3+1(1-8) 4+1(0-20)
Week 12 4 +0 (0-10) 5+1(0-16)
Week 52 5+1(0-16) 5+1(0-17)

A Pre injury - week 0 -2+1(-3.8,-1.1)** -2+1(-3.6,-1.1)**
A Pre injury - week 52 -2+1(-3.9,-0.1)* -2+1(-3.8,-0.4)*
A 0-12 week -1+1(-4.2,1.2) 1+1(-1.9,3.1)
A 12-52 week 2+1(-0.8,4.5) 0+1(-238,21)
A 0-52 week 0+1(-23,3.1) 0+1(-2.2,27)

Per protocol analysis. Pre injury and week 0, 6, 12 and 52 are reported as MeantSEM (range). All Avalues
are expressed as Mean=SEM (95% Cl). Analyzed with 2way ANOVA (p< 0.05) show

week 0,6,12 and 52 no effect of time (p= 0.32), treatment (p= 0.82) or Interaction

(p=0.20). * Significant different from Pre Injury, P <0.05. ** Significant different

from Pre Injury, P <0.01
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TABLE S4: Pain during activity measured on Numeric Rating Scale

HSR (n=16) MSR (n=19) P group P time P group x time
Running (questionnaire)
0 weeks 2.8+0.4 41+0.5 0.02 <0.0001 0.36
6 weeks 1.8+0.3 32+04
12 weeks 1.3+0.3 2.1+0.3
52 weeks 0.8+0.2 13+04
Squat (questionnaire)
0 weeks 3.3+ 0.6 3.1+05 0.32 <0.0001 0.75
6 weeks 1.8 + 04 15+ 0.2
12 weeks 1.6 + 04 1.1+ 0.3
52 weeks 1.3 +04 0.5 £ 0.2
Pref sport (questionnaire)
0 weeks 3.8+0.5 4.7+0.6 0.24 <0.0001 0.47
6 weeks 2.5+0.4 35+0.6
12 weeks 2.0+04 2.4+0.5
52 weeks 1.1+0.3 1.2+0.3
Leg press (intervention)
0-6 weeks 0.5+0.1 0.5+0.1 0.86 0.58 0.69
7-12 weeks 0.5+0.1 0.5+0.1
Knee ext (intervention)
0-6 weeks 0.7+0.1 0.6+0.1 0.69 0.65 0.52
7-12 weeks 0.6+0.1 0.6+0.
CMJ (examination)
0 weeks 1.1+0.3 1.3+0.3 0.69 0.03 0.79
12 weeks 0.6+0.3 0.7+0.3
SJ (examination)
0 weeks 1.0+0.3 0.8+0.3 0.73 0.02 0.20
12 weeks 0.3+0.1 0.6+0.3

Per protocol analysis. Values are pain score measured on a numeric rating scale [NRS] and expressed as
meanxSEM. Two-way analysis of variance was conducted with rehabilitation regime (group) and time as main factors.
Alpha level set at P <0.05. HSR, Heavy slow resistance group; MSR, Moderate slow resistance group; Questionnaire,
Patient reported outcome measured; Pref sport, Preferred sport; Intervention, Self-reported NRS pain expressed as
averaged pr. session during week 0-6 and week 7-12; Knee ext, knee extension for injured leg; CMJ, Mean pain for the

3 counter movement jump; SJ, mean pain for the 3 Squat jump.

31



Supplement Paper |

TABLE S5: Clinical Results

HSR (n=16) MSR (n=19)
VISA-P, Point
0 weeks 66.1+ 3.9 (57.9, 74.4) 59.9 + 2.7 (54.3, 65.5)
6 weeks 71.8 + 2.4 (66.8, 76.8) 70.5 + 2.9 (64.4, 76.6)
12 weeks 76.4 + 3.5 (69.0, 83.9) 72.6 £ 3.1 (66.1, 79.0)
52 weeks 85.8 + 3.0 (79.4, 92.3) 83.7 2.6 (78.2, 89.2)
A 0-12 weeks 10.3 +3.2 (1.8, 18.8)** 12.7+2.9 (4.9, 20.5)**
A 12-52 weeks 9.4+3.2(0.9,17.9)* 11.1+2.9 (3.3, 18.9)**
A 0-52 weeks 19.7 +3.2 (11.2, 28.2)*** 23.8 £2.9 (16.0, 31.6)***
SLDS, NRS
0 weeks 3.8+0.5(2.7, 4.8) 3.8+0.4 (3.0, 4.5)
6 weeks 1.8+0.3 (1.0, 2.5) 2.3+ 0.3 (1.6, 3.0)
12 weeks 1.5+0.4 (0.7, 2.3) 1.9+0.4 (1.1, 2.6)
52 weeks 0.9+0.3(0.2, 1.6) 1.2+ 0.4 (0.3, 2.0)
A 0-12 weeks 2.2+0.4(-3.2, -1.2)*** 1.9+ 0.4 (-3.0, -1.0)***
A 12-52 weeks -0.7+0.4(-1.7,0.3) -0.7+0.4(-1.6, 0.4)
A 0-52 weeks 2.9+ 0.4 (-3.9, -1.9)*** 2.6+ 0.4 (-3.6, -1.6)***

Per protocol analysis. Values are presented as mean=SEM (95% Cl). Two-way analysis of variance was conducted
with rehabilitation

regime (group) and time as main factors. Alpha level set at P <0.05. HSR, Heavy slow resistance group; MSR, Moderate
slow resistance group; VISA-P, Victorian Institute of Sports Assessment- Patella; SLDS, Single-leg Decline Squat test. 0
weeks, baseline; 6 weeks, mid intervention; 12 weeks, post intervention; 52weeks, 1-year follow-up. A, change in time
intervalVISA-P: P-values group (0.32), interaction (0.68) and time (<0.0001). SLDS: P-values group (0.45), interaction
(0.86) and time (<0.0001)

* Significant different from Pre Injury, P <0.05

** Significant effect of time, P <0.01

***Significant effect of time, P<0.0001
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FIGURE S3: Per protocol analysis. VISA-P at baseline (0 weeks), mid the intervention (6weeks), after the
intervention (12 weeks) and at one-year follow-up (52 weeks) for the two intervention groups. HSR, Heavy slow
resistance group (n=16); MSR, Moderate slow resistance group(n=19); VISA-P, Victorian Institute of Sports
Assessment- Patella. Values are presented as mean+SEM.
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HSR (n=16)

MSR (n=19)

Doppler (mm?)
0 weeks
6 weeks
12 weeks
52 weeks
A % 0-12 weeks
A % 12-52 weeks
A % 0-52 weeks

Thickness (mm)
0 weeks

6 weeks

12 weeks

52 weeks

A % 0-12 weeks
A % 12-52 weeks
A % 0-52 weeks

11.43 (24.47, 5.34)
14.11 (27.87, 7.15)
8.10 (16.89, 3.89)
6.38 (13.76, 2.96)
-29 (-66, 47)
-21(-62, 63)
-44 (-73, 15)

7.23 (8.41, 6.19)
7.34 (8.46, 6.38)
7.26 (8.20, 6.42)
6.85 (8.08, 5.80)
-1(-12, 16)
-6 (-18,9)
-5(-18, 9)

10.54 (24.17, 4.60)
8.29 (17.35, 3.96)
10.98 (22.02, 5.47)
6.03 (13.19, 2.76)
4 (-47, 103)
-45 (-72,7)
-43 (-71, 11)

6.84 (7.93, 5.90)
7.26 (8.45, 6.24)
7.38 (8.42, 6.47)
6.86 (8.01, 5.87)
8(-5,23)
-7 (-18, 6)
0(-12, 14)

Per protocol analysis. Values are presented as mean (95% Cl). A %, relative change in time interval. HSR, Heavy slow
resistance group; MSR, Moderate slow resistance group; Doppler, power doppler (total number of colored pixel
converted to area in mm?); Thickness, anterior-posterior thickness of the tendon. The data was log-transformed and
two-way analysis of variance was conducted with rehabilitation regime (group) and time as main factors. Alpha level

set at P <0.05. HSR.

Doppler: P-values group (0.84), interaction (0.16) and time (0.007)
Thickness: P-values group (0.90), interaction (0.79) and time (0.20)
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TABLE S7: Structural and mechanical properties for Injured site

HSR (n=16) MSR (n=19) P group P time P group x time
MVC (Nm)
0 weeks 191 +13 197 +£11 0.93 <0.0001 0.16
12 weeks 225+13 216 £10
CSA PROX (cm?)
0 weeks 1.49+0.12 1.43+0.08 0.56 0.29 0.46
12 weeks 1.53+0.13 1.43+0.09
CSA MID (cm?)
0 weeks 1.13+0.09 1.09 £ 0.08 0.39 0.17 0.26
12 weeks 1.14 +£0.09 1.03 + 0.06
CSA DIST (cm?)
0 weeks 1.27 +£0.12 1.08 £ 0.05 0.12 0.95 0.72
12 weeks 1.26 £0.10 1.10£0.05
CMJ Height (cm)
0 weeks 32.03+1.62 31.89 +£1.38 0.78 0.10 0.25
12 weeks 33.06+1.66 32.07+1.32
SJ Height (cm)
0 weeks 28.02+1.43 27.26+1.26 0.91 0.33 0.29
12 weeks 26.20+1.26 27.33+1.12

Per protocol analysis. Values are presented as mean=SEM. Two-way analysis of variance was conducted with

rehabilitation regime (group) and time as main factors. Alpha level set at P <0.05. HSR, Heavy slow resistance group;
MSR, Moderate slow resistance group. MVC, peak knee extension moment; CSA, Patella tendon cross-sectional area;
CMJ, counter movement jump, SJ, Squat jump.
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Mechanical properties and UTE T2* relaxation time in Patellar
tendinopathy: The effect of load magnitude in exercise-based treatment

ABSTRACT

Loading intervention is currently the preferred management of tendinopathy, but to what extent
different loading regimes influence the mechanical response in tendons is scarcely investigated.
Therefore, the purposes of the investigation were to examine the effect of exercise interventions
with either high or low load magnitude applied to the tendinopathic patellar tendon and the
influence on its mechanical, material and morphological properties. Forty-four men with chronic
patellar tendinopathy were randomized to 12 weeks of exercising with either; 55% of 1RM
throughout the period (MSR group) or 90% of 1RM (HSR group), and with equal total exercise
volume in both groups. The outcomes were assessed at baseline and after 12 weeks of
intervention. MRI with ultra-short echo times (UTE) and T2*-mapping was applied to explore if T2*
relaxation time could be used as a noninvasive marker for internal material alteration and early
change thereof in response to intervention. There was no effect of HSR or MSR on the mechanical
(stiffness), material (T2* relaxation time) or morphological (CSA) properties, but both regimes
resulted in significant strength gain. Further, the T2*-mapping MRI UTE method is a promising
imaging technique for evaluating internal material alterations in chronic patellar tendinopathy. In
conclusion, there were no statistically superior effect of exercising with high (90%) compared to

low (55%) load magnitude on the mechanical, material or morphological properties.

KEYWORDS

Patellar tendon, tendinopathy, loading based treatment, load magnitude, mechanical properties, UTE

T2*-mapping
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INTRODUCTION

The patellar tendon plays an essential role in transmitting contractile force from the quadriceps
muscle to produce knee extension®. However, repeated loading can cause patellar tendinopathy,
which is a common overuse injury characterized by pain during activity, localized tenderness upon
palpation and swelling of the tendon?. Patellar tendinopathy often results in long lasting
decreased activity level, and impaired sports and work performance®*, and therefore restoration
of normal structural and mechanical properties is essential.

Tendons consist primarily of fibroblasts and longitudinally aligned collagen type |
embedded in an extracellular matrix consisting of water, proteoglycans and glycosaminoglycans>®.
Tendinopathic tendons typically display disorganization of the extracellular matrix, and the
collagen fibrils along with hypervascularization and increased water content. Concomitantly,
mechanical properties have been reported to decrease’® or remain unchanged®*! in
tendinopathic tendons. Therefore, maintaining or restoring the mechanical properties may be
relevant in management of patellar tendinopathy.

Loading interventions are the preferred treatment for tendinopathy?13, but to what
extend loading configurations influences the mechanical response in tendons is scarcely
investigated!*. In healthy human tendons, heavy load exercises yield an increase in stiffness!>.
Furthermore, it has been shown that with equal exercise volume, exercise with greater loads (and
thus strains) yield increased tendon stiffness and increased cross sectional area compared to
lower load, in healthy human Achilles tendons'®. However, if these effects of load magnitude yield
similar responses in tendinopathic tendons remains unknown.

Characterizing microstructural composition and mechanical behavior of the
tendinopathic patellar tendon can improve our understanding of the pathology and enable us to
better monitor progress. However, studies investigating both material, morphological and
mechanical properties of patellar tendinopathic tendons is limited'’. Magnetic resonance imaging
(MRI) and ultrasound (US) are two commonly used imaging modalities to investigate structural
changes in tendons although neither of them provide detailed material or structural
information'®1%, Tendon biopsies can provide useful structural and biochemical information,
however, its invasive nature precludes repeated measurements?°. Alternatively, non-invasive MRI

ultra-short time to echo (UTE) imaging with T2* mapping of tendon is a reproducible method??,
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which has been proposed to correlate with collagen structure and water content in tendons?%23,

MRI UTE-T2* mapping might therefore be a suitable non-invasive methodology to evaluate subtle
changes in tendon over time.

The aim of this study, therefore, was to examine the effect of 12 weeks exercise
intervention, with high (90% of 1RM) or low (55% of 1RM) load magnitude at equal volume,
applied to the tendinopathic patellar tendon and the influence on its mechanical, material and
morphological properties. We hypothesized a superior effect of the high load magnitude. A
secondary aim was, exploratory, to investigate if T2* relaxation time obtained with MRI UTE could
be used as a noninvasive marker for internal alteration on a material level to quantify early

changes in response to intervention.

2. MATERIALS AND METHODS

2.1 study design

This study was a part of a prospective randomized controlled, single-blinded, superiority trial
conducted in Copenhagen, Denmark. Ethical approval was obtained from the regional Ethics
Committees for medical research (No. H-15017806) and all participants provided written informed
consent. The original randomized controlled trial (paper I) was pre-registered on ClinicalTrials.gov

(NCT03096067).

2.2. Participants

The study included 44 male athletes, age 20-45 years, BMI 18.5-30, patellar tendon pain duration
for more than 3 month, and clinically diagnosed with patellar tendinopathy by a sports medicine
physiotherapist or physician based on defined clinical findings and confirmation by
ultrasonography. Exclusion criteria were corticosteroid injection for patella tendinopathy, previous
knee surgery, arthritis, diabetes, any confounding diagnoses to the knee joint, smoking, patellar
tendinopathy for more than 12 months. For participants with bilateral tendinopathy the tendon
with most pronounced symptoms were selected for analysis of injured site. After a 2-week “wash-
out” period from any previous treatment and resistance training and afterwards baseline

assessment, the participants was randomly allocated to one of two intervention groups: Heavy



Paper Il

slow resistance (HSR) or Moderate slow resistance (MSR). For more details, please see the original

study (Paper 1).

2.3 Intervention

The HSR program was started at 55% of 1RM and progressed over the first 6 weeks toward 90% of
1RM which was then maintained for the rest of the intervention (Intervention protocols are shown
in supplement). The MSR program likewise started at 55% of 1RM but maintained this throughout
the intervention period. The total weekly exercise volume was matched between groups and both
groups performed three weekly sessions, of which one was supervised. Each session consisted of
one bilateral leg press exercise and one unilateral knee extension exercise with each repetition
lasting six seconds (three seconds for the concentric and eccentric phase, respectively). Every
second week a sub-maximal test was performed to estimate 1RM and adjust training load
accordingly. Pain during exercises (numeric rating scale (NRS) <5) was accepted, however, pain
and discomfort were not allowed to increase following cessation of training. Participants were
allowed to perform sporting activities throughout the 12-week intervention period if only causing
light discomfort (NRS <3).

All participants completed a training diary during the intervention using a smartphone application
(Injurymap Science ApS, Copenhagen, Denmark). The training records included training intensity
(repetitions, sets and load), sessions, pain during training (NRS) and information about deviations

from the planed intervention protocol. For further details, please see the original study (paper I).

2.4 Follow-up
Mechanical properties and ultra-short echo time (UTE) MRI outcomes were obtained at baseline
and post intervention (12 weeks), with measurements performed 3-4 days before and after the
intervention period.

Outcome measurements in the original Randomized clinical trial (paper ) were;
Victorian Institute of Sport Assessment-Patella questionnaire (VISA-P) (Function and symptoms),
NRS (tendon pain during activity) and tendon vascularization and swelling (ultra-sound) assessed
at baseline, 6 and 12 weeks of intervention and at 52 weeks follow-up. Isometric strength, Single-

leg decline squat tests, and Jump test (tendon function) and ultrasound and conventional MRI
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(tendon structure) were assessed before and after the intervention period. The previously
published values for tendon cross sectional area (CSA) from conventional MRI at baseline and Post
intervention (12 weeks) were used in the present study for calculation of mechanical properties.
The examination order was identical for all follow-up evaluations, always starting
with MRI at day one, and day two starting with ultrasound examination followed by a 5-minute
warm-up on a bicycle-ergometer prior to further examinations. The participants were instructed

to abstain from physical activity 24 h before examination.

2.5 Mechanical Testing

A previously reported and validated method to measure patellar tendon elongation during
isometric knee extension with ultrasound recordings was used?*%°. In brief, participants were
seated in a custom-made rigid chair with both knees and hips flexed to an angle of 90°
(Experimental set up are shown in supplement). Ultrasound recordings were performed on a HI
Vision Hitachi Ascendus ultrasound machine (Hitachi Medical systems, Japan) with a long linear
transducer (EUP-L53L, Hitachi Medical systems, Japan), the depth fixed at 4.5 cm, a dynamic range
of 70, and gain of 20. A leg cuff, connected to a force transducer (8-channel, TeleMyo 2400T G2,
Telemetry System; Noraxon Inc) was placed on the leg just above the malleolus and trigged by the
investigator to obtain force recordings synchronized with ultrasound recordings. The US
recordings was recorded directly on the machine to gain the best quality. The participants
performed ramped isometric knee extension over 8 seconds up to a maximum contraction on the
injured leg. Four to five ramped contractions were performed with a 1-2 minute rest between the
measurements. To determine tendon force, femur and tibia length were measured for estimation
of the tendon moment arm and the knee extensor moment?®. For participants with unilateral
tendinopathy the measurement was also performed on the uninjured leg.

Patellar tendon deformation was defined as the change in distance between the
patellar apex and the tibia. This distance was determined using a custom Matlab scrip (Matlab
R2016b, The MathWorks Inc, USA) based on a cross-correlation algorithm to track the tendon
insertions on patellar and tibia®>. Around 10 tracking nodes were placed on either apex patellar or
tuberositas tibia and the tracking was performed 2-3 times at each location. Tendon deformation

was then correlated with force measurements using a custom-made excel template to generate a
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force-deformation curve, which was fitted to a second-order polynomial. All curves were manually
evaluated and curves with noise or lacking reproducibility between repeated trails were excluded.
Patellar tendon stress was calculated by dividing tendon force with the average (proximal, mid,
distal) CSA full tendon determined from the conventional MRI. Patellar tendon strain was
calculated as the change in length relative to the initial patellar tendon length determined from 3D
MRI UTE. It was assumed that tendon length does not change over time and therefore the same
length (average of baseline and post) was used at both baseline and post intervention. Stiffness
was calculated from the fit parameters at the peak point for each fitted curve. Max force,
deformation, stiffness, strain and stress were extracted from each fitted curve and a mean of all
included curves for each leg and time point were used for further analysis. To account for
improved strength after the intervention period all curves were cut to the lowest common force
across all participants and timepoints in the analysis of influence of load magnitude. In analysis of
differences between injured and contralateral asymptomatic leg all curves were cut to the lowest
common force between leg and timepoint within each participant. All curve selections and data

analyses were performed blinded.

2.6 Magnetic resonance imaging
All MRI scans were performed in a Siemens Verio® (Siemens, Erlangen, Germany) 3 Tesla scanner.
The subjects were scanned in a supine position using a dedicated 15-channel send/receive knee

coil and only injured leg was examined.

2.6.1 UTE MRI T2* mapping

The 3D UTE-T2* MRI sequences were performed using the following protocol; A slab of 160 slices
was scanned 4 times with a varying Echo Time (TE): 0.07ms, 0.57ms, 1.07ms and 1.57ms (Field of
View (FOV) 160 x 160 mm, matrix resolution 1.45 x 1.45 x 1.00 mm, Repetition Time (TR) 11 ms,
Flip Angle (FA) 12 degrees, scan time 3m 14s. A detailed description of the experimental setup and
measurement has been previously described?!. In brief, the analysis was carried out in three steps.
First, the DICOM files from the UTE recordings were automatically loaded into a custom-made
software (X-Rai IVS, Copenhagen, Denmark). In the program TE was plotted against the signal

intensity on a voxel-by-voxel basis for the whole volume and, based on a mono-exponential fitting
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procedure T2* maps containing T2* values for each voxel and goodness-of-fit maps containing r-
values for each voxel were reconstructed. Secondly, the open source software ITK-SNAP version
3.6.0 for MAC OS (http://www.itksnap.org) was used for segmentation of the patellar tendon
volume used for T2*-analysis. The patellar tendon volume was segmented by manually outlining
the tendon in the axial plane of every 4™ slice. The starting slice was defined as the first proximal
slice displaying the patellar tendon immediately caudal to the patellar bone and the final slice was
defined as the first slice adjacent to the most cranial tendon insertion on the tibial tuberosity
defined where the corpus Hoffa’s fat pad deep to the tendon was no longer visible. After manual
segmentation the tendon volume was calculated using the interpolate labels tool in ITK-SNAP.
Subsequently, the segmented volume from ITK-SNAP was imported to FlJI/Image) (version 1.52,
National Institutes of Health, USA) for quantitative analyses. A macro was set up to extract data
from the T2* and goodness of fit maps within the tendon segmentation, using the particle analysis
function. Mean values of T2* (ms) and volume (mm3), only including voxels in the segmentation
with r>0.8, and volume (mm?3) for all voxels were determined in the total tendon volume as well as

the proximal and distal half of the tendon.

2.6.2 Tendon dimension

Conventional MRI was used to assess cross sectional area (CSA) of the patellar tendon on the
injured site at baseline and 12 weeks as previously described (Paper I). Briefly, the MRI scan was
analyzed in the open source software Horos v.3.3.5for MAC OS (https://horosproject.org) and the
patellar tendon CSA was measured by manually outlining the tendon in the axial plane just distal
to the patella, mid tendon level and just proximal to the tibia insertion as previous described.?’
The procedure was performed 3 times, and a mean for each location was calculated. Average CSA
full tendon was calculated as a mean of the three locations. Results of this analysis has previously
been published (Paper I).

Initial patellar tendon length was determined from 3D MRI UTE baseline scan as the number of
slices, from the previously described first proximal slide to the distal slice multiplied by the slice

thickness (0.73mm).

2.7 Statistical analysis



Paper Il

Statistical analyzes was carried out in GraphPad Prism (version 8.2.1 for macOS, GraphPad Prism
Software, California). Results are reported as mean + standard error unless otherwise noted.
Demographic baseline data and participant compliance were analyzed by use of unpaired Students
t-test. Other outcome parameters were analyzed by two-way analyses of variance (time x
intervention) with time as a repeated-measure and using Bonferroni post hoc analyzes when
appropriate. In individuals with unilateral involvement, difference between mechanical properties
of the injured and contralateral asymptomatic tendons was analyzed by two-way analyses of
variance (time x side) with time as repeated measures. Correlation of material properties
(T2*relaxation time) and modulus and mechanical properties (stiffness) at baseline were analyzed
with Persons correlation. All analyzes were performed blinded as intention to treat with the last
observation carried forward. Significance level for all tests was set to P< 0.05. Per-protocol
analyzes (participants that fulfilled at least 75% of the prescribed training sessions) were also

carried out but did not change any of the conclusions and are therefore not shown.

3. RESULTS

3.1 Participants and compliance

There were no significant differences in baseline characteristics between the two groups (Table 1).
In addition to the two participants excluded from analysis in the original RCT study (Paper I) one
participant was excluded from the mechanical analysis due to non-resolvable technical problems
with the recorded baseline data. The mean total training session compliance (in supplement) was
not significantly different (P=0.12) between the two groups with 78+4% for HSR and 86+2% for the
MSR group. The supervised session compliance was 81+4% for the HSR and 86+2% for the MSR,
likewise with no significant between group difference (P=0.39). The participants performed the leg
press exercise with a mean above 76% of the calculated total absolute volume prescribed and
without any between group difference (P=0.10). Likewise, the knee extension exercise was
performed with a mean compliance above 73% for the injured leg and above 72% for the
contralateral asymptomatic leg with no significant difference between groups for between injured

(P=0.15) nor (P=0.12) contralateral asymptomatic leg.
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|TABLE 1: Baselines characteristics

Variable HSR (n=21) MSR (n=21)
Age (y) 28.8 £ 5.1 (20-38) 32.3+£4.9 (23-41)
Height (cm) 185.8+7.1 180.7 7.2
Weight (kg) 86.7+9.3 82.2+9.2
BMI (kg/m?) 25.1+2.4 252 £2.6
Symptom duration (month) 6.9+2.4(3-12) 7.3+2.9(3-12)
Weekly sport participation (hours) 9.0+4.8(1-21) 7.0 £3.8(1-14)
Pain during activity (NRS) 4.7+2.2(1-8) 5.2+2.0(2-9)
Unilateral/bilateral (n) 14:7 13:8

Values are expressed as mean + SD (range) unless otherwise noted. HSR, heavy
slow resistance group; MSR, moderate slow resistance group.

3.2 Morphological properties

Patella tendon length did not differ (P=0.21) between the HSR (42.0+£1.07 mm) and MSR
(44.05+1.22 mm) group. Similarly, there was no difference in average CSA between groups
(P=0.250) at baseline (HSR: 1.30+0.08 cm?, MSR:1.194+0.06 cm?) or 12 weeks (HSR: 1.30+0.08 cm?,
MSR:1.19+0.05 cm?) and there was no effect of time (P=0.07) and no interaction (P=0.77).

3.3 Mechanical properties

Change in maximal peak force after intervention was 18% in the HSR group compared to the 11%
in the MSR group, however there was no significant group effect (P=0.21). Likewise, there was no
interaction (P=0.32), but a significant effect of time (P <0.0001) (Table 2). Force-elongation and
stress-strain association remain unchanged after the intervention (Figure 1). Additionally, no
group or time effect or interaction were detected for tendon deformation, stiffness, strain or
stress when patellar tendon mechanical properties were analyzed at the highest common force
between each participant’s and timepoint (Table 2).

For participants with unilateral symptoms (HSR+MSR together; n=26), there was no
difference in stiffness between legs (P= 0.08) at baseline (Injured: 2833+107 N/mm, contralateral
asymptomatic 2494+102 N/mm) at baseline or 12 weeks (Injured: 27821121 N/mm, contralateral
asymptomatic 2604+121 N/mm) and there was no effect of time (P= 0.65) and no interaction

(P=0.22).
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TABLE 2: Patellar tendon mechanical properties injured leg

HSR (n=21) MSR (n=20) Pgroup Ptime Pgxt
Pre Post Pre Post

Peak Forcemax, N 4589 +285 5590 +335 5303+305 5968+379 0.21 <0.0001 0.32
Peak Forcecr, N 2482 +6.7 2484+4.3 2499+6.5 2495+3.6 0.02 0.87 0.54
Peak Deformationce, mm 22+0.1 2.2+0.1 22+0.1 2.2+0.1 0.99 0.35 0.81
Peak Stiffnessce, N/mm 2189 + 89 2162 +£98 2198 £100 2111+88 0.85 0.43 0.68
Peak Straincr, % 5.2+0.2 5.4+0.2 49+0.2 5.1+0.2 0.27 0.28 0.83
Peak Stressce, MPa 20+0.9 20+0.9 22+0.8 22+0.8 0.22 0.97 0.86
Peak Moduludcr, MPa 732+37 721+39 828 +45 804 +45 0.10 0.52 0.79

Values are presented as mean+SEM. Two-way analysis of variance was conducted with rehabilitation regime (group)
and time as main factors. Alpha level set at P <0.05. MAX, maximum force between participants and timepoints; CF,
common force between participants and timepoint; HSR, Heavy slow resistance group; MSR, Moderate slow
resistance group; Pre, baseline 0 weeks; Post, after the treatment intervention (12 weeks).
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Figure 1: Pre and post force-elongation (A) and stress-strain (B) curves for maximum force for the two loading
regimes. HSR, Heavy slow resistance group; MSR, Moderate slow resistance group; Pre, baseline 0 weeks; Post, after
the treatment intervention (12 weeks). Peak points are displayed as meanSEM.

3.4 Material properties (UTE T2*)

The mean T2* relaxation time and tendon volume in the proximal, distal and total patellar tendon
part for HSR and MSR, respectively, are shown in Table 3 and Figure 2. There was no significant
effect of time or group an no interaction for T2* relaxation time or tendon volume of proximal,
distal or total patellar tendon. On average around 20% of the voxels in the volume segmented
were excluded due to a poor fit (Table 3). There was no significant group effect on the fraction of

excluded voxels in the proximal, distal nor total tendon part, however, there was a significant time

10
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effect for the distal (P=0.02) and total (P=0.01) tendon part and an interaction was detected

(P=0.04) for the proximal tendon part.

Table 3: T2* and volumes from UTE

Tendon part HSR (n=21) MSR (n=21) Pgroup P time Pgxt
Pre Post Pre Post

Proximal

T2*(ms) 1.76 £ 0.05 1.67 £ 0.06 1.59 £ 0.08 1.67 £0.01 0.35 0.88 0.07
Volume (mm?3) 4025 + 338 3873 + 297 3726 + 268 3623+ 276 0.51 0.10 0.75
Volume gxciug (%) 22+3 21+3 15+3 19+3 0.33 0.08 0.04
Distal

T2* (ms) 1.73 £0.05 1.70+0.06 1.61+0.05 1.71+£0.05 0.45 0.29 0.08
Volume (mm?3) 3296 + 299 3261 + 237 2927 + 198 2958 + 195 0.30 0.98 0.71
Volume gxciud (%) 19+3 22+3 15+3 21+3 0.44 0.02 0.23
Total

T2*(ms) 1.75+0.04 1.68 £ 0.06 1.60 £ 0.06 1.69 £ 0.07 0.29 0.77 0.07
Volume (mm?3) 7321 +621 7133 + 513 6653 + 449 6581 + 445 0.39 0.40 0.71
Volume gxciud(%) 21+3 22+3 15+3 21+3 0.36 0.01 0.06

Values are presented as mean+SEM. T2* relaxation time (ms) from monoexponentially fitting of UTE Images of the
injured Patellar tendon, presented for Proximal, distal and total tendon. Volume; volume of segmentation;
Volumegcug; Fraction of voxel from the segmentation with a fit value r < 0.08 presented as % of volume of
segmentation. HSR, Heavy slow resistance group; MSR, Moderate slow resistance group; Pre, baseline 0 weeks; Post,
after the treatment intervention (12 weeks).
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Figure 2: Values are presented as mean+SEM. T2* values from monoexponentially fitting of UTE Images of the injured
Patellar tendon, presented for Proximal (A), distal (B) and total (C) tendon. HSR, Heavy slow resistance group; MSR,
Moderate slow resistance group; Pre, baseline 0 weeks; Post, after the treatment intervention (12 weeks).
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3.5 Correlation between T2* and stiffness and modulus

There was a significant negative correlation between the T2* relaxation time material properties
and modulus (r=-0.53, 95%Cl [-0.72, -0.27]; P=0.0004) but not with stiffness(r=0.05, 95%Cl [-0.26,
0.35]; P=0.75), Figure 3.
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Figure 3: Scatter plots between T2* and Stiffness (A) and Modulus (B) at baseline. All data presented
are merged values for HSR and MSR group (n=41)

4 DISCUSSION

The current study investigated the effect of a loading-based treatment on the mechanical,
material and morphological properties of tendinopathic patellar tendons using 90% of 1RM (HSR)
or 55% of 1RM (MSR). Both HSR and MSR resulted in significant strength gains. However, contrary
to our hypothesis, there was no effect of 12 weeks of either HSR or MSR on the mechanical
(stiffness), material (T2* relaxation time) or morphological (CSA) properties. For those participants
with unilateral symptoms, stiffness did not differ in the tendinopathic tendons compared to
contralateral asymptomatic tendons at baseline or at 12 weeks.

An increase in patellar tendon mechanical stiffness has been shown to occur in
nearly all training studies of healthy persons, albeit with sizable variation in changes'’. Yet, few
investigations have explored this effects in tendinopathic tendons!®. In the present study, there
was no change in tendon mechanical stiffness for HSR or MSR despite training compliance of
>78%, which yielded an increase in max strength (HSR:18%; MSR; 11%). In contrast, prior studies
have shown a decrease in stiffness of the patellar tendon in response to exercise in tendinopathic

tendons 21128 |t is difficult to reconcile these differences. However, it is interesting that even
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short periods of unloading leads to decrease in stiffness?® and collagen synthesis rate°. Therefore,
albeit speculative, a reduction in loading relative to the pre-injury level caused by tendinopathy
related pain might have lead to a decline in the stiffness observed in previous studies. In the
present study, the weekly sports participation during the 12-weeks intervention period was
unchanged for both groups (data presented in the original paper (Paper 1), which might have
contributed to the unaltered mechanical properties. Furthermore, the results of unchanged
mechanical properties, may simply reflect relatively low turnover tendon in general and that an
adaptive mechanical response may require more than 12 weeks.

Previous work has shown that tendon adaptation is dependent on the magnitude of
load in healthy persons 1>16, Therefore, it was surprising that the data on mechanical properties
was similar in response to MSR and HSR in the present study. The lack of difference underscores
that injured tissue does not respond similarly to healthy tissue when loaded. Tendinopathic tissue
typically displays disorganized extracellular matrix, including increased glycosaminoglycan content
along with increased water content, hypervascularization and cellular content 31, Collagen fibrils
are the tensile load bearing structures 3233, and appear to be continuous throughout the length of
the patellar tendon 3*. However, the lack of change in mechanical properties over time indirectly
suggest that there is not an accretion of collagen to the tensile load bearing fibrils, despite that the
tendon was loaded up to 90% of the maximum quadriceps force.

Tendinopathy is associated with an increase in water content along with
hypervascularization, which results in an increased CSA3!. Although we did not obtain MRI
bilaterally in the present study, our grey-scale ultrasonography data showed increased A-P
diameter by 30% in the tendinopathic tendon compared to the contralateral asymptomatic
tendons (unpublished data) indicating increased water content. In the present study the T2*
values, which reflect the amount of unbound water in the tendon3® ranged between 1.67-1.76 ms,
which is consistent with the existing albeit limited literature on patellar tendon3®3’. We have
measured T2* values of 1.02 ms in healthy patellar tendons (unpublished data), indirectly
indicating that the present T2* values represent pathology. Moreover, the CSA did not change
significantly in response to different load magnitude (55% and 90% of 1RM) over the 12 week
intervention period. This lack of change in CSA seem to be corroborated by the T2* values, which

did also not change over the course of the 12 weeks, indicating an higher but unaltered water
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content in tendinopathic tendon. The stiffness, which does not account for the size of the tendon
and likely reflects the tensile bearing component, did not correlate with the T2* values (Figure
3A). In contrast, the modulus of the tendon, which accounts for the dimensions, including the CSA
and water content, correlated with the T2* values (Figure3B), indicating a coupling between water
content and material properties. The potential of T2* values serving as a biomarker for
biochemical alteration has been investigated in vitro®, but to the best of our knowledge this study
is the first to show this on human in vivo tendons.

In line with previous studies®!? an unaffected tendon stiffness in the tendinopathic
patellar tendons compared to contralateral asymptomatic tendons were shown in the present
study among participants with unilateral symptoms. This further underscores that the changes in
the tendinopathic tendon are related to increased water content more than immediate alteration
in the tensile bearing components. In contrast, some studies’® have shown decreased mechanical
stiffness in tendinopathic tendons compared to healthy controls. Reduction in loading and pain or
a combination might have led to the between-studies variation in stiffness. Activity related pain is
characteristic for tendinopathy? and might have influenced the participants peak force in some
studies. Lower peak force may preclude calculation of material properties on the linear part of the
force-elongation curve resulting in a decreased stiffness compared to pain free tendons. Thus, the
decreased stiffness detected in some studies might be confounded by pain. Furthermore, due to
the progressive onset of tendinopathy, it cannot be ruled out to what extent the stiffness
measured in tendinopathic tendon is the cause nor the result of decreased activity level (loading).
However, in the present study there was no significant difference in maximum peak force
between injured and asymptomatic contralateral tendons indicating that neither pain nor
unloading caused by tendinopathy have influenced the peak force and therefore the calculated
stiffness.

It should be noted that the T2* values in the present study were based only on
voxels in the segmentation with a high quality of fit?!. The tendinopathic tissue area with the most
severe alterations displayed less dense tissue and an inherently higher T2* with poor fitting
quality. Therefore, the T2* values in the present study do not represent the most severe lesion in
the tendinopathic tendons and is therefore likely to underestimate the magnitude of tendon

alterations. Metabolic turnover in the tendons takes place very slowly and alteration in the most
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severe proximal tendon part may be slow or even unchangeable®®. Clearly, the present study only
examined short term effects (12 weeks) and therefore it cannot be excluded that T2* relaxation
time response to load intensity may be altered on a longer time scale.

There are some inherent limitations to this study that need to be considered. First, in
vivo testing of tendon mechanical properties is challenging. However, the method used is
previously validated, and furthermore, we sought to optimize the method and eliminate issues
based on recommendations from a recent critical evaluation of the method*. Additionally, it
could be argued that using lowest between-participants common force might lead to material
properties not being calculated on the linear part of the stress-strain curve for some participants.
However, performing the analysis with lowest common force between timepoints within each
participant (in supplement) did not change any of the conclusions presented in this paper. Further,
we did not detect a response in tendon stiffness due to any of the loading regimes, but without a
non-exercise control group we cannot determine if this is due to training or tendinopathy alone.
Further, a quantification of the morphological and material alterations with MRI on the uninjured
tendon was not possible in the present study. Finally, the most severe part of the tendinopathic
tendon is not included in the calculated T2* values as result due to poor fitting in these areas. To
describe these particular areas, sequences with longer TE are required. However, it was not
feasible to visualize one areas with both long and short TE in the same sequences.

In conclusion, the current study demonstrates that there is no statistically superior
effect of exercising with 90% compared to 55% of 1RM on the mechanical (stiffness), material (T2*
relaxation time) or morphological (CSA) properties. Additionally, for participants with unilateral
symptoms, stiffness did not differ in the tendinopathic tendons compared to contralateral
asymptomatic tendons. Finally, the T2* relaxation time obtained with MRI UTE seems to be an
applicable method for detecting early alteration in response to intervention, however longer
intervention and values from comparable control tendons are needed to further explore the utility

of the method used as a noninvasive biomarker of material alteration in tendons.
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5. PERSPECTIVES

There is insufficient evidence in the literature for the influence of tendinopathy on the mechanical,
material and morphological properties of patellar tendon!*. However, maintaining or restoring the
mechanical properties may be relevant in the management of patellar tendinopathy to regain
optimal force transduction from muscle to bone and secure optimal function.

A previous study*! focusing on the mechanistic response of patellar tendinopathy to different
treatment modalities showed positive effects on mechanical properties with loading based
treatment. Even though especially the HSR regime has been adapted in clinical practice for
treatment of tendinopathy, the optimal magnitude of loading is still unknown. The present study
has compared high load (90% of 1RM) to low load (55% of 1RM) and demonstrated that there is
no superior effect of high load in relation to mechanical, structural or morphological tendon
properties when maintain the total exercise volume equal. We believe this information is clinically
important because the finding indicates that the exercise regime that best fits the patient’s
preferences can be freely chosen. Furthermore, the applicability of UTE T2* mapping as an early
marker for non-invasive quantification of alterations in tendon tissue has been addressed.
However, this method as well as questions regarding the optimal frequency of loading and

whether the findings persist beyond the 12 weeks intervention, require further research.
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SUPPLEMENT

TABLE S1: Intervention protocols
Exercise protokol

Week 1 2 3 4 5 6 712
Sets 3 3 3 4 4 4 5
%ofIRM 55 65 70 75 80 85 90
HSR  Repetitions 15 12 10 8 6 5 4

% of 1RM 55 55 55 55 55 55 55

Repetitions 15 14 13 11 9 8 7
HSR, heavy slow resistance group; MSR, moderate slow
resistance group; RM, repetition maximum.

MSR

TABLE S2: Compliance of prescribed interventions 0-12 weeks

HSR (n=21) MSR (n=21) P- value

Session % of Aim 78.2+4.3 85.8+2.18 0.13
Supervision % of Aim 81.3+4.5 85.7+23 0.39
Load % of Aim

Leg pres 97.6+0.9 99.8 +0.2 0.02

Knee ext TL 93.6+1.3 95.9+0.9 0.16

Knee ext AL 93.5+ 1.7 95.7+0.8 0.25
Reps % of Aim

Leg pres 97.9*1.6 99.7+0.3 0.29

Knee ext TL 97.7+1.2 97.7+0.6 0.97

Knee ext AL 96.5+1.4 98.0+0.6 0.36
Volume % of Aim

Leg pres 97.6+3.5 87.8+1.5 0.16

Knee ext TL 77.8+3.3 83.2+2.1 0.18

Knee ext AL 77.5+3.8 83.3+2.0 0.19
Absolut volume % of Aim

Leg pres 76.8+4.2 84.8+2.2 0.10

Knee ext TL 729+43 80.3+2.7 0.15

Knee ext AL 71.7+4.7 80.4+2.6 0.12
Absolut TUT % of Aim

Leg pres 79.0+£3.9 85.3+2.1 0.17

Knee ext TL 77.1+3.9 834124 0.18

Knee ext AL 75.0+4.2 83.6+2.3 0.09

Values are expressed as % of Aim and presented as mean+SEM. HSR, Heavy slow resistance group;
MSR, Moderate slow resistance group. Knee ext TL, knee extension exercise injured leg;

Knee ext AL, knee extension exercise contralateral asymptomatic tendon. Load, reps and

volume demonstrating compliance during the training session. Absolut volume and TUT percent
of aim demonstrate the total compliance, including missing training session and adjusted for
progression | prescribed load during the intervention period.
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TABLE S3: Patellar tendon mechanical properties injured leg - Within participants common force

HSR (n=21) MSR (n=20) Pgroup Ptime Pgxt
Pre Post Pre Post

Peak Forcemax, N 4589 +285 5590 +335 5303+305 5968+379 0.21 <0.0001 0.32
Peak Forcecr, N 4245+ 283 42391281 4807 +£290 4845+296 0.16 0.04 0.01
Peak Deformationcs, mm 2.8 +0.13 2.9+0.13 3.1+0.20 3.2+0.18 0.22 0.46 0.77
Peak Stiffnessce, N/mm 2899 +£157 2788+ 160 2824 +121 2966+ 125 0.79 0.80 0.04
Peak Straincr, % 6.8+0.39 7.1+0.41 7.1+0.39 7.2+0.37 0.76 0.34 0.74
Peak Stressce, MPa 35+2.75 34+2.74 41+2.49 42 +2.82 0.07 0.56 0.37
Peak Moduludcr, MPa 966 + 54 928 +58 1057 + 46 1117 +53 0.05 0.66 0-06

Values are presented as mean+SEM. Two-way analysis of variance was conducted with rehabilitation regime (group)
and time as main factors. Alpha level set at P <0.05. CF, common force (within participants); HSR, Heavy slow
resistance group; MSR, Moderate slow resistance group; Pre, baseline 0 weeks; Post, after the treatment intervention
(12 weeks).
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Abstract

Background: There is currently a lack of imaging modalities that can be used as a sensitive measure in tendinopathy.
Recent findings suggest the applicability of ultra-short echo time (UTE) magnetic resonance imaging (MRI) T2* mapping
in tendons, but the reproducibility remains unknown.

Purpose: To evaluate test-retest reproducibility of UTE MRI T2* mapping of tendinopathic patellar tendons and to
evaluate the intra- and inter-observer reproducibility of the measurement.

Material and Methods: Fifteen patients with chronic patellar tendinopathy were evaluated with UTE MRI twice in a
3.0-T scanner on the same day. Manual segmentation of the patellar tendon was performed by two blinded investigators
and automated T2*map reconstruction was performed in custom-made software.

Results: There was a significant and numerically small difference in test-retest T2* values (T2*meang;; = 0.06 £ 0.07 ms
~ 3.7%; P=0.006) with an ICC=0.91 (95% confidence interval [CI] 0.58-0.98; typical error of 3.0%). The intra- and
inter-observer reproducibility showed no significant bias (P=0.493 and P=0.052), and generally substantial reproduc-
ibility was demonstrated for T2* (intra-observer ICC =0.99; 95% Cl 0.98—1.00 and inter-observer ICC =0.99; 95% Cl
0.96—-1.00, and typical error 1.3% and |.3%, respectively).

Conclusion: These data demonstrate a small bias between repeated measurements for UTE T2*, but with a very low
associated mean difference (3.7%) between the two tests. The high ICC values and low typical error % demonstrate
reproducibility of repeated T2*-mapping sessions. Further, the method showed substantial intra- and inter-observer
reproducibility for T2* values proving feasibility for use of UTE T2* mapping in research and clinical practice.
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Patellar tendon, tendinopathy, ultra-short echo time imaging, T2* mapping, reproducibility
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although both can be used to visualize the tendon, they
cannot predict clinical outcomes and prognosis or provide
detailed structural information (3,4).

Currently used clinical MRI protocols provide high-
resolution multiplanar images suited for measuring
tendon dimensions. However, the inherent properties
of tendon tissue, with its abundant short T2 species,
make clinical protocols with relatively long echo
times (TE) insensitive to subtle structural changes
that may take place within the tendon before macro-
scopic structural changes detectable by conventional
MRI such as tendon thickening and hyperintensity on
fluid-sensitive sequences. These severe tendinopathic
changes are visualized at a late disease stage when
treatment is often quite challenging and no quantitative
information on disease severity can be obtained on
standard MRI sequences (5). Quantitative mapping
techniques, e.g. T2 mapping, have proven useful in
structural assessment of connective tissue such as car-
tilage (6) and are increasingly implemented in clinical
MRI systems, but scanning sequences with echo times
(TE) of 820 ms are poorly suited for detailed assess-
ment of tendon tissue, which has T2-relaxation times of
1-2 ms. Therefore, ultra-short echo time (UTE) proto-
cols with TE < I ms have been developed, which make
it possible to obtain sufficient signal in tendons for
quantitative purposes, and thus describe the tissue
before severe pathological alterations (7). UTE-
mapping techniques include T2* analysis, and it has
been employed in tendons with encouraging results
(8). Interestingly, UTE-T2* mapping has been reported
to relate to clinical outcomes (9) and free water content
secondary to changes in tendon proteoglycan abun-
dance and collagen disruption in tendinopathy (9-11).
However, in order for UTE-T2* to serve as a useful
tool for monitoring of tendinopathy, the reproducibil-
ity of the imaging modality has to be established, which
has never been investigated. The purpose of this study
was to evaluate the test-retest reproducibility, and the
inter- and intra-observer reproducibility of MRI UTE
T2* mapping in tendinopathic human patellar tendon.

Material and Methods

Study design

The present study was designed as an observational
reproducibility study. Study reporting is in accordance
with the Guidelines for Reporting Reproducibility and
Agreement studies GRRAS (12). Before the actual
study commenced, a standardized protocol for the eval-
uation was developed and rehearsed in consensus
between observers. Two MRI UTE T2* recordings (S1
and S2) were performed, and recordings were subse-
quently evaluated the first time (M1) by two observers

(O1 and O2). To investigate the test-retest reproducibil-
ity, evaluation of the repeated MRI recordings (SI and
S2) were performed by one observer (O1). To investigate
inter-observer reproducibility, recording S1 was evalu-
ated by observer Ol and O2, respectively. Additionally,
to investigate intra-observer reproducibility Ol con-
ducted a re-evaluation of SI after two weeks (M2).

Observers

The two observers performing the tendon segmentation
(AA and NMM) both had prior experience in tendon
and muscle segmentation on MRI images. An experi-
enced musculoskeletal radiologist with particular
expertise in tendon evaluation (PH) supervised the
preparation and training phase. All MRI recordings
were anonymized and randomized before evaluation.
All segmentations were performed in a fully blinded
fashion and no communication between the observers
was allowed during the study phase.

Participants

The study group comprised 15 male athletes with chronic
(> 3 months) patellar tendinopathy (mean age =31 +4.9
years, body mass index [BMI]=25.6 + 2.0 kg/m? ten-
dinopathy duration=7.9 + 2.6 months). The clinical
diagnosis was confirmed by ultrasonography in the
form of tendon swelling and hypoechoic appearance
with pathological power doppler activity within the
tendon. The exclusion criteria were patellar
tendinopathy >12 months, previous knee surgery, con-
founding diagnoses to the knee joint, diabetes or arthritis,
previous corticosteroid injection for patellar tendinop-
athy, and smoking. Due to the lack of existing data on
T2* values in tendinopathic patellar tendons, the sample
size was based on feasibility. The patients were consecu-
tively recruited from a lager ongoing training study reg-
istered at ClinicalTrials.gov (ID: NCT03096067)
investigating treatment of patellar tendinopathy and the
influence of load magnitude on clinical outcome, tendon
structure, and function. The 15 consecutively enrolled
patients were asked to undergo an additional MRI scan
identical to the one planned in the main project; all scans
were obtained before intervention. All individuals gave
written informed consent to participate in the study and
ethical approval was obtained from the Regional
Scientific Ethics Committee (H-15017806).

MRI procedure

All MRI recordings were obtained between October
2017 and June 2018 by three experienced MRI techni-
cians. Two consecutive recordings (S1 and S2) were
performed on the same day by the same technician sep-
arated by an interval of 45 min. During the interval,
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participants were seated in the waiting room until next
scanning. Only the tendinopathic patellar tendon was
examined, and in patients with bilateral symptoms, the
side with the most severe symptoms was chosen. All
participants were instructed to abstain from physical
activity 24 h before the examination. All MRI scans
were performed in a Siemens Verio® (Siemens,
Erlangen, Germany) 3-T scanner. The participants
were scanned in a supine position using a dedicated
15-channel send/receive knee coil. The exact same posi-
tioning of the knee was obtained by using the scanner
laser guides and anatomical landmarks. This ensured
identical positioning of each slide between S1 and S2.
The following MRI protocol was used: gradient echo
(GRE) scout, slice thickness (ST) =6 mm; field of view
(FOV) =280 x 280 mm; echo time (TE) =3.67 ms; rep-
etition time (TR)=7.7 ms; scan time =29 s; flip angle
(FA)=20°; transversal UTE T2* sequence. A slab of
160 slices was scanned four times with a varying TE:
0.07 ms; 0.57 ms; 1.07 ms; and 1.57ms (Fig. 1)
(FOV =160 x 160 mm, matrix reso-
lution=1.45%x1.45%x 1.0 mm, TR=11 ms, FA=12°,
scan time =3 m 14 s). The center of the FOV was fixed
to the isocenter to avoid field inhomogeneity issues.

MRI analysis

Reconstruction of T2* maps. DICOM files from the UTE
recordings were automatically loaded into a custom-made
software developed by X-Rai (X-Rai IVS, Copenhagen,
Denmark). The software was built around a MatLab
algorithm derived from Dr. Petros Martirosian, Section
on Experimental Radiology, University Hospital,
Tiibingen, Germany. TE was plotted against the signal
intensity on a voxel-by-voxel basis for the whole
volume. Mono-exponential fitting incorporating noise
correction and using the Levenberg-Marquardt
method, was performed to reconstruct T2* maps. The
following equation was used (13): S =S - e 4+ C

where S is intensity values from the recordings, TE is
the corresponding echo times, and Sy, T2, and ¢ were
the parameters to be fitted. A lower bound of 0 ms was
applied to all parameters. From the fitting procedure
T2* maps containing T2* values for each voxel
(Fig. 2a) and goodness-of-fit maps (Fig. 2b) containing
r-values for each voxel were reconstructed.

ITK-SNAP segmentation

The open source software ITK-SNAP version 3.6.0 for
MAC OS (http://www.itksnap.org) was used for segmen-
tation of the patellar tendon volume used for T2* anal-
ysis. The segmentation was performed on the sequence
with the longest TE (TE = 1.57 ms) (Fig. 1d). The patellar
tendon volume was segmented by manually outlining the
tendon in the axial plane of every fourth slice, using the

(a) TE=0.07 ms

(b) TE=0.57 ms

Fig. 1. Representative UTE MRI images in the mid-tendon, with
increasing TE (a—d) (0.57-1.57 ms) and decreasing signal intensity
in the tendon.

polygon tool in ITK-SNAP (polygon segment length-
=8). A conservative approach was purposely applied
in selecting the tendon outline to avoid including periten-
dinous tissue. The starting slice was defined as the first
proximal slide without the patellar bone visible (to avoid
any effects of partial volume phenomena) and the final
slice was defined as the first slice where the corpus Hoffa
fat pad deep to the tendon was no longer visible. All
images were identically contrast calibrated (linear con-
trast range 0-2000) before segmentation. After manual
segmentation the tendon volume was calculated using
the interpolate labels tool in ITK-SNAP (Fig. 3).

T2* fitting analysis

The tendon volume segmentation was exported from
ITK-SNAP in the “.nii.gz” format and imported to
FLJI/ImagelJ (version 1.52, National Institutes of Health,
Bethesda, MD, USA) for quantitative analyses. A macro
was set up to extract data from the T2* and goodness of fit
maps within the tendon segmentation, using the particle
analysis function. Mean values of T2* were determined in
the total tendon volume as well as the proximal and distal
half of the tendon. In the goodness of fit map, an area in
the proximal mid part of the tendon was consistently
observed to have a poor fit to the curve, potentially intro-
ducing a source of error. To account for those voxels with
poor exponential fits, mean value was also calculated
solely in voxels with goodness of fit > 0.8 subsequently
denoted corrected (cor) values. The reported outcomes
are the T2* mean (ms), (including all voxels within the
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Fig. 2. (a) Representative T2* map, with scale bar values >4.5 ms in red, black line indicates tendon outline. (b) Corresponding
goodness of fit map (Pearson correlation r-values) with scale bar values <0.8 in blue; black line indicates tendon outline.

Fig. 3. (a) Representative axial mid-tendon section (TE = 1.57 ms), with tendon segmentation overlaid. (b) Sagittal view (c) 3D model
for visual inspection of irregularities after interpolating segmentation.

segmentation), T2* ., mean (ms) (only including voxels in
the segmentation with r > 0.8), volume of the segmenta-
tion (mm®), and volume,,, (mm?) (only including voxels in
the segmentation with r>0.8). Representative plot for
T2* mean and T2*.,. mean is shown in Fig. 4.

Statistical analysis

The statistical analysis was carried out in Excel 2018
(Microsoft® Corporation, Redmond, WA, USA) and
SPSS (IBM®, Version 23, 64-bit edition). To assess bias
between repeated analyses (test-retest, intra- and inter-
observer reproducibility), Student’s paired t-test were
used. An alpha level of P < 0.05 was considered signif-
icant. Intraclass correlation coefficient (ICC) was cal-
culated with 95% confidence intervals (CI) to evaluate
reliability. For intra-observer reliability, ICC model 3.1
(two-way mixed model, consistency type) was used.
For inter-observer and test-retest, ICC model 2.1
(two-way random model, absolute agreement type)
was used. Additionally, typical error percentages were
used as a measure of the relative measurement error.

Typical error percentages were calculated as SDar . 100

(14). All descriptive data are presented as mean = SD.
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Fig. 4. Representative plot from the mono-exponential fitting
procedure made in all voxels for the whole volume. T2*: all
voxels; T2*..,: voxels with r > 0.8.

Results

The mean values and differences of T2* (ms), T2*.,,
(ms), tendon volume (mm?®), and tendon volume,,
(mm®) for the proximal, distal, and total patellar
tendon, are shown in Tables 1-3.
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Table 1. Test—retest reproducibility.

Tendon part SI M| Ol S2 MI Ol Diff P TE %* ICC (95% ClI)
Proximal
T2* (ms) 292+ 1.23 3.13£1.21 0.21 +0.25 0.007 6.0 0.97 (0.81-0.99)
T2%.or (Ms) 1.61 +0.28 1.65+0.27 0.04 +0.07 0.046 3.0 0.96 (0.87-0.99)
Volume (mm3) 3193+ 1153 3218+ 1086 26 209 0.639 4.6 0.98 (0.95-0.99)
Volumeo, (mm3) 2503 + 696 2422 + 692 81 +229 0.192 6.6 0.94 (0.84-0.98)
Distal
T2* (ms) 2.65+1.04 2.96 +1.05 0.30+0.35 0.005 8.9 0.91 (0.55-0.97)
T2%.or (Ms) 1.75+0.24 1.84 +0.20 0.09+0.11 0.008 4.6 0.80 (0.33-0.94)
Volume (mm3) 2600 + 1056 2570 +966 30 +268 0.669 7.3 0.97 (0.90-0.99)
Volumeo, (mm3) 2104 + 696 1956 4 587 148 +298 0.076 10.4 0.88 (0.65-0.96)
Total
T2* (ms) 2.84+0.97 3.09 £0.94 0.25+0.27 0.003 6.4 0.93 (0.58-0.98)
T2%.or (Ms) 1.67 +0.23 1.73 +0.21 0.06 +0.07 0.006 3.0 0.91 (0.58-0.98)
Volume (mm3) 5793 +2160 5788 +£2015 4+420 0.969 5.1 0.98 (0.95-0.99)
Volumeg, (mm3) 4605 1 1370 4376 1+ 1260 228 +-473 0.083 7.5 0.93 (0.78-0.98)

Values are given as mean =+ SD.
*Typical error percentage.

Cl, confidence interval; Cor, corrected; Diff, difference between the two measurements (mean = SD); ICC, interclass coefficient; M|, measurement I;

Ol, observer I; S1/2, scanning | and 2.

Table 2. Intra-observer reproducibility.

Tendon part SI M| Ol S1 M2 Ol Diff P TE %* ICC (95% ClI)
Proximal
T2* (ms) 292+ 1.23 291+ 1.24 0.0l £0.13 0.727 3.1 1.00 (0.94-1.00)
T2% ¢ (Ms) 1.614+-0.28 1.61 +-0.28 0.004-0.03 0.993 1.2 1.00 (0.99-1.00)
Volume (mm3) 3193+ 1153 3255+ 1137 62+ 198 0.246 43 0.99 (0.96-1.00)
Volumeo, (mm3) 2503 + 696 2561 1668 58 +201 0.283 5.6 0.96 (0.88-0.99)
Distal
T2* (ms) 2.65+1.04 2.67 +1.08 0.01 +0.24 0.836 6.4 0.98 (0.93-0.99)
T2%.or (Ms) 1.754+0.24 1.76 +0.26 0.01 +0.06 0.468 2.2 0.98 (0.93-0.99)
Volume (mm3) 2600 + 1055 2778 + 1101 178 +254 0.017 6.7 0.97 (0.92-0.99)
Volumeo, (mm3) 2102+ 696 2231 + 660 129 £200 0.025 6.6 0.96 (0.88-0.99)
Total
T2* (ms) 2.84+0.97 2.83 +0.97 0.01 +0.14 0.837 35 0.99 (0.97-1.00)
T2%.or (Ms) 1.67 £0.23 1.67 +0.24 0.01 +0.03 0.493 1.3 0.99 (0.98-1.00)
Volume (mm3) 5793 +£2160 6033 +2194 240 4 382 0.029 4.6 0.99 (0.96-1.00)
Volumeo, (mm3) 4605 + 1370 4792 + 1300 187 +330 0.045 5.0 0.97 (0.91-1.00)

Values are given as mean =+ SD.
*Typical error percentage.

Cl, confidence interval; Cor, corrected; Diff, difference between the two measurements (mean = SD); ICC, interclass coefficient; M|, measurement I;

Ol, observer |; S1/2, scanning | and 2.

T2* and T2*,,,

Test—retest reproducibility. T2* increased significantly
between S1 and S2 in both the proximal part (7.2%),
the distal part (11.3%), and in the total tendon (8.8%).
T2*.,,. followed a similar pattern with a significant
increase between S1 and S2 (proximal part=2.5%,
distal part=5.1%, total tendon=3.6%). ICC was
> 0.91 (T2*) and 0.80 (T2*_,,) in all regions. Typical
error was<8.9% (T2*) and <4.6% (T2*,,,) in all
regions. Data are presented in Table 1. Limits of

agreement for proximal T2* .. (95% limit of agreement
[LOA]=-0.1 to 0.2) are shown in Fig. 5.

Intra-observer reproducibility. There were no significant
differences in any of the regions between M1 and
M2, neither in T2* or T2*.,, values. ICC was >0.99
(T2*) and 0.98 (T2*.,,) in all regions. Typical error
was < 6.4% (T2*) and <2.2% (T2*.,;) in all regions.
Data are presented in Table 2.
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Table 3. Inter-observer reproducibility.

Tendon part SI MI Ol SI Ml O2 Diff P TE %* ICC (95% ClI)
Proximal
T2* (ms) 292+ 1.23 279+ 1.19 0.14+0.14 0.002 35 0.99 (0.89-1.00)
T2%.or (Ms) 1.61 0.28 1.59 +0.27 0.02 +0.04 0.077 1.8 0.99 (0.96—-1.00)
Volume (mm3) 31934+ 1153 3477 £ 1117 284 4185 <0.001 3.9 0.96 (0.28-1.00)
Volume g, (mm3) 2503 £ 696 2795 + 653 2924189 <0.001 5.1 0.88 (0.04-0.97)
Distal
T2* (ms) 2.65+1.04 2.56 +0.95 0.094+0.20 0.106 5.6 0.98 (0.93-0.99)
T2%.or (Ms) 1.75+0.24 1.73+0.25 0.02 +0.06 0.234 2.3 0.97 (0.92-0.99)
Volume (mm3) 2600 £ 1055 2913 + 1031 313+338 0.003 8.7 0.91 (0.50-0.98)
Volume g, (mm3) 2102+ 696 2394 +709 292 +274 0.001 8.7 0.85 (0.23-0.96)
Total
T2* (ms) 2.844+0.97 2.72+0.92 0.12+0.15 0.008 38 0.98 (0.89-1.00)
T2%.or (Ms) 1.67 £0.23 1.65+0.23 0.02 +0.03 0.052 1.3 0.99 (0.96—1.00)
Volume (mm3) 5793 +2160 6390 42095 597 + 487 <0.001 57 0.94 (0.38-0.99)
Volume g, (mm3) 4605+ 1370 5189 + 1350 584 +427 <0.001 6.2 0.87 (0.09-0.97)

Values are given as mean =+ SD.
*Typical error percentage.

Cl, confidence interval; Cor, corrected; Diff, difference between the two measurements (mean = SD); ICC, interclass coefficient; M|, measurement I;

Ol, observer 1; S1/2, scanning | and 2.

Inter-observer reproducibility. T2* differed significantly
between O1 and O2 in the proximal part (4.8%) and
in the total tendon (4.2%); no significant difference was
observed in the distal part. T2*.,, showed no signifi-
cant differences between Ol and O2 in any of the
regions. ICC was >0.98 (T2*) and 0.97 (T2*..,) in all
regions. Typical error was < 5.6% (T2*) and <2.3%
(T2*.,,) in all regions. Data are presented in Table 3.

Tendon volume

Test—retest reproducibility. There were no significant dif-
ferences in any of the regions between S1 and S2, nei-
ther in volume or volume,,,. ICC was > 0.97 (volume)
and 0.88 (volume.,) in all regions. Typical error
was < 7.3% (volume) and < 10.4% (volume,,,) in all
regions. Data are presented in Table 1.

Intra-observer reproducibility. In the distal part and total
tendon, significant differences were observed between
M1 and M2, in both volume (distal part =6.8%, total
tendon=4.1%) and volume.,, (distal part=6.13%,
total tendon =4.1%). In the proximal part, no signifi-
cant differences in volume or volume,,, were observed.
ICC was >0.97 (volume) and 0.96 (volume.,,) in all
regions. Typical error was<6.7%  (volume)
and < 6.6% (volume,,,) in all regions. Data are pre-
sented in Table 2.

Inter-observer  reproducibility. Significant differences in
both  volume  (proximal part=8.9%, distal
part=12.0%, total tendon=10.3%) and volume.,,
(proximal part=11.7%, distal part=13.9%, total
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Fig. 5. Bland—Altman plot for test—retest proximal T2* .. Gray
line indicates bias. Red dotted lines indicate 95% limits of
agreement.

tendon=12.7%) were observed between Ol and O2
in all regions. ICC was > 0.91 (volume) and 0.85 (vol-
ume.o;) in all regions. Typical error was<8.7%
(volume) and < 8.7% (volume,,,) in all regions. Data
are presented in Table 3.

Discussion

In the present study, we evaluated test-retest reproduc-
ibility and intra- and inter-observer reproducibility of
multi-slice UTE T2* mapping of human tendinopathic
patellar tendons. The test-retest data demonstrate a
numerically small bias between recordings, but a sub-
stantial reproducibility and low typical error percen-
tages between the two recordings. Furthermore, the
method showed excellent intra- and inter-observer
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reproducibility. Collectively, these data suggest that the
method is sufficiently reproducible for use in future
studies of tendinopathy.

To our knowledge, no other studies have investigat-
ed the reproducibility of UTE T2* mapping of tendi-
nopathic human tendons. UTE T2* mapping appears
to be a sensitive measure of collagen orientation and
water content in the tendon tissue (7,15) and can dif-
ferentiate between healthy and tendinopathic tissue
(9,11,16). However, it is unknown whether the magni-
tude of the difference surpasses the inherent measure-
ment variation of the method. In the present study, we
observed a typical error of 3.0% for test-—retest repro-
ducibility, which far exceeds the difference between
healthy and tendinopathic tendon tissue reported in
the literature, which lies in the range of 96%—-190%
(10,11,17,18). Altogether, this indicates that the
method is capable of detecting relevant differences in
T2* values rendering the technique feasible for moni-
toring tendinopathy, and possibly also for evaluating
the effect of various treatments. However, the ability to
detect treatment effects needs further investigation.

It was observed that regions with long T2* times and
poor goodness of fit coincided (Fig. 2). The tendino-
pathic areas with the most severe alterations of the
tissue is less dense, and with a much higher inherent
T2 time. Therefore, these areas may not be suitable for
evaluation using the present UTE sequences since
higher TE is probably required to observe a signal
decay, which would explain low goodness of fit r-
values in these areas (Fig. 2b). In the present study, a
voxel-by-voxel analysis was applied, which enabled us
to exclude voxels with low r-values making the derived
T2* ., values more robust (Fig. 4). This may be a more
relevant measure than simply including the whole
tendon volume without taking into consideration the
quality of the fit. Thus, the most severely affected part
of the tendon is not included in the T2*_,, values in the
present study. To describe the areas with the most
severe lesions, sequences with longer TE are likely
required; to examine different parts of the tendon at
different stages of disease would require protocols that
are tailored to the severity of tendinopathy. This
assumption should be addressed in future studies.
With the current method we aimed to describe the
parts of the tendon that are not usually visualized in
clinical MRI protocols, i.e. the areas within the tendon
in which the structural alterations are less severe and
possibly most responsive to treatment. Therefore, the
following discussion is based on the T2*.,. values
unless stated otherwise.

The present data showed a small systematic increase
in T2* values from the first to the second recording
(mean difference ~3.0%), which might relate to a
higher free water content of the tendon after inactivity.

It is well-known that dense connective tissue, such as
tendons, mainly consists of short T2 components
reflecting water molecules bound to collagen molecules
and proteoglycans (15). However, tendon tissue also
contains a small fraction of long T2 component in
the form of unbound water and both the short and
long T2 components influence the T2* values. Grosse
et al. (19) showed that T2* values are decreased by
prior physical activity. In the present study, the
patients were inactive during the initial scan (~40
min) and for approximately 45 min between the
scans; consequently, the increase in T2* could reflect
a slightly higher free water content after a period of
inactivity. Thus, a standardized pre-scan resting
regime could possibly further improve the reproducibil-
ity of the method. In the present study, the patients
were instructed to abstain from physical activity 24
h before the examination. However, the majority of
the patients did load their tendon to some extent trans-
portation themselves to the MRI facility, which might
have resulted in a small drop in T2* values with a sub-
sequent increase after inactivity. These findings under-
score the need for strict standardization of the method
in future studies, but also indicate that the method may
be quite sensitive in detecting small changes in water
content.

Another contributing factor to the systematic
increase in T2* values over time could be inherent tech-
nical variation of the MRI method. To test the isolated
technical variation, primarily thought to arise from dif-
ferences in shimming, we performed test scans (data
not shown) on repeated UTE T2* sequences of
MnCl, phantoms (1, 2, 4, 8, 16, and 160 mM). There
was a small technical variation at about 1% between
two scans, which infers that the technical variation only
accounts for a small part of the variation seen in the
tendons.

Inhomogeneity in the By field could also be a con-
tributing factor to the test-retest bias, due to partici-
pant positioning variation between the two
examinations. From visual inspection of our imaging
dataset, we observed that participants were placed
almost identically (within 0.5 cm) in the scanner
between S1 and S2. Furthermore, no systematic differ-
ence in placement between S1 and S2 was found (data
not shown). Based on this, we believe that the small
variation in T2* values between the scans is unlikely
explained by field inhomogeneity. Patient movement
was minimized by careful knee fixation in a knee-coil
and we did not observe signs of movement artefacts in
our imaging data.

The present study showed excellent intra- and
inter-observer reproducibility. Not unexpectedly, the
intra-observer reproducibility was higher than the
inter-observer, thus indicating that the introduction
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of more than one observer will tend to increase mea-
surement variability. Future optimization of the cur-
rent method could include automated segmentation
to reduce observer dependency inherent in manual
segmentation.

The calculated T2* values in our study are generally
lower than T2* values in the previous studies. Grosse
et al. (17) studied T2* values of tendinopathic and
healthy tendons and found a higher T2* (4.27 ms) in
tendinopathic achilles tendons compared to our obser-
vations for total tendon in patellar tendinopathy (test—
retest T2* =2.84-3.09 ms; T2*.,,=1.67-1.73 ms). For
healthy controls, they showed lower T2* mean values
at 1.47 ms. Other data in the literature, for example a
study by Juras et al. (9) reported even higher mean T2*
values of 3.3540.45ms in healthy volunteers and 6.56
+1.70ms in symptomatic patients. Likewise, Filho
et al. (20) reported higher mean T2* values at 2.18
4+0.30ms in normal tendons. However, this study
(20) was performed in cadaver samples, which may
not adequately reflect in vivo values, in addition to
the fact that freezing and thawing of samples could
affect T2* values. Further, we cannot rule out that
the difference between the patellar and Achilles
tendon might be part of the observed variation. Only
one previous study has investigated human patellar
tendons (18) and reported T2* values of 2ms for
healthy tendons and 3.1 ms for tendinopathic tendons,
which is comparable to the values of the present study.

In many of the previous studies (9,11,17), all voxels
in a certain segmentation have been included in the
analyses regardless of the quality of the fit, and the
values are based on few selected slices. In contrast,
T2*.,; calculated in the present study is based on the
whole tendon volume rather than selected slices, and
voxels with poor fitting were excluded from the analy-
ses. As mentioned previously, voxels with a poor fit
coincided with high T2* values, thus exclusion of
those voxels contributes to the lower T2* values in
the present work. Correspondingly on the test scan
performed on a MnCl, phantom, the lowest concentra-
tion chamber (1 mM) with the longest inherent T2 dis-
played no signal decay across increasing TE, and thus
yielded a poor fit to the curve. Altogether this confirms
that sequences tailored to describe the most severe
lesions in the tendinopathic tendons still need to be
applied alongside UTE sequences to comprehensively
describe the chronic tendinopathic tendon.

One limitation of the method in the present study is
the relatively large variation of the volume measure-
ments. A conservative approach was applied in manu-
ally outlining the tendon to avoid inclusion of
peritendinous tissue, which may have led to some
underestimation of the total tendon volume.
However, by this conservative approach, we minimized

the risk of including peritendinous tissue with a poten-
tial poor fitting and high confounding impact on the
T2* values, and thereby we ensure that the values
obtained primarily describe the tendon proper.
Moreover, the variation in the volume measurements
did not seem to bias the T2* values in the present
study, which remained within a narrow range of
values when comparing values for intra-observer,
inter-observer, and test-retest measurements
(Tables 1-3), thus the variation in the segmentation
does not seem to influence the T2* values to a signifi-
cant degree.

The present study focused on patellar tendons and
included only chronic tendinopathies. Therefore, addi-
tional studies on healthy patellar tendons and early
stages of patellar tendinopathy are needed to further
expand our knowledge regarding UTE MRI derived
T2* values in patellar tendons. However, we believe
our results provide important new knowledge and
data that support the feasibility of applying the
method in future studies in tendons. The present
study was conducted on a sample of 15 individuals,
which is arguably on the low end. However, it is com-
parable to previous studies utilizing UTE T2* map-
ping, which have included an equivalent or smaller
sample size (16-18).

The potential ability of the method to characterize
tendon composition in more detail and detect subtle
changes beyond what can be achieved by ultrasound
and clinically available conventional MRI sequences
may prove highly useful in the early detection and
objective monitoring of tendinopathy in a clinical set-
ting and in interventional studies. Although clinical
MRI protocols have the ability to visualize structural
changes in the tendon, only the most severe alterations
can be detected. With UTE sequences, sufficient signals
can be obtained from tissue with relatively low T2,
which enables assessment of the tendon regions that
are not visible with clinical sequences. This is expected
to be of importance since these regions of the tendino-
pathic tendon are likely most susceptible to treatment
compared to severely affected regions. The most com-
monly used modality to visualize tendon structure is
ultrasound, and this method has the advantage of
being applicable bed side in a clinical setting, but the
sensitivity to minor alterations in tissue structure is
low, it is highly dependent on the investigator and
there is a poor correlations with prognosis and clinical
outcomes (21-23). UTE T2* mapping serves as an
addition to US and conventional MRI that should be
considered when imaging tendon tissue in future stud-
ies, especially if interventions aim to alter and monitor
early changes in structural integrity of the tissue.
However, we acknowledge that it is too early to imple-
ment these sequences clinically, and also that they are
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typically not readily available for clinical use.
Nevertheless, we do believe that there is a need for
more robust non-invasive measures of the tendon
structural integrity and that UTE T2* may be an
important future application.

In conclusion, we have demonstrated that UTE-T2*
analyses show high levels of agreement and reliability.
A small difference for test-retest values was observed,
but with a very low associated mean difference (3.7%)
between the two tests. The method also showed excel-
lent intra- and inter-observer reproducibility.
Collectively, the data suggest that the UTE-T2* proto-
col applied in the present study is sufficiently robust for
use in research and clinical practice in early detection
and objective monitoring of tendinopathy, potentially
providing valuable information about tendon structure
that cannot be obtained with current clinical MRI
protocols.
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