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Abstract

Muscle structure and function aneportantto quality of life and physical performance.
With eccentric and isometric resistance training established for improving muscle size and
strength, eccentric quasiometric (EQI) contractions, defined &sh ol di ng a posi t
isometric failure and mamially resisting the subsequent eccentricpbase ar e t he f ocu
thesis. The primary aims were to answeh e over arching research (
acute,andlong er m ef fects of EQI | oadliSygtfematinandhu s cl e
narratve reviews were conducted, followed by the evaluation and optimization of testing
methods, culminating in acute and skHerim experimental studies.

Reviews of the literature established that isometric training at longer muscle lengths
producedgreater hypertrophy than volureguated shorter muscle length training {0.1
1.0%-week!, effect size (ES) = 0.68.2-week!), and transferred better to full range of motion
(ROM) performanceBallistic intent resulted in greatercreases imate of torque development
(RTD) and neuromuscular activation 6-3.6%-week', ES = 0.030.28-week'). Hypertrophy
and strength improvementwere not related to isometric training intensityowever,
contr act weeligely @quitedtdimprove texdon qualitiesWhile there is a lack of
studies directly examiningQls, they may provide a practical means of increasiatpbolic
and hormonal factors, while safely applying large quantities of mechanical tensideQl
training appears to be effective rfamproving musculotendinousmorphological and

performance variables with low injury risk.

To be confident in the primary findings of the PhD, it was important to test and
determine an optimized assessment battery for the acute arfongffects anddaptations
to EQI loading. Repeatedetweenday testing determined that ultrasound derived muscle
thickness (MT) and subcutaneous fat corrected echo intensity (EI) had low variability in all
guadriceps muscles and regions. Pennation aftfi@ énd extended fieldf-view fascicle
length (FL) could only be reliably assessed in the vastus late€aiscentric torque and
impulse wereaeliable between 9€0° of kneeflexion. Maximal voluntary isometric torque
(MVIT), and RTD and impulse from-200 ms can be confidently assessed regardless of joint
angle. Correlational analysis revealed ttia¢ isometric lengthension relationship was
minimally associatewvith regional architecture and that the middle and distal architecture were
the strongestnedictors of MVIT.



When comparing impulsequated bouts of EQI and isokinetic eccentaading
(ECC), physiologicatesponses were similar in 21/56 variabE®Is resulted in greater vastus
intermedius swelling (7-8.8%, ES = 0.20.29), whereas EC@sulted in greater soreness at
the distal and middle vastus lateralis and distal rectus femoris3061%0, ES = 0.3D.54)
and larger echogenicity increases at the distal rectus femoris and lateral vastus intermedius
(11.915.1%, ES = 0.20.54). Furthenore, ECC led to larger reductions in concentric-(8.3
19.7%, ES = 0.49.62) and isometric (6:32.3%, ES = 0.18.70) torque an®TD at medium
long muscle length§.here were substantial differences in the number of contractions required
to impulsematch the condition$ECC: 100.8 + 54 vs EQI: 3.85 £ 1.l\lean contraction
velocity over four contractions was 1.34°-with most (62.5 + 4.9%) impulse produced
between40-70°. Most betweegontraction changes total angular impulse, contraction
velocity, and timeundertensionoccurred between 380° (ES = 0.53 + 0.31, 60 = 52%), while
kinetics and kinematia®latively constant between-8M0° (ES = 0.10 + 0.26, 14+324.6%).
Findings suggest that EQI loading could be an alternative to traditional resis&ince,
possibly for individuals suffering from, @usceptible to musculoskeletal injuBractitioners
could shift the loading distribution to longer mus@edths by prescribing a greater number
of contractions, reducing rest periods, or implementing EQI contractions towards the end of a

traditional training session where fatigue may be present.

Although extensive future research is required to understasherlyimg mechanisms
and longterm adaptations, the thesis provided novel and original information on the
biomechanics and physiological effects of EQI loading. With the benefits ofefiiicency
and minimal negative effects, EQI training is likely bespleed in rehabilitationgeneral
preparatory, unloading, or transition periods of the periodized plan.
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Chapter 1
Chapter 1 - Introduction

Rationale and significanceof the thesis

Muscle form and function are atmostimportance to ensure a high quality of life and
optimal performance. Therefore, sport and rehabilitation professionals constantly search for
new methods and applications that will improve these physiological qualities. Scientists and
practitioners are ats educated and interested in the mechanistic outcomes of training
modalities, which serve to improve the evidence base of exercise physiology, biomechanics,
and motor control. While educated practitioners stay up to date with the latest research, several
training methods are commonly utilized and have significant anecdotal backing, but little to no
peerreviewed data to support their use. Variations of eccentric and isometric resistance
training, including eccentric quasiometric (EQI) contractions cdined by Yuri
Verkhoshansky377)), are such methods, with the latter providing the focus of this tlesis.
this thesis, EQls is defined as Aholding a p
thesubsequent eccentricphase As very Il ittle |Iiterature exi
morphological and neuromuscular adaptations and the importance of their biomechanical

characteristics are briefly discussed below.

Musclemorphology

Mechanical tension is produced by force generation and stretch, both of which are
effective in promoting muscular hypertropf$08). While eccentric contractions have the
highest potential for muscular force production, isometric muscle actions can be easily
prescribed to specific pomtin the range of motion and are less likely to result in muscle
damagelue tothelesscalcium ioninflux into muscle cells and subsequent activation of calpain
when compared to lengthening contracti(889). Strength gains are johaingle specifi¢205),
however, increases in muscular hypertrophy, at longer muscle I€ag8stendto transfer to
all joint angleg(9, 188 250 251). Although static contractions result in less muscle damage
and less dramatic musculEndinous adaptations compared to maximal eccentrics, isometrics
at long muscle lengths produce greater acute muscle damage and soreness compared to short

muscle lengtl{11).

Cumulative tension and total workload are key determinants of hypertrophic adaptation
regardless of contraction tyg@36). This was demonstrated by Moore et @36) who
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compared the effects of load matched conceinid eccentric resistance training. Despite the
40% greater time efficiency of the eccentric training, there were no significant differences in
torque or muscle thickness adaptations between gr@3@&s Acute hypoxia and metabolic
stress are two additional mechanisms thought responsible for hyper{@phyWhile low
intensity singlgoint isometric contractions have been found to result in blood flow restriction,
the effects of multjoint isometric and quassometric contractions have yet to be examined.
Exerciseinduced muscle damage is another impdrfantor to consider. Eccentric muscle
actions typically result in a greater degree of acute myofibril rtrenama and delayed onset
muscle soreness as determined by elevated serum creatine kinase, myoglobin, and skeletal
troponinl levels(72). At least n the short term, these markeincidewith a temporary
reduction in muscle force, rate of force development, and poway. While the
aforementioned effects of eccentric and isometric loading in isolation are known, the effects of

EQI loading on muscleorphology arenot.

Contractile performance

As previously mentioned, the larger morphological and architectural adaptations
following long muscle length isometric and eccentric loading are presumably due, at least in
part to the greater degree of fascicle stretch, which results in greater musaige darsltered
lengthtension relationshipgll, 59). This increase in sarcomere complianselemonstrated
by acute and longerm shifts in the lengttension relationshifil 35). These shifts are proposed

to reduce injury potential, and jotahglespecific performancéshs, 211).

Contraction duration and intent are other factors to consider when evaluating the effect
of resistance trainin(y4). Although a variety of isometric training and exercise methods have
been described122 157, 305, the majority of isometric literature utilidemaximally
contracting against an I mmovable object. R €
isometrics, with the intent of preventing eccenttantraction, create different fatigue and
neuromuscul ar characteristics compared to #fAp
contraction leading to faster task failure and greater antagonist and synergist agtiz#tion
157, 300, 305). Whet her Ayi el ding isometricso- or EQ
tension/torqueangle relationsp are unknown and warraninvestigation. As with muscle
structure and form, the potential acute and {@rgh changes in contractile performance,

including maximal, and joiranglespecific outputs requires examination.
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Biomechanical profiling

As discussed above, contraction kinetics and kinematics play a major role in
determining acute morphological and performance shifts, andtéwngadaptations. Several
studies have determined that fast eccentric contractions cause greater muscle deenags, so
and acute performance reductions, relative to slow veloqifiéds65, 66). Additionally,
researcherbave examined the effects of range of motion, and contraction duration with a
consensus supporting longer thmedertensiong164, 344), and larger ranges of motion when
aiming to improe muscle size and performar{8&0). Therefore, it is important to characterize
the above biomechanical variables when examining new contractions, or altered loading

parameters, including EQIs.

Potential applications

While the above factors are important to understand, implementable, practical
applications must be established. Several training models account for hypertrophy focused
periods or plans for individual exercises or sets within a training program. Whilelbading,
including supramaximal eccentric training, offers a strong stimulus to promote muscular

growth, training volume is the most important faq36, 309).

There is no onaizefits-all approach to injury rehabilitation protocols. However,
injuries to any of the structures invely in force transmission require mechanical overload at
some point in the rehabilitation process. Isometric and gs@sietric exercises are already
commonplace in the initial phases of muscular and tendon rehabilitation protocols as they allow
for tightcontrol over the range of motion and inten$ity8 293-295 357); likely as peak joint
forces would typicallype lower than other loading strategies including eccentric contractions
or stretchshortening cycle activity288). Furthermore, while progressive mechanical tension
is crucial (172 174), slow movement velocities should be prescribed to stimulate damaged
fibers (22). Therefore, he combined static and lengthening phases of EQI contractions may
serve the dual purpose of providing an analgesic effect while also stimulating connective tissue

reformation in a timeefficient manner.

Originality of the thesis

Researchers pride themselves on being on the cutting edge of knowledge. However,

athletes and practitioners often utilize training methods that have not been scientifically
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validated but are practically bentécffindogsal . Th
to confirm, contradict, or reshape what coaches had been practicing. Therefore, the topic of
EQI loading is extremely original as no current peer reviewed research, acuteerongr

otherwise, exists examiningisthybrid contraction typ. The thesis is also original as several

of the morphological, architectural, and neuromuscular evaluations are expanded and
optimized versions of prexisting methodological approaches. This thesis is also one of the

first to use total angular impulsernmatch conditions, a method that may assist in similar future
research. Finally, the use of resistatregned participants is original as the vast majority of

the relevant |l i terature is exclusive to untr

Researt aims

Given the above factors, the overarching
the acute,andlonger m ef fects of EQI | oadi Togdd®ess musc
these questions, the following aims were identified.

1) Critically reviewthe relevant literature to determine the possible outcomes of EQI
loading and identify best practices and current methodological limitations for
performing such research.

2) Test and determine an optimized assessment battery to determine the acute and
long-term effects and adaptations to EQI loading.

3) Define the biomechanical profile of EQI contractions, while determining between
contraction kinetic and kinematic shifts.

4) Determine the shotterm effects of EQI contractions on delayed onset muscle
soreness, mafe structure, and neuromuscular performance relative to a typical
bout of eccentric contractions.

5) Compare the acute hormonal, physiological and morphological effects, and long

term structural and neuromuscular adaptattori&QI resistancéraining.

Structure of the thesis

The structure of the thesis is summarized in Figure 1.
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Biomechanical Profiling and Physiological Responses to

Eccentric Quasi-Isometric Training

[ Chapter 1 - Introduction ]

( Section 1 — Review of literature \

Chapter 2 - Isometric training and long-term adaptations: Effects
of muscle length, intensity, and intent: A systematic review

Chapter 3- Scientific basis for eccentric quasi-isometric

\ resistance training: A narrative review /
/ Section 2 — Methodological considerations \
T . 4
Chapter 4 - Variability of regional ) Chapter 5 - Variability of regional
quadriceps architecture in trained quadriceps echo intensity in active
men assessed by B-mode and extended young men with and without
N field-of-view ultrasonography subcutaneous fat correction )
4 N L )
Chapter 6 - Variability of concentric Chaptef‘ 7- Vf‘“ablllt.y of
angle-specific isokinetic torque and multiangle isometric
impulse assessments of the force-time characteristics in
K\ knee extensors JAN trained men y
Section 3 — Correlational analyses
Chapter 8 - The effect of regional quadriceps muscle anatomical
parameters on angle-specific isometric torque expression
/ Section 4 — Short-term effects and biomechanical profiling of \

eccentric quasi-isometric resistance-exercise

Chapter 9 - Short-term neuromuscular, morphological and architectural
responses to eccentric quasi-isometric muscle actions

Chapter 10 - Kinetic and kinematic profile of
eccentric quasi-isometric loading

- /

Chapter 11 - Summary, practical applications,
and future research directions

Figure 1. Thesis structure schematic.



Literature reviews

Chapters 2 and 3 present literature reviews on EQIs and adjaening
methodologies. As there are currently no studies examining EQI loading or training, a
systematic review of isometric trainirgrguably the most similar established contraction,type
was performed (Chapter 2). The systematic search, criticalatvalyandsynthesis of findings
aided in determining the likely effects of specific EQI relevant training variables, including
muscle length, and contraction duration, intensity, and intent. Additionally, the systematic
review provided a detailed overvi@fcurrent study designs, methods, and measurements used
to determine contraction characteristics and track adaptations to the musculotendinous system

and alterations in contractile and neuromuscular performance.

With the longterm adaptations to different isometric training established, a narrative
review speculating on the biomechanical profile, and acute,-&rart and longerm effects
of eccentric quassometric loading was performed (Chapter 3). A searthretevant
biomechanical, physiological, and biological scientific research was performed, synthesized,
and critically evaluated. The purpose was mfatieted, including developing a context
relevant rationale for the value BRI training, determining pential practical applications,

and highlighting areas for research and appropriate methods and research designs.

Methodological considerations

The literature reviews highlighted several common evaluations of muscle structure and
function, with the poteidl for these methods to be improved, assisting the identification of
acute changes and lotgrm training adaptations. Therefoi@hapters 47 focused on the
determination of measurement variability and optimization. Thus, several regional muscle
specifig and jointanglespecific evaluations of muscle structure and function were examined.
Finally, while each evaluation could be useful, it was important to determine which evaluations
were most practically usefuh the context of this thesig herefore, aorrelational analysis
between several of the examined evaluations was performed (Chapter 8).

Acute and shortterm effects

While gathering information, introducing EQIs to the scientific literature, and
establishing a robust battery of testsreimportant features of the thesis, the main purpose
was to be the first to directly study EQI loading. Therefore, a 4@ort invesgation was

implemented to compare the effects and recovery of isotonically loaded EQIs with an impulse
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equated bout of isokinetic eccentric contractions (Chapter 9). Thetsharstudy intended to
determine the effect of EQIs on contractile performameetphological and architectural
shifts, and muscle soreness, offering a snapshot of the effects of EQIs in comparison to the
well-studied eccentric contraction. Thus, practitioners could be informed as to when, where,

and how to implement EQI training.

Chapter 10 was an acute investigattbat was performed to further categorize EQI
contractions, antb better inform future training studies wiegossible. The purpose of the
acute session was to determine the biomechanical profile of EQI loading amalyaze
changes in the kinetic and kinematic characteristics over a series of contractions. The kinetic
and kinematic analysis would guide the implementation of EQI loading through a single session
to inform researchers as to the betwsehdrop irperformancejnforming longterm training
studies. Furthermore, the study aimed to propose total angular impulse, throughout the ROM
as a means of tracking training load and comparing EQI loading with other training modes;

something that could be utilized wheomparing contractions of all varieties.

Long-term effects

Once informed on the background scientific literature, and the-sranteffects, the
final proposed study was primarily designed to determine the medium teelongeffects of
EQI training. Whie shortterm studies are important to understanding exercise, it is difficult to
predict the longerm effects of training without performing a training intervention. Therefore,
the purpose of the proposed training intervention was to determine thecéfEg@t training
on the isometric and isokinetic fortiene characteristics throughout the lengghsion
relationship and to examine the effects of training on regp@tific muscle morphology and
architecture. Like the shetérm study, isokinetic eccit training was proposed as the second
experimental condition due to its frequent use in research and strength and ciogdiiroles.
As a secondary purpose, blood and biopsy measures were to be taken following the initial and
final sessions of EQIsna eccentric contractions to examine the correlation between acute

physiological shifts and lortgrm morphological adaptations.

Unfortunately, the Covid 9 situation forced an abrupt stop to the longitudinal study,
and the continued closure of Australian laboratories rendered the analysis of any acute blood

and biopsy measures impossible.
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Chapter 2

Chapter 2 - Isometric training and long-term adaptations: Effects

of muscle length, intensity, and intent: A systematic review

Reference

Oranchuk DJ, Storey AG, Nelson AR, and Cronin JB. Isometric traininglamgterm
adaptationsEffects of muscle lengthntensity,and intent: A systematic revie®cand J Med
Sci Sport®9: 484503, 2019.

Author contribution
Oranchuk DJ80%; Storey AG5%; Nelson AR5%; Cronin JB10%.

Prelude

The distinctlack of literature examiningccentricquastisometricresistanceraining,
made performing a systematic review on the topic impossible. However, the ability to collect,
evaluate and understand existing auedentric quasisometricrelevant data was amportant
step in the process of examining the unique muscle action. Understanding these training
variables and their effects on muscular hypertrophy, netaacteristicand performance
alterations forms the base of the thesis and allows for the drycofvenportant questions to
be addressed in the proceeding chaptedditionaly, the systematic review was performed to
identify relevantresearchdesigns and methodolieg to robustlyexaminetraining induced
physiological musculoskeletal, and neurostularcharacteristicend adaptations. Therefore,
chapter two utilized a systematic search and review of literature to improve the understanding
of isometric training variables including muscle length, intensityation,and contraction

intent.



Chapter 2

I ntroduction

Resistance trainings widely utilized as a component of physical preparation for
populations ranging from elite strength and poathietes tanjured members of the general
public (180. Commonly documented resistance training adaptations include increased muscle
masy79), tendon quality(76, 175 218), strength, power, and range of mot{@39), delaying
muscular fatigue(1, 350, and improving voluntary activatiof3). Dynamic movements
incorporating thestretchshorteningcycle comprise the overwhelming majority of resistance
training programg179. However isolated concentric, eccentric and isometric contractions
have specific advantages when improving musculoskeletal properties ammuoscular
function (58, 185, 219, and are increasing in populari®6). Isometric contractions (where
the muscleendon unit remains at a constant length) and their role as a training option provide

the focus of thishapter

Training with isometric contractionisasbeen purported to haweeveraladvantages.
First, isometric training allows for a tightly controlled application of force within -fraie
joint angles in rehabilitative setting$40, 182). Second, isometric training provides a means
to induce foce overload as maximal isometric force is greater than that of concentric
contractiong4). Third, a practitioner who understands the physical demaraispafrtmay be
able toutilize isometric training to focus on specific weak points in a range of motion that can
positively transfer t@erformancg361) and injury preventior{367). Isometriccontractions
can also be used to provide an acute analgesic effect and allow fdrgeadynamic loading
(293 295 by altering &citatory and inhibitory functions in the corticomotor pathwgh3l).
Additionally, isometric ontractions are a highly reliable means of assessing and tracking
changesn force productior(242, 243 390). However, the ability of isometric assessments to
predict dynamic performance is questional@é2 243 390), despite multjoint appraisals
showing promisé€92, 168 226, 266).

Isometric training can elicit changes in physiological qualities including muscle
architecturg(9), tendon stiffness and healgh88 295), joint anglespecific torqug188 250,
251), and metabolic function@14). As with any mode of resistance trainisgyeral variables
can be manipulated to alter the stimulus. The most common isometric training variations
include altering joint anglef®, 35, 188 205 231, 250, 251, 289, 335 353 and contraction
intensity or duration(19, 21, 32, 164, 169, 231, 314, 344, 354). Less frequently researched

10



Chapter 2

variations include contraction intent (eg. ramgballistic) (32, 216, 354) and incorporating
special methods such as blood flow restricii8g 327), vibration (104, 325), and electrical
stimulation (8). Additionally, emerging research has demonstrated unique neuromuscular
cha acteri stics b e, texerirg rforcd ggairsthan mygnovable iobjeet) and
Ahol di nmaintair(ing .a goint position while resisting an external force) isometric
contractiong122, 157, 299-301, 305, 320). Understanding the loading parameters that achieve
a desired adaptive response muscle and tendon would be of benefit gmactitioners
Therefore, the purpose of thigview was to systematically evaluate research directly
comparing the outcomes of isometric trainwagiationsand to provide training guidelines for

avariety of desired outcomes.

Methods
The systematic review conformed to the
Reviews andMeta-Analyse® ( PRI S MA) (208 uThedetoie,inmlesstutional Review

Board approval was necessary.

Literature search methodology

An electronic search was conducted utilizing MEDLINE, SPORTDiscus, Puldavidd
CINAHL databases from inception to March 2018. Key tewase searchetbr within the
article title, abstract, and keywords. @sing
Combinations of the following Boolean phrases comprised the search tisonsetric train*)
AND (strength* OR stiff*);(Isometric train*) AND (muscle* OR tendon*flsometric train*)
AND (session* OR week*).

Inclusion and exclusion criteria

Studieswvere includedn the review based on the following criteria: 1) full text available
in English; 2) peefreviewed journal publications or doctodiksertationsand 3) the study
compared two or more variations of isometric trainffydies were excluded if they; 1) nge
conference papers/posters/presentations; 2) focused on small joints or muscles such as fingers
or toes; 3) primary dependent variables were related to cardiovascular health;djnmaom
subjects; 5) irvitro; 6) the intervention period was less thaneéhweeks in duration, 7)
included variables such as blood restriction, vibration or electrical stimul&ganch strategy

and inclusion/exclusion resulsse summarizeth Figure?2.
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MEDLINE: n=1714

PubMed: n =298

SPORTDiscus:n=1172

CINAHL:n=10624

Reference lists and textbooks: n= 12

Duplicates removed: n = 2538

Records screened by title or abstract: n = 1283 Articles excluded: n = 1223

Articles excluded: n = 35

A 4

Full text assessed for eligibility: n = 61 .
Reasons for exclusion:

Cardiovascular measures = 11
Nerve stimulation = 10
Blood flow restriction = 6
Vibration = 6

Intervention length = 1
Training frequency = 1

Articles included in final analysis: n = 26

Figure 2. Search strategy

Quality assessment

Studies that mehe inclusion criteria were assessed to determine their quality based on
established scales utilized in the fields of sport and exercise science, kinesiology, health care
and rehabilitation. Adapted from a systematic review by Brughelli .e(58), the scale
developed for the current review is illustratedAippendix 1. Tenitemswere score@s zero
(clearly no), one (maybe), or two (clearly yes) based on this scoring (6ByicTherefore,
each studyeceiveda quaity score ranging from zero to 20wo researchers completed the

quality assessments of each papith a third researcher settling any discrepancies in scoring.

Statistical analysis
Percent c¢ ha ndeffectesined (EE€) avare qaléutated wherever possible to

indicate the magnitude ttie practicakffect. Effect sizesvere averaged acro#ise lengthof

12



Chapter 2

an intervention where applicable. As recommenlbledRhea(292), ESswere interpreted as:
trivial < 0.35, small = 0.39.80, melium = 0.801.50 and large > 1.5 for recreationally active
participants(292). Where possible, dataerepooled and average ES change pattentage
change (prepost) per week were calculated. All reportedsBSd percentage changes are pre

post withiri group, unless otherwasstated.

Results

A total of 26 studies with a mean quality score of 14.3/20 (range-E8)Lnet the
inclusion criteria for the reviewAppendix 2). A total of 713 participants (463 male, 250
female)were recruited with an average sample size of 27.4.% @8120). Of the accepted
investigations, the mean age of the reported participants was 24.3 + 3.3 yeaBd (89 .8even
studies failed to report participant mean age. Most studies (16/26) recruited untrained
participants, while the remainder (11/26jilized iacti veodo or Arécreat.
participants. None of the accepted studies examined competitive athletes -traiwed
participants. All 26 accepted investigations clearly stated independent and dependent variables,
and 10 included a neexercise control group. The mean length ofrwveation was 8.4 + 3.6
(range = 314) weeks, with an average of 3.5 + 0.96 (range7 2essions per week for an
average of 28.6 + 13.2 (range =-86) total training sessions. Interventions were volume
equated in 17/26 studies, while 10/26 studies iredua norexercise control group. Closed
chain movementsvere only utilizedin three studies, whereas 23/2filized single joint

contractions.

Nine published journal articles and one unpublished doctoral dissertation examining
the chronic (512 weeks) eficts of isometric training at varying joint angles fulfilled the
inclusioncriteria (Table 1)9, 35, 49, 188 205 250 251, 289, 335 353). Of the ten included
studies, eightentredon the knee extenso(S, 35, 49, 188 205, 250, 251, 335, with two
utilizing the elbow flexor$289, 353). Six published articles examining the effect of contraction
intensity (Table 2) fulfilled the inclusion criter{a9, 21, 164, 169, 344, 396). Of these studies,
three examined plantar flexafk9, 21, 396), oneexamined knee extensd344), while single
studies examined the elbow flex¢i$9) and extensors, respectivél64). Training variations
outside of joint position or contraction intensitere also includedlhese variations include;

lintent of contraction wWwshc h (2163689 aundde dii &ixys logsievse
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As ust @4 22%384contractions (Table)32) total volumg231); 3) contraction duradn
(185, 314); 4) rest period duratiof885); and 5) periodization schemg62) (Table 4)
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Table 1.Joint angle

Study, year
(quality)

Alegre, FerriMorales,
RodriguezCasares, &
Aguado, 20149)
(18/20)

Bandy & Hanten, 1993

(39
(18/20)

Bogdanis et al., 201819)
(15/20)

Subjects

Healthy, untrained
university students
M =22

F=7

19.3 years

Healthy, untrained,
university students
F =107

23.9 years

Healthy, active
university students
M =15

21.5+ 2.1 years

Intervention

Isometric knee extension
SML =50°

LML = 90°

~74% of MVIC

8 wks, 2-3/wk

Isometric knee extension
SML = 30°

MML = 60°

LML = 90°

100% of MVIC

8 wks, 4/wk

Isometric leg press

(+ countermovement jumps)
SML = 35° ofknee flexion
LML = 95° of knee flexion
100% of MVIC

6 wks, 3/wk

Mechanical and neural adaptations

(p< 0.05, ES O 0.5
SML:
gyVL thickness at

length (5.26.1%, ES = 0.2.24)

yi sokinet i76° (EEMGE.0)a

and 5060° (0= 0.21, ES = 0.77)
LML:

yVL thickness at

muscle length{9-13.5%, ES = 0.31

0.65)

yVL pennation ang
0.45)

SML:

JEMG at 15A, &O0A,
YyEMG i n cont-165) (
MML:

YyEMG at 15A, 30,
YyEMG contr o226) ES
LML:

YyEMG at 30A, 45A,
105°vs§ EMG i n cont-ra
2.28)

Chapter 2

Performance effect
(p< 0.05, ES O 0.
SML:

ZOptimum angl e (
LML:
gConcentric torgqg
(22.6%, ES = 1.1)

yOpti mum angl e (

SML:
gMVIC at
= 0.881.94)
MML;

y M\C at 15°, 30°, 45°, 60° and 75
(ES = 1.012.25)

LML:

g MVI C at 15A, 30
90°, and 105° (ES = 0.93.26)

15A, 30

SML:

ZOpti mum ang
yMVI C at 18A
34° (57.4%, ES = 2.41)

Z R F B20@Mms and {800 ms at 80°
(11.813.8%, ES = 0.50.60)

¥y R F B20@ms and {300 ms afl8°
(40.7-45.4%, ES = 1.:2.52) and 34°
(17.920.9%, ES = 0.6D.77)

¥y 1RM squat (9.6%, ES = 0.61)
yCMJ height (7.2

e (
(22
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Kubo et al., 2006188
(11/20)

Lindh, 1979(205)
(13/20)

Noorkoiv, Nosaka, &
Blazevich, 2014250
(17/20)

Healthy university
studens

M=9

24 £1years

Healthy
F=10
26.5 years

Healthy, untrained
M=16
23.7 £ 4.0 years

Isometric knee extension
SML =50°

LML = 100°

70% of MVIC

12 wks, 4/wk

Isometric kneextension
SML = 15°

LML = 60°

100% of MVIC

5 wks, 3/wk

Isometric knee extension
SML =38.1+3.7°

LML =87.5 +6.0°

100% of MVIC

6 wks, 3/wk

SML:

yQuadriceps muscl
=0.82)

YyEMG at al |l -7.9% BS
=0.250.44)

LML:

YyQuadriceps muscl
=1.06)

yTendon stiffness
ZTendon e-l40h% BSS o
0.62)

YyEMG at al | -8j84%, ESt
=0.450.72)

SML:

yMid VL fascicle
0.63)

LML:

yVoluntary activa
0.53) andb0° (ES = 1.02)
gyTotal quadriceps

(5.2%, ES = 0.19)

Chapter 2

LML:

g MVI C ( mai np=t0i0O28e
at all joint angles (1-88°) (~12.3%)
* § R F-BOO fns at 34° (14.4%, ES
=0.52)

¥y 1RM squat (11.9%, ES = 0.64)
yCMJ height (8.4

SML.:

yMVI C at
LML:

gMVIC at
90°, 100° and 110°

40A, 50

40A, 50

SML:

gMVIC in
gMVIC at
gCon tor gt
LML:

yMVIC at 15
yMVI C at 60
yCon ue
SML:

g MVI C at
ES = 0.340.54)

4 0 A4.2%m d
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Noorkoiv, Nosaka, &
Blazevich, 2015251)
(17/20)

Rasch & Pierson, 1964

(289
(13/20)

Sterling, 1969335
(18/20)

ThepautMathieu, Van
Hoecke, & Maton, 1988
(353

(11/20)

Healthy, untrained
M =16
23.7 £ 4.0years

Healthy, untrained
university students
M =29

University physical
education students
M =120

Untrained
M =24
31.8 years

yDi st al
0.33)

Isometric knee extension
SML =38.1+£3.7°

LML =87.5+6.0°

100% of MVIC

6 wks, 3/wk

Isometric elbow fleion

Single angle= 3 sets at 90°
Multi-angle = 1 set at 60°, 90°
and 120°

100% of MVIC

5 wks, 5/wk

| sometri c
SML = 25°

MML = 55°

LML = 85°

100% MVIC

7 wks, 3/wk

Ahip

Isometric elbow flexion
SML = 60°

MML = 100°

LML = 155°

80% MVIC

5 wks, 3/wk

g EMG at

VL

SML, MML & LML:

al

fascic

angl e

Chapter 2

LML:

yConcentric torgq
and 120°-3 (10.1-13%, ES = 0.55
0.70)

SML:
g MVI C at 25-A7.28)n d
MML:

gMVI C at 25 A51an)d
LML:

gyMVI C at B85A (3.
SML.:

g MVI C at 6 0-25%}p nd
MML:

g MV I C -155° (2830%)

LML:

g MV I C -155°(2858%)

SML = short muscle length. MML = medium muscle length. LML = long muscle length. MVIC = Maximal voluntary isometric comtEeddic = electromyographyCon

= concentric. VL = vastus lateralis, VM = vastus medialis, RF = rectus femdRigl 2oner epet i t i on

d). *Denotesp > 0.05.

maxi mum.

CMJ = Counter
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Table 2.Contraction intensity

Study, year
(quality)
Arampatzis,
Karamanidis, &
Albracht, 2007(19)
(14/20)

Arampatzis, Peper,
Bierbaum, & Albracht,
2010(21)

(14/20)

Kanehisa et al., 2002

(164
(16/20)

Khouw & Herbert, 1998

(169
(11/20)

Subjects

Healthy, untrained
university students
M=7

F=14

28 years

Healthy, untrained
university students
M=11

23.9 years

Healthy, untrained
M=12
27.5 years

51 untrained
university students
M=18

F=33

Intervention

Isometric plantar flexion

LI = 55% MVIC (24 contractions)
HI = 90% MVIC (16 contractions)
14 wks, 4/wk

Isometric plantar flexion

LI = 55% MVIC (20 contractions)
HI = 90% MVIC (12 contractions)
14 wks, 4/wk

Isometric elbow extension
LI =60% MVIC (4 x 30s)
HI = 100% MVIC (12 x 6s)
10 wks, 3/wk

Isometric elbow flexion

Each subject assigned to an
individual intensity between 0%
and 100% in 2% increments

6 wks, 3/wk

Mechanical and neural adaptations
(p< 0.05, ES O 0.5
LI

YyTendon el ongatio
yTendon strain (1
yCalcul ated maxim
(28.4%, ES =1.76)

HI:

YyTendon stiffness
¥y T e n ctosgsectional areat 60% and
70% of tendon length

gCalcul ated maxi mit
(43.6%, ES = 2.04)

[

L

LI

yTendon el ongati ol
yTendon strain (1
gyCal cul ated maxi mit
(11.7%, ES = 0.89)

HI:

yTendon stiffness
yCal cul ated maxi mt
(11.9%, ES = 0.81)

LI:

YyMuscle volume (5.
HI:

Yy Muscl e (124, ESm ©.28)

Chapter 2

Performance effect )
(p< 0. 05, ES O 0.

LI:
yMVI C (61%, ES =
HI:
yMVI C (60. 3%, E <

Greater 9Y§MVI C (s

p = 0.006) when training closer to
100%
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Szeto, Strauss, De University students Isometric knee extension LI:
Domenico, & Sun Lai, M=6 LI = 25% MVIC *yMVIC (22. 3%, E
1989(344) F=12 Ml =50% MVIC MI:
(11/20) HI = 100% MVIC yMVIC (31.3%, EES
3 wks, 5/wk HI:
yMVIC (45. 7%, EES
Young, McDonagh, & Healthy Isometric plantar flexion LI:
Davies, 198%396) M=4 LI = 30% MVIC (7-15 x 60s) yMVI C (3. 3%/ wk)
(12/20) 20.5 years HI = 100% MVIC (3s contractions gMVIC (30.2%, EC
HI, 5 wks; and LI, 8 wis, 7/wk yFatigue i ndex (
HI:

gMVI C (5.5%/ wk
¥ MV 1(21.2%, ES = 1.67)

LI = low intensity. Ml = medium intensity. HI = high intensity. MVIC = maximal voluntary isometric contraction. ES = effeces ( Gp iDenatégs> 0.05.
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Table 3.Contraction intent

Study, year

(quality)

Balshaw, Massey,
MadenWilkinson,
Tillin, & Folland, 2016
(32

(15/20)

Maffiuletti & Martin,
2001(216)
(17/20)

Massey, Balshaw,
MadenWilkinson,
Tillin, & Folland, 2018
(229

(18/20)

Intervention

Isometric knee extension
MST = 1s build to 75% of
MVIC, hold for 3s (40
contractions)

EST = rapidly
of MVIC andhold for 1s (40
contractions)

12 wks, 3/wk

Subjects
Healthy, untrained
M =43

Isometric knee extension
RC = 4 seconds to reach
MVIC

BC = 1 second to readWiVIC
7 wks, 3/wk

Healthy untrained
M=21

Isometric knee extension
MST = 1s build to 75% of
MVIC, hold for 3s (~ 10
contractions)

EST = rapidly built to ~80%
of MVIC (~ 10 contractions)
12 wks, 3/wk

Healthy untrained
M =42

MST =25 + 2 years
EST =25 + 2 years
CON =25 + 3 years

Chapter 2

Mechanical and neural adaptations Performance effect

(pb< 0.05, ES O O0.5((p< 0.05, ES O 0.
MST: MST:

YyMuscle volume (8.yMVIC (23.4%, ES
JEMG at MVIC (27. ¢JFor cems{lR.1%, ED=0.74)
y E MG150ms (14.3%, ES = 0.36) EST:

EST: yMVIC (17. 2%, ES
y E MG100 and €150ms (12.531.3%, Yy Force at ms5(@4.4 10!
ES = 0.260.67) 32.6%, ES = 0.68.06)

RC: RC:

ZVL EMG gy MVI C at 55A, 65,
BC: gEccentr i cs'(l16.6%9 u
gPeak twitch (29.¢9gConcentricstandbr g1

ZContraction ti me 240°%!

ZMaxi mal twitch r ¢BC:
g MVI C at 55A, 785,
gEccentri cs'{18.3%) u «
gConcentricslanbr qi
240°s?

MST: MST:

yMuscle volume (8.9MVIC (23.6%, ES

yVL aponeurosi s atr EST:

yTendon stiffness §MVI C7%, E®S=1.23)

gyYoungds modul us (
y T e n-dponeurosis stiffness (22.7%,

ES = 0.54)
EST:
yVL aponeurosis at

ZTendo (2.8%6 3= 0.31)
ZTendon el ongati or
yTendon stiffness
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Tillin & Folland, 2014

(359
(12/20)

Williams, 2011(389)
(15/20)

Healthy, recreationally
active male university
students

N =19

MST =20.9 + 1.1 year:
EST =20.2 + 2.4 years

Healthy, untrained
university students
M=11

F=12

Ramp =9

Ballistic = 8

22.8 years

Isometric knee extension
MST = 1s build to 75% of
MVIC, hold for 3s (10

contractions)

EST = rapidly
of MVIC and hold for 1s (10
contractions)

4 wks, 4/wk

Isometric knee extension

RC = 4 seconds to reach
MVIC

BC = 1 second to reach MVIC
6 wks, 3/wk

ZTendon
yYoungos

strain (
modul us

1:
(

y T e n-dponeurosis elongation (16%,

ES = 1.0)

MST:

¥ Mwave at MVIC (28.1%, ES = 1.28)

Z%EMG at

5nis (14.722.1%) ©

ES = 0.590.79)

EST:

¥y Mwave at 50 and 10@s (2542%, ES
= 0.951.05)

RC:

yRamp VA (7. 7%,
yBallistic VA (8

* ¥ 1rAsOVA (9.82%, ES =0.74)
BC:

yRamp VA (4. 1%,
yBallistic VA (7
¥y 1 5n8 VA (31.6%, ES = 1.84)

Chapter 2

MST:

¥ WIC (20.5%, ES = 1.46)

gMVI C at 50 ms(3.090
7.39%, ES = 0.084.52)

EST:

gyMVIC (10. 6%, ES
yMVI C at 50 ms(130t0

53.7%, ES = 0.94.2)

RC:
E{yRamp MVIC (20 %,
.iyBallistic MVI5E |

E ¢
o«

* § 1rasfforce (14.3%, ES =1.10)
BC:

gRamp MVIC (15. 7!
¢t¢yBallistic MVIC |
y150 ms force (4!

MST = maximal strength training. EST = explosive strength training. RC = ramp contraction. BC = ballisticttmn MVIC = maximal voluntary isometric contractio

VA = voluntary activationEMG = electromyographfg S =

ef f ectd). Denptep{0®B.hends
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Table 4.0ther independent variables

Study, year
(quality)

Kubo, Kanehisa, &
Fukunaga, 2001185
(14/20)

Meyers, 19671231)
(13/20)

Schott, McCully, &

Rutherford, 199%314)

(10/20)

Ullrich, Holzinger,

Soleimani, Pelzer, Stening

& Pfeiffer, 2015(362)
(16/20)

Subjects

Healthy, untrained
M=8
22.6years

Healthy university
students
M =29

Healthy, untraned
M=1

F=6

22.7 years

Healthy, active
university students

F=10
24.4 + 3.2 years

Intervention

Isometric knee extension

SC = 3 x 50 rapid contractions
LC =4 x 20s

70% MVIC

12 wks, 4/wk

Isometric elbow flexion
LV =3 x 6s

HV = 20 x 6s

100% MVIC

6 wks, 3/wk

Isometric knee extension
SC=4x10x 3s

LC =4 x 30s

70% of MVIC

14 wks, 3/wk

Isometric knee extension

TP limb = 3 wks 60%, 4 wks
80%, 3 wks 60%, 2 wks 80% o
MVIC

Mechanical and neural adaptations

(p< 0.05, ES O 0.5¢
SC:
YyMuscle volume (7
*$Tendon stiffness
YyEl astic energy (2
LC:
YyMuscle volume (7.
YyTendon stiffness
YyEIl astic energy (1
LV:
YyMuscle girth at 1
HV:

yMuscl e
untrained arm
yMuscl e

girth at 1

«

girth at

LC:

¥y Mu s anatamical crossectional area
at lower (11.1%) and upper (10.1%)
femur

TP:
yThigh circumferer
yVL thickness at 2
muscle length (15-48.5%, ES = 0.98
1.23)
yVvL fascicle | engt

g MVI C

Chapter 2

Performance effect
(p< 0. 05,

SC:

ES O 0

(49 %, ES
LC:
y MVI C

(41.6%, E

LV:
g MVI C at
0.93)
*YyMuscl e
0.71)
HV:
gMVI C at
0.46)
*9YMVI C at 90A (
YyMuscle endur an

170A (

endur a

170A (

0.67)

SC:

yMVIC (31.5%)
gConcentric “taodr

180°-s*(11.311.6%
LC:

gMVI C at 90A (5
TP:

g1 MVC (24 %)
gConcentricsttor
(19%)

DUP:

91 MVC ( 23 %)
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Waugh, Alktebi, De Sa, & Healthy, physically

Scott, 201385 active
(14/20) M=8
F=10

30.1 £ 7.9 years

DUP limb = Alternating
sessions at 60% and 80% of
MVIC in one limb

16 wks, 2/wk

Isometric plantarflexion
SR = 3s between reps
LR = 10s between reps
90% MVIC

12 wks, 3/wk

Chapter 2

Il MVC EME (45% gConcentricsttor
UP: (15%)
Thigh circumferer
¥ \dstus lateralithickness at 25%, 50%,
and 75% muscle length (1218.7%, ES

RSl whe

=0.721.01)

¥ \dstus lateralifascicle length (14.2%,

ES =0.90)

g1 MVC EMG ( 46 %)

SR: SR&LR:
y E c-type Il (collagerre-organization) § MV I C
SR & LR:

yStiffness

yTendon stress

yYoungds modul us
ZStrain %

ZTendon elongatior

SC = short contraction. LC = long contraction. LV = low volume. HV = high volume. SR = short rest. LR = loB§/I@st.electromyographyl.P = traditional periodization

DUP = daily undulating periodization. MVIC = maximal voluntary isometric contracd®. =

ef f ectd). Denptepp(0®6.hends
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When synthesising statistically significant findings, measures of muscular size
increased in nine studies-{®.7%, ES = 0.19.23) by 0.84%week' and 0.043 ESveek! (9,
32, 164, 185, 188, 225, 250 314, 362). Maximal isometric force significantly increased in 14
studies (860.3%, ES = 0.38.26)by 4.34%week'and 0.20 ESveek! (32, 35, 49, 164, 205,
216, 225 250, 335 344, 353 354, 389 396). The comparison between joint angle and
hypertrophic adaptation (n = 3 studies) reve
improved muscle size by an average of 0.47 + 0:48%Kk' and 0.032 + 0.037 E@eek?,
compared to 1.16 + 0.46%eek! and 0.067 + 0.03%veek! when trainingat > 70° of flexion
(Figure 3) (9, 188 250. When comparing the nine studies that reported training joint angle
and hypertrophi@e d apt ati ons, training with joint angl
size by an average of 0.61 + 0.428éek' and 0.045 + 0.034 E@&eek?, compared to 0.88 +
0.8%week! and 0.046 + 0.027 Efeek! when training at > 70° (88.6 + 6°) of flexion
(Appendix 3) (9, 32, 164, 185 188 225 250, 314, 362). The comparative effects of training
intensity on muscular hyperto phy wer e t hat intensities O 7
improved muscle size by 0.77 + 0.268¢ek*and 0.13 + 0.12 E®eek!, compared to 0.70 +
0.55%week! and 0.13 + 0.21 E@eek! when training at > 70% (85.3 + 12%) of MVIC
(Figured) (9, 32, 164, 185, 188 225, 250 314, 362). The comparisons of training intensity and
i mprovements in isometric force (n = 3 studi
MVIC improved muscle size by 6.8 + 3%eek'and 0.32 + 0.1ES-week!, compared to 8.9
+5.5%week!and 0.36 + 0.1ESweek! when training at > 70% (100 * 0%) of MVIC (Figure
5) (164, 344, 396). The joint angleisometric force comparison fn7) showed that training at
O 70U (42.8 N 16.4U) resul t ewkekiand ONIB/4 @1 i mpr c
ESweek!, compared to 3.4 + 4.24eek!and 0.15 + 0.17 E&eek! when training at > 70°
(101.8 + 24.2°) of flexionAppendix 4) (35, 49, 188, 205, 250, 335, 353).
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Figure 5. Isometric training intensity and force production= 3).

Discussion
Morphological adaptations

Adaptations to the physical structure of tissues lobancausedoy several factors,
including mechanical, metaboliand hormonal factors, and often results in altered function.
The morphology of the musculoskelesgstemis of relevance to this review and provides the

focus for subsequent discussion.

Musclevolume
While most methods of progressive resistance training can result in increased muscular
size, it is important to understand how to optimally alter variables including intensity,

frequency, and duratioof each training method for maximal efficiency. Isontetesistance
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training has been demonstrated to induce significant hypert(@2, 164, 185 188 23],
250, 314).

When comparing adaptations in stle volume between isometric training variations
several patterns emerged, conforming to accepted dynamic training principles. Of the studies
comparing isometric training at differing joint angles (Table 1), only three evaluated muscle
volume or thicknes®, 188 250). All three studies found that isometric traigiat long muscle
lengths (LML) was superior to equal volumes of training at short muscle lengths (SML) for
increasing muscle siZ8, 188 250). These findings are not surprising as a large portion of the
existing literature has deonstrated thadynamic training through a largange of motion is
beneficial when hypertrophy is desir@6, 136, 224). Additionally, contractions at LML tend
to produce higher quantities of muscle damage, likely by altering the joint moment arm and
increasing mechanical tension when compared to a @¥LContractions at LML also result
in greater blood flow occlusion, rates of oxygen consumption, and metaboliteupuitien
compared to SML contractiori83). These metabolic factors are well established to contribute
to muscular hypertroph{82, 207).

While volume equated isometric training leads to greater improvements in hypertrophy
when performed at LML(9, 250, 251), the magnitud of hypertrophy was not significantly
different in any of the seven included studies investigating/reporting training intéy <&

164, 185 188 250, 314). Interestingly, tle pooled data of included study outcomes suggest
that training intensity has a small effect on hypertrophy, and explains little of the variation in
hypertrophic adaptation (Figud¢. For example, Kubet al.(185) compared the effects of load
equated isometric contractions held for short (~1 s) or long (20 s) periods. While both long and
short duration contractions led to small, but significant increases muscle thickness, there was
little difference p > 0.05) between groups (7.6%, ES = 0.387 0.023vs 7.4%, ES = 0.36)

= 0.018) (185. Similarly, Kanehisa et al(164) employed ternweeks of volume equated
isometric training at diter low (60%) or high (100%) intensityVhile both low and high
intensity training programs significantly increased triceps brachii hypertrophy, there was no
statistical betweegroup differenced= 0.061) in anatomical cros®ctional area (low: 12.1%,

ES = 1.72vs high: 17.1%, ES = 1.65)164). However, high intensityraining had a greater
effect on muscle volume than the lower intensity (12.4%, ES = 0.28 versus 5.3%, ESp= 0.26;
= 0.039) despite nearly identidaBs(164). These findings are in close agreement with recent

studies and metanalyses that concluded that hypertrophic adaptations are sintiiatatal
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load is equatedand training intensity is greatéhan 20% of maximal voluntary contraction
(196, 312.

When the traininggolumeis not equatetbetween groups, it seems higher volumes are
better for inducing muscular hypertrophy, regardless of contraction intensity. M@@d)ys
compared low (3 »6-s MVIC) and high (20 x6-s MVIC) volume isometric training of the
elbow flexors. Following the siweek intervention, the higholume training program resulted
in significantly greater improvements in muscle girth compared to the low volume greaup (
0.05). Similarly, Balshaw el.g32) and Massey et al225c o mpar ed fAmaxi mal st
x3scontractions, 75% of M-¢ toftractioms) 80% dfeMV/IC) os i v e
isometric training. Following the e ek i nterventions, t he HAmas
groups experienced significant improvements in quadriceps muscle volume (8.1%, ES = 0.50,
p= 0.001) whereas t hes(Zi6®xESkE 0.50i26,2=00.1950.24V)ni ng ¢
did not(32). Furthermore, the difference between groups was statistically significarit.Q5)
(32, 225). Interestingly, Schott, McCullyand Rutherford314) found that long duration (4 x
30-secondvVIC) contractions resulted in greater hypertrophic adaptations when compared to
short (4 sets x 10 8-secondMVIC) duration corractions despite total timendertension
being equatedetween groups. Following 1#weeks, the long duration contraction group
significantly ¢ = 0.022) improved vastus lateralis anatomical csesgional area at the
proximal (10.1%) and distal (11.1%) portion of the femur, whereas no significant hypertrophic
adaptationsvere observeth the short duration group & 0.05)(314). Schott, McCully and
Rut h e r(F149 fmdingssare somewhat surprigias both groups underwent the same-time
undertension. However, sustained contractions are known to restrict blood flow, reduce
muscle oxygen saturation and increase metabolite concentrations in the (TUX3E)
stimulating hypertrophy via multiple local and systemic mechan{8@<07). Additionally,
muscle contractiess at LML consume more oxygg®3), which may inpart explain the

advantage of LML training when muscular hypertrophy is the primary goal.

Muscle architecture

Unlike changes imuscle volume, which is highly dependen total training volume,
there are demonstrable differences between contraction type and alteration in fascicle length
and pennation angl@11). To date,very few stuées have compared the effect of isometric
resistance training variations changes irmuscle architecture; of those that have, results are

equivocal. Noorkoiv, Nosakand Blazevici{250) compared isometric training at SML (38.1
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+ 3.7° knee flexion)and LML (87.5 + 6° knee flexion). Interestingly, the vastus lateralis
fascicle length at theid-portion of the femur significantly increased following SML (5.6%,
ES = 0.63p = 0.01), but not LML (3.8%, ES = 0.3p,= 0.20) training(250). Conversely,
LML (5.8%, ES = 0.33p = 0.02) significantly p = 0.01)outperformedSML training ¢1.1%,
ES = 0.04p > 0.05) for increasing distal fascicle length of the same m(&s@. Furthermore,
LML training resulted in greatep(< 0.01) physiological crossectional areas in three of the
four quadricepsnuscles whereas the SMirainingdid not ¢ > 0.05)(250. Only one other
isometric training comparison study reported meaningfiahgesn muscle architectureand
found that vastus lateralis pennation angle increased following LML (10.6%, ES 33:45,
0.038), but not SML training (6.5%, ES = 0,46= 0.076)(9). However, Alegre et al9) only
measured the vastus laterghsnnationangle at the midpoint of the femur and potentially
missed out on possible adaptations at the distal portion of the muscle.

Tendon morphology

The primary function of the tendon is to transfer forces between bone and muscle,
facilitating joint motion(218). Although originally assumed to be inert, tendinous structures
can experience adaptations and are capable of significant architectural adaptations from
habitual loading and injur§76, 175, 187, 217, 218 291). Injured tendons tend to be less stiff,
despite increased thickne&®) due to a shift in viscoelastic propertigsl8). Additionally,
tendinopathy negatively affects tendon structure, leading to increased vascularization and
overallthicknesq24, 218). Although longterm alteration in tendon morphologynsnimal in
healthy, mature human tiss(#18), tendons can increase in stiffness to optimize the time and
magnitude of force transmission between muscle and [@@&n&75 291). Conversely, healthy
increases in tendon thicknemsd stiffness in response to exercege,region specific and may
have rehabilitative, prhabilitative and performance benefi{g6, 175 217, 291, 293. For
instance, heavy (resistance) training can lead to an increase in maximal muscular force and rate
of force development by increasing tendon stiffness, teducing the electromechanical delay
(184, 187, 218. Additionally, increased tendon stiffness through chronic loading can be due to
increased tendocrosssectional areavithout alterations in viscoelastic properties, potentially
improving safety when performing ballistic movemerf&&l8. While widely used in
rehabilitation settings, there is a general lack of informatsmarding what isometric training
variables are important for triggering specific tendonous adaptations.
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Of the studies included in this review, only six directly assessed tendon structure or
function. Two studies compared contraction intengit9, 21), with others examining the
effects of contraction lengtfil85), intent (225), rest periodg385), and joint angle(188).
Arampatizis et al(19, 21) compared 14veek training programs consisting of volume equated
isometric plantar flexion at low (~55%) or high (~90%) intensities. Both investigations found
increased Achilles tendarrosssectional areand stiffness following high (17-36%, ES =
0.821.57,p < 0.05), but not low-6.2-7.9%, ES = 0.2®.37,p > 0.05) intensity trainingl19,

21). Furthermore, tendon elongation under stress (an indication of elasticity) increased
following low (14.016.1%, ES = 0.50.84,p > 0.05), but not high-1.4-3.9%, ES = 0.06
0.20,p > 0.05) intensity trainingl19, 21). Additionally, the included studies only compared
isometric training at ~3% and 90% of MVIC which leaves a large range of poténtia
intensities. However, previous interventions have reported large increase§16P& ES =
0.57-4.9,p < 0.05) in tendon stiffness following training betweerlD®% of MVIC (58, 184,

185). Therefore, it might be that a minimum intensity of ~70% MVIC is required to induce

meaningful changes iremdon thickness and stiffness.

While only a single study has examined the effect of isometric training at different
muscle lengths on tendon adaptat{@88), the results tend to support a paradigm of LML
training being superior to SML training. Kubo et @l88) trained the knee extensors at either
50° or 90° of flexion and observed a significantly greater increasesdortesiiffnessf =
0.021) following LML (50.9%, ES = 1.2p,= 0.014), when compared to SML training (6.7%,
ES = 0.26)p = 0.181). Similarly, distal tendon and deep aponeurosis elongation decreased
following LML training (-14%, ES = 0.62p = 0.034), wheras the SML group experiences a
trivial increase (3.9%, ES = 0.1p> 0.05). When comparing isometric contraction duration
and tendon adaptations, only a single study e¢&s. While both long (57.3%, ES = 1.38,
= 0.003) and short (17.5%, ES = 0.5/= 0.217) contraction durations increaseddin
stiffness, a significant betwegmoup difference was reporteg £ 0.045)(185). Additionally,
no significant differences in tendon elongation were present in either-B2§q, ES = 0.19,
p> 0.05) or short (4.1%, ES = 0.328> 0.05) contraction duration groups. Similarly, calculated
elasticenergy absorption increased in both long (12%, ES = p58.007) and short (25.7%,

ES =1.85p=0.002) duration groups with no significant difference between grpup8.056)
despite large differences in percent changeE®shlong with a relatively lovp-value. While
the total timeundertension was equalized between groups, thesagend duration of the

short contraction group meant that a larger relative prapodf each effort would be spent
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building isometric force. Thereforéhe maximaiforce timeundertension was not equaéd

(185). Similar to muscle tissue, tendon adaptations are responsive to chronic changes in total
mechanical loaq76, 141, 142); therefore, the potentially greater load in the long contraction
group could explain the discrepancy in tendonous adaptations.

Massey et al(225 were the only researchet® comparecontraction intent on

mor phol ogi cal tendon adaptations. Both fAmaxi
trainingo produced significant i mprovements
0.34vs4.4%, 5 = 0. 38) , Youngos mesalulbouEsS =(@1.13%and %, E ¢

tendon stiffness (14.3%, ES = 0v919.9%, ES = 0.95R25.However, only the
strength trainingo group expeaponeaross eamplexi gni f
elongation (6%, ES = 1.0vs-2.96, ES = 0.10) and decreased tendasssectional are&

2.8%, ES = 0.3¥s0.41%, ES = 0.03), tendon elongatiehl®, ES = 0.7%s-4.95%, ES =

0.27) and tendon strairl(1.8%, ES = 0.56s-4.17, ES = 0.19(225). Therefore, intent and

rate of contraction appear to be an important training consideration. Lastly, WaugB&®al.
compared load equated isometric plantar flexions with-cargracton rest periods of three,

or 10 seconds. While there were differenges 0.05) in typel and typell collagen (factors

in fibre reorganization)(87, 373, there were no betweegroup discrepanciep & 0.05) in

any other dependent variables following thewigek interventior{385). These data support a
paradigm of a threshold intensity foreshanical loading to achieve tendon adaptat{@A4,

142).

Neurological adaptations

Of the & studies included in this review, 12 directly measured neural fun(gj@2,
35, 185,188 216 250 353 354, 385 389 396). Of these 12 studies, it is notable that one did
not report any neurological data in their res(885), while two reported no significashanges
following training, regardless of tlemndition(185 396). When examiningelectromyographic
amplitude assessed through electromyography (EMG), a clear trend existed between the studies
comparing isometric training at different muscle lengths. Electromyographic amplitude tends
to increase by larger magnitudes and over a larger range of joiasdalippwing LML training,
compared to training at SML. For example, Bandy and Hai3®rexamined isometric knee
extension training at SML (30°), medium muscle length (MML; 6@Hd LML (90°),
assessing EMG amplitude at seven joint anfytas 15105° of flexion. Medium to large (ES

=0.742.28) improvements at six joint angleere observetbllowing LML training, whereas
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MML and SML training only improved EMG activity at five (ES = 0:326), and four (ES =
0.87-1.65) of the assessednbingles, respective(85). Similarly, Kubo et al(188) observed
larger increases in EMG activity at all measured angles following LM8.§%, ES = 0.45
0.72) comparedo SML (3.17.5%, ES = 0.28.44) training. Conversely, Alegre et &)
reported an increase IBMG amplitudein favor of the SML training group, the only
investigation talo so. Although the magnitude of increases in EMG amplitude were medium
large, the changes were limited to-&60° (ES = 0.77p = 0.205) and 6d0° (ES = 1.0, p =
0.36) of knee flexion during isokinetic knee extensi(@)sThese findings are consistent with
the findings of other investigations in that alterations in EMG amplituelenaist specific at
shorter muscle length{86, 224, 353).

All four studies comparing the effects of isometric training with different contraction
intents (kllistic vs ramp) assessed neurological and neuromuscular adaptaadedG and
peripheral nerve stimulatigi32, 216, 354, 389). As expected, adaptations were specific to the
intentutilized in training.For example, Balshaw et §B2) examined the effects of 12 weeks
of Amaxi mal s t . buildytd R75% of MVIG aml gnaintain Xor-8, with
Aexplosive strength trainingo (rap4i)dThebui | d
improvements in EMG amplitude at MVIC were lard&S = 0.36,p = 0.370) following
Amaxi mal strength trmd n0.n0g0ol)( 2c7o M@ r eEdS t=o OAf. e
trainingo (1@ 10%,09B09 .= Co.ndvde,r sel vy, (SIA3RXELI 0sS i V ¢
= 0.67,p = 0.003) increased EMG acitiy to a greaterg< 0.001) degree during thel®0 ms
andB150 ms period of muscle contraction compa
ES = 0.36,p = 0.009) (32). Additionally, only the rapid contraction group significantly
increased EMG amplitude in the first 100 ms of muscle contraction (12.5%, ES 626,
0.048) (32). Similarly, previous investigations examining contraction intent found greater
improvements in EMG amplitude during MVIC wittmaximal strength trainind1.28
7% week!, ES = 0.060.33week!) when compared t@xplosive strength training0.68
1.31%week?, ES = 0.180.25week?) (216, 354 389). Furthermore, participants training with
a ballistic intent (1.04.0.5%week?, ES = 0.260.31-week?!) achieved greater improvement in
EMG amplitude during the initial 150 ms of maximal contraction when companeanoed
contractiong2.935.53%week?, ES = 0.030.07-week?) (32, 216, 354, 389). These findings
support the principle of training specificity as only the groups who intended to produce force

quickly, improved in that regard.
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Performance enhancement

Isometric training is commonly prescribed in rehabilitation settings, or earlysigath
preparation plans to increase neuromuscular, musculoskeletaproprioceptive functiorit
is thoughtthat theaforementioned improvementall later transfer to dynamic performance
once specific movement patterage integratednto the physicapreparation plan. Despite
existing literature reportinghe benefits of isometric training on mujbint dynamic
performance(58, 184, 189, none ofthe studies included in the current review included

dynamic multijoint assessments.

Isometric peak force

Only four studies included in the present review directly compared MVIC production
between groups training at different intensitj#64, 169, 344, 396). Isometric peak force is
considered a highly reliable measure, with a growing body of research reporting the validity of
isometricmeasurementer assessing health and athletic performd82e388). While training
specificity is a major factor in performance improvemeritdyVIC force is the desired
outcome there does not appear to be a clear advantage to training at high or low intensities
(Figure 5). Szeto et al.(344) was the only study that reported statistically significant
improvements in MVIC force in some, but not all training groups. Szeto €844) had
subjects traitheirknee extensors at 25%, 5086 100% of MVIC. Following 15 sessions over
three weeksthe group training at 25% did not experience statistically significant strength
improvements despite medium effect sizes (22.3%, ES = 9£61.085)(344). Conversely,
large and statistically significant improvements were observed when trainingoa{3303%,
ES =1.14p=0.002) and 100% (45.7%, ES = 1.4, 0.013) of MVIC(344). However, time
undertension, not total load, was equalized between groups, meaning that the 50% training
group produced twice as much total force as the 25% gkhpe no dataaboutfatigueis
presentedit could be hypothesizethat the group training with maximal effort underwent
significantly greater loading than the other gro{pd4). Additionally, the inclusion of
perceived effort oafatigue scale may have been valuable.

A clear patterrcan be observedhen comparing maximal force production following
training at different muscle lengths. Despite LML resulting in greater hypertrophic adaptations,
there is no difference in maximal force production at the trained joint angle between SML and
LML interventions whenanalyzingthe seven studies that directly compared joint angles
(Appendix 4) (35, 49, 188 205, 250 335, 353). However, transfer toontrained joint angles
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is much lower following SML training. For example, Bandy and Ha(3&) Bogdanis et al.

(49), Kubo et al.(188), and ThepauMathieu, van Hoecke and Matq353 all trained
participants at different muscle lengths and measured MVIC at numerous joint angéexipre
posttraining. Bandy and Hante35) observed significantp(< 0.05) improvements at four,

five, and seven of the tested joint angles following SML, MMInd LML respectively.
Bogdanis et al(49) reported increased MVIC at two of the assessed joint angles following
SML training (2257.4%, ES = 0.82.41), while the LML group improved in all six angles
(~12.3%). Similarly, (8BenveStigdtiongigndicamlygk ®@05K u b o
improved MVIC at five angles while the LML group experienced significantly improved force
production at eight of the tested angles. Interestingly, Thégatltieu, Van Hoecke and
Maton (353 found that their LML group significantlyp(< 0.05) improvedat four angles,
compared to two and five angles in the SML and MML group respectively. These data suggest
that LML and MML isometric resistance training is superior to SMLs when the aim is to

improve force throughout a range of motion.

Lengthtension

The lengthtension relationship, typically assessed by isometric or isokinetic
contractions, is defined as the muscle length or joint angle at which peak force/torque is
produced(355. Many studies have demonstrated acute optimal angle/length shifts towards
longer muscle lengths following concentigpmetric and eccentric exercigél, 52, 53, 135,
278 280, 393. Additionally, eccentric resistance training and training over a larger range of
motion are well established for increasing the optimal angletiermg(135, 136). It is plausible
that the same relationship exists between muscle lemgtha shift in the optimal angle
following isometric contractions. However, only a single study included in this review reported
the angle of peak isokinetic torg(0), while another examinetthe optimal angle through an
isometric legpress(49). Alegre et al(9) observed a shift of 11° (14.6%, ES = IpX 0.002)
towards longer muscle lengths following eight weeks of training at LML, whereas the SML
group experienced a shift of 5.3° (7.3%, ES = 0®%E 0.039) in the opposite direction.
Likewise, Bogdanis et a{49) reported a decrease in optimal angle following SML training (
9.7%, ES = 1.77) while the optimal angle was maintained in the LML group. Waikength
tension curve shiéid toward the angle of training in several other studies, none were significant
or altered the angle at which maximal isometric force was prod@¢ed/hile a very limited

sanple, the report of Alegre et 4B) is unsurprising given that isometric exercise at LMLS is
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preferable to SMLs for acutely altering the lentghsion relationshif279). Finally, it should

be noted that no included studgported any significant differences in isometric or isokinetic
lengthtension curves between groups training with diffenetensities, contraction intents or
any other independent variable.

The rateof force development

The rate of forcedevelopment (RFD) is an important measurement in sports
performance, as force application in many activities occurs over short p&®R@&s, 138
198). Therefore, while peak force is a valid and highly reliable means of broadly monitoring
neuromuscular function, rapid force production characteristics are egahlpbleand more
specificto the execution of explosvtaskg43, 79, 138 198 209). Unfortunately, only three
training studies examining different contractiotentsreported RFD variablg82, 216, 354).
Regardless, allthee st udi es reported that 1isometric
intent was superior to ramping contractions for improving rapid force produ@&r854,
389. These findings align with the previously discussed alterations in EMG amplitude between
contraction intents. For example, Williart839 compared the adaptations following ballistic
or ramp isometri¢raining. While the ramp group experienced larger, improvements in MVIC
(ramp, 17.820%, ES = 1.56.95,p = 0.0008vs ballistic, 15.718.9%, ES = 0.79.88,p =
0.0036), only the ballistic training group significantly improved voluntary activation (31.6%
ES = 1.84p = 0.0096) and force at 150 ms (48.8%, ES = 1j128,0.0074)(389). Similar
findings are reported by Balshaw et(8R) and Tillin and Follang354) where only the ballistic
training groups significantlyp(< 0.05) improved force at 50 ms and 100 ms (Table 3). These
findings are not surprising, as several reslears have reported increased rapid force and
power production, driven heavily by neurological alterati@1s161, 391). Additionally, there
is evidence to suggest that the intent of movement may be of sinlilar teaactual external

contraction velocity when improving RFD characteris(i&d.

Dynamic performance

The transferability of isometric resistance training to dynamic performance is
guestionable, despite specific isometric assessments closely relaspgrteperformance
(389). Likewise, the degree of transference of isokinetic contractioeaeworld movements
has yet to be elucided fully (168 226, 243). Regardless, isokinetic testing providegaluable
means of assessing dynamic performance. Five studlegd isokinetic assessments with

three comparing various trained joint angi® 205, 216), and two studies comparing
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contraction inént (216) or length of contraction respective{@14). Maffiuletti and Martin

(216 reported similar improvements in eccentric torque at 6@fs concentric torque at slow
(60°-sh) and faster (120°% angular velocities regardless of contractiorteim. When
comparing isometric training at different muscle lengths, Alegre €)and Noorkoiv et al.
(251 observed significantp(< 0.05) improvements after training at LML, but not SML in
concentric torque at 60°*sand 30°-8, and60°-st, 90°-s* and 120°-3 respectively, despite

no significant differences in MVIC improvements between gro@aswversely, Lind(205
reported that neither SMhor LML training groups improved isokinetic torque at 1803

while both groups significantlyp(< 0.01) improved peak torque 2@°-s'. Finally, Bogdanis

et al.(49) observed similar improvements in erepetition maximum squat (9.6%, ES = 0.61
vs11.9%, ES = 0.64) and countermovement jump he€igl%, ES = 0.66s8.4%, ES = 0.51)
following SML and LML leg press training, respectively. One possible explanation for these
findings is that the LML training groups iAlegreeet al. (9) and Noorkoive t b1 06 s
experienced larger hypertrophic adaptations than the corresponding SML participants.
Unfortunately, neither Lind(205) or Bogdanis et a{49) assessed morphological adaptations,
making further analysis difficult.

Applications

While the direct transfer of asnetric resistance training to dynamic movements is
guestionable, physiological adaptations such as increased muscle mass and improved tendon
gualities are beneficial in a variety of conteXisere is a welestablished relationship between
muscle mass,tiength and functional performance in a variety of activities and populations
(102 183 277. While it may require spdéfic training in a movement tooptimize
neuromuscular performan¢g6, 160), it is clear that produng and maintaining muscle mass
and strength should be a priority for athletes and special populations alike. For this reason,
isometric contractions are regularly used in rehabilitation programs and during specific training

phases where dynamic contracganaybe contraindicated

The longheld belief that isometric resistance training should occur at the most
important angle present in a dynamic activity holds tL27, 255257) as the largest
improvements in neuromuscular function occur at the trained 8fg1€88 205 250, 353).
However, large neurological discrepancies exist between isometric and dynamic movements

(390 suggestig that static training may not be an effective strategy for directly improving

37



Chapter 2

sports performance and should be primarily employed to alter morphology. Therefore,
isometric training should occur predominantly at relatively LMLs as there is a clear apgvanta
for improving muscle volumes (FiguB3, and strength throughout a range of mo{i®n35,

188 250 251, 353). Additionally, large increases in tendon stiffness followilgLLhave been
reported, which would likely reduce electromechanical delay and therefore improvd &-D

218 241). Furthermore, LML isometri¢raining may have beneficial effects on the length
tension relationshif®), although greater evidence is needed to solidify optimal angle as a key
variable in performance and injury preventi(8b5. Similarly, architectural qualities of
muscle may underpin the leng#tnsion relationships. However, Alegre et(8).observed no
significant > 0.05) shift in fascicle length regardless of training angle, while Noorkoiv et al.
(250 reported conflicting findings depending on which quadriceps Iveasl evaluated
However, it must be noted that Alegre et(8). utilized a relatively small (5 cm) probe and
reported highly variable changes (CV =-42Z.7%) in fascicle lengthTherefore,a greater

number of studies with robust methods are required before strong conclusions are made

Training intensity is a key variable prescribed in intelligently designetstamce
training programs. Evidence suggests that fgénsity resistance training is superior for
improving force productioil69, 312 313). However, the studies cited in this review show a
guestionable relationship between intensity and force production adaptations Gri§u62,

164, 185 188 250, 314, 344, 396). Consistent with recent original research and ragiayses,
isometric training intensity does not appear to affect hypertrophic ade®étio6 312).

While the lack 6relationship between contraction intensity and force production is somewhat
surprising, previous literature has reported that submaximal intensities can produce similar
strength improvements when taken to failure, or whewvdhemeis equatedetween goups

(196, 236). These findings suggest that isometric training intenisitgot important when
aiming to improve force production or alter muscle morphology. Therefore, increasing
contraction duration§314), increasing total/olume,or shifting to longer muscle lengti(s,

35, 188 205 250 are likely more efficient means of progressing isometric resistance training
if strength and muscle size arepaority. Conversely, high nt e n s70% of MYIE)
isometric contraction exclusivelyroducedncreased tendon thickness and stiffnd$s 21).

As overly compliant tendons are often an issue in untrained and injured populations,
progressively increasing intensity during isometric contractions may be a safe and efficient

means of preparing tendinous tissue for future dynamic lod2ir8y291). Additionally, sports
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requiring a high degree of reactive strength require relatively stiff tendinous structures to
optimizeperformancg118, 186, 189).

Isometric training, like other modes of resistance exercise, should be executed in a way
that most closely relates to the primary outcome goal. When muscular hypertrophy or maximal
force production is the priority, thevidencedemonstrates that thereiislé difference between
contractions completed with a ballistic, or a gradual ramp to the prescribed in{8asi¥6,

354, 389. However, if rapid force production takes precedence, as it would in several sports,
then isometric contractions should performedas such32, 354, 389). Conversely, ballistic
contractions may be contmadicated or cause excessive pain in rehabilitative or special
populations(293), despitethe potential to provide unique morphological tendon adaptations
(225. Therefore, while ballistic contractions offer unique neuromuscular benefits, sustained
contractions generally offer similar or greater morphological adaptations that are likely of

interest to a wider variety of traire2, 216, 389).

Limitations and directions for future research

While trends, ollack thereof are evident in many of the key independent variables
discussed in the current review, several limitations exist. While the widely homogeneous
populations inter, and intistudy allowed forsimple analysis, none of the included studies
utilized special ppulations such as patients with tendon disordegé-performanceathletes,
or experienced resistance traindakewise, while several studies have demonstrated positive
effects of isometric training with neuromuscular electrical stimulgd@) the present review
included only voluntary contractionResearchers and practitioners alike need to be cognizant
of theselimitation if wishing to generalize findings. Similarlyery few of the included studies
examined the effect of isometricaining on dynamic performance, and only one utilized
closedchainor functional performance tasks in their testing batteries. Finally, while 26 studies
were includedthe large variety of independent and dependent variablesertafesivanter-
study analysis difficult and hendefinitive conclusiongroblematic

While the limitations present are broad, several directions for interesting future research
exist. Isometric resistance training is often utilized by strength and conditioning coaches early
in a training plan with the intent of preparing muscle and tendomphmotogies for future
dynamic | oading. However, to the authorsd ki

the effect of a proceeding isometric training phase on dynamic or ballistic training periods
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despite a rise in popularity with this approd8&6). On a related notea limited number of
studies have examined isometric training with finemghts. Isometric contraction intensity
does not play a large role in driving morphological or neuromuscular adaptatiuitstal
volume is likely a more important variable. Howguesistance training modes have specific
load cutoff points for altering tissue or neural propert{@g9 180). As such, future studies
should aim to establish approximate weekly loading guidelines for a variety of populations,
muscle groupsanddependentariables. Another interesting direction is determining whether
isometric training can improve dynamic muscular endurance. Unfortunately, only a single
included study evaluated fatig@96), and no studies examined fatigue during dynamic or

stretchshorteningcycle activities such as cycling or running.

Another avenue for research geared towards rehabilitative populatiomsiis\ariate
examination of contraction intensity and joint anglBfysical therapists often prescribe
isometric trainingo stimulate morphological adaptations and improve neusouiar function
while tightly maintaining a paHree range of motion. Anecdotally, therapists often limit
isometric contractions to moderate joint angles as the increased ligament strain and pressure
synonymous with maximal contraction intensities atdalggrees of joint flexion may cause
unwanted pain and inhibitidd 40, 182). However, training at LML is superior to SML training
for producing morphological and neuromuscular adaptations. Therefore, it would be
fascinating to compare the effeadf submaximal isometric training at LMLs with maximal
isometric training at SMLs. As previously mentioned, the body of literature examining the
characterisbobfbel dfndijopuamd nGquasi 0 (IRx1&Met ri c
299301, 305 320, 333. However, there is a paucity of lotgrm experimental studies

examining these isometric contraction subsets.

Perspectives

Despite a relatively limited quantity of studies to base conclusions tigspecificity
of training applies to isometric resistance training as it does to traditional dynamic resistance
training. Therefore, isometric training shoudd prescribedh line with the primary outcome
goals. Training at ML and with sustainedcontractionshave beerfound to beneficial for
improving muscle morphology, whilkigh-intensity contractions (>70% MVC) are likely
requiredto substantially improve tendon structure dafuehction (e.g. tendon stiffness)

Similarly, ballistic intent hasbeen foundto improve rapid force production even though

40



Chapter 2

movement velocity is zerd-inally, a greater number of studies, with a broader application of
isometric training variations are eded to determine optimal applications for altering the
morphology and improving dynamic performance in athletic, rehabilitatied special
populations alike.
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Chapter 3 - Scientific basis for eccentric quasisometric

resistance training: Anarrative review
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Prelude

The previous chapter gatleerand synthesed research designs, methodologies, and
characteristics and adaptations of isometric training while exposing gaps in the existing
literature.As it wasimpossible to pdorm a systematic review on a topic as novel as eccentric
guastisometric resistanegaining, it was imperative to gather information and knowledge
adjacent to the thesis topic. Unlike the previous chapter, the importance of understanding the
acute, shorterm, and longerm effects and adaptations of eccentric gisgsnetric adjacent
exercise and training was a high priority. Therefore, the primary objective of chapter three was
to synthesizeand critically analyzerelevant biological, physiological, angiomechanical
research, and develop rationale for thevalue of eccentric quassometric training
Additionally, this review aimed to provide potential practical applications, highlight future
areas of research, and determine appropriate research.design
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Introduction

Apparently coined by Yuri Verkhoshansk®78), eccentric quassometric (EQI)
contractions, also known as yielding, holding, or eccentric isome(i@®, 157, 305), have
many variations and proposed applications. Howdwethis review, EQIs will be defined as
Ahol ding a position unti/l isometric failure
phasé@ Theoretically, the prolongeguastisometricand eccentric componergnable a large
accumulation of mechanical tension and metabolic stress that would contribute to
improvements in work capacity, muscle siaad connective tissue health. While traditiona
high-intensity isometric contractions and eccentric muscle actions are commonly used by
practitioners, with welkestablished value in the modern scientific litera{88 101, 103 172,
193 268), EQIs remain reltively unexplored. Therefore, this review aimsymthesizeand
critically analyzerelevant research and subsequently devel@ti@nale for thevalue of EQI

training and highlight potential areas of future research.

Defining eccentric quasiisometric training

Prior to the EQI contraction, a submaxin(laéing hereafter relative to omepetition
maximum (2RM)) eccentric contractionis performed, where the musclendon unit
undergoes an active lengthening. Once the prescribed joint pasitraet the trainee shifts to
yielding isometric muscle action and attempts to holcthsstion for as long as possiblene
final phase occurs as fatiguecamulates, andn eccentric contraction commences while the
traineeattemptsto resist muscle lengthening maximal§ome practitioners contend that this
second lengthening phase places additional strain on the musculotendinousssydtarto
supramaximal eccentric trainin238, 316). Practitioners have recommendeavide range of
loads,with the goal of holding the quasiometric contraction for-80 second$238 316).
Consistent with traditional resistance training, greater intensities and shorter contraction
durations are recommended for strength and power athletes while lower loads and longer
contractions may be advantageous for oxidative or rehabilitative purf238s 316).
Anecdotally, increased muscle thickness, improved range of motion (ROM), altered force
angle relationshipsand improved tendon health, haveen reportedollowing EQI training
(238 316). Although quastisometric muscle actions have been used to describesgeaitic
and stabilizing positions in sailing, speeskating, cycling, and sprinting ga®1, 210, 333
340 369,371, 372, 379), there is no published empirical data on EQIs, and rotittte relaéd

literature utilizes animal models.
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Methods

Literature search methodology

An electronic search for relevant literature was conducted utilizing MEDLINE,
SPORTDiscus, PubMednd CINAHL databases from inception to May 2019. Key temere
searchedorwithi n the article title, abstract, and
wi t h t r urfonabinatians of the following Boolean phrases comprised the search
terms:isometric, static, eccentric, contraction, occlusion, blood flow restrictiorertrgphy,
strength, power, endurance, muscle, fiber, esessional area, tendon, fascicle, pennation and

neuromuscular. Reference lists and books were also utilized.

Inclusion and exclusion criteria

Studieswvere includedn the review based on the following criteria: 1) full text available
in English; and2) peefreviewed journal publications or doctodissertationsStudies were
excluded if they; 1) were conference papers/posters/presentations.

Statistical analysis

Per cent c¢ han g effechsizds (ESpwere caicslated wherever possible to
indicate the magnitude dfie practicakffect. Effect sizewvere interpreted using the following
criteria: trivial <0.2, small 0.20.49, moderate 0-6.79, large .8(115). All reported ES and

percentage changes gme-post withiri group, unless otherwise stated.

Eccentric quastisometrics and morphological adaptations

Based on the relevant literature, Ei€dining could bea potentiallyvaluable tool for
targeting specific musculotendinous morphological adaptatsues as increased muscle
thickness and fascicle length, and tendon stiffness and elasticity. Functional morphology refers
to the structure and function of organisms and their specific structural features. Although
morphology affects function in all tisssighis review will focus on the musculoskeletal system,
which is often broken down into the threemponent model of force transmission (Figéye
(147). The threecomponenmodelprovides insight into the determinants of force production
and transmissionthe contractile element (CE), series elastic component (SHEa)parallel
elastic component (PEQ)55, 156, 223 286). Before continuing, readeshould be aware that
several of the structures mentioned in the following sentences are present in more than one

el ementd or O6componenté6é. As such, thhe foll

44



Chapter 3

PEC, synonymous with the extracellular matrixgludes the elastic tissues surrounding the
myofibrils (the endo, perand epimysium) as well as the sarcolemma and fascia. These tissues
are thought to contribute to sensationprassureand although yet to be fully quantified, may
play a meaningfulaie in force transmission between joints and body segn(iEsts156, 223).

The SECencompassethe springlike tissues in series with actin and myosin, the tendon and
aponeurosis being mosbvious. Controversy exists regarding the exact function of the titin
myofilament, which appears to play a role in both active and passive force transr{8dsion
144,153). For example, titin was originally thought to be somewhat innate and only corgribute
to passive tension in a fully stretched sarcong&8). However, contemporary research has
demonstrated that titis activatedy calcium ions and adenosine triphosphate, contributing to
not onlyactive force transmissioibut also productio(®4, 144, 202). Finally, the CE consists

of the myofibril, and more specifically, the myofilaments of actin and myosin.

PEC

SEC CE

NN

Titin

Myosin
\ \ \\ Actin
——-"\\\\‘s-~—__:::::::E£EEE:;:::;—-

Figure 6. Thethreecomponent model of force transmissi@i = contractile elemen§EC
= series elastic element; PEC = parallel elastic element.

Contractile element
Muscle length and joint angle

Typically initiatedat long muscle length (LML9Yr held through full ROM, EQIs fulfi
the scientifically based criia of mechanical stretch and tension for improving muscular
hypertrophy and function. Produced by force generation and stretch, mechanical tension is
effective in promoting muscular hypertrophy regardless of contraction2@p&29, 309). In
animal models, prolonged mechanical tension has been shown to produce dramasesncre
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in muscle size. Fanstancegxtreme increases in muscle mass (318%), muscle length (51%),
meanfiberthickness (39%andfibernumber (82%jyvere reportedbllowing loaded stretching

of avian wings over 28 day$7). Similarly, Tabary et a(345) reported that cat soleus muscles
immobilizedin a lengthened position had 20% more serial sarcomeres whereas a shortened
soleus group had 40% fewer sarcomeres in series than normal muscle, resp@dtbyeAn
increase in muscle hypertrophy of up to 30%, with an increase of up to 250% RNA content in
four dayswas observedollowing electrically induced overload in stretched rabbit tibialis
anterior muscle€l29). The effect of mechanical tension on skeletal hypertreg@s/examined

by Ashida et al(26) utilizing electricallyinducedcontractions in mice. Peak torque and torque
time integrad were highly correlatedith increased muscle mass and mTOR regulating p7S6k
phosphorylation in isometric contractions amctentric muscle action®6). Thus, animal
models suggest that loaded stretching may provide a unique stimulus for inducing gene

transcription and muscular hypertroptiy9.

Recently, loaded stretch training with hunsamhjecthas grown in popularit{18, 143
326). For example, following siweeks of loaded (285% of maximal voluntary contraction
(MVC)) stretching for five, @ninute sessions per week, fascicle length (25%), ROM (14.9%),
and muscle thickness (5.6%) significantly increased, whilgé&mmationangle of the lateral
gastrocnemiusignificantly decreased (7.1%326). However, no change € 0.94, ES = 0.08)
in MVIC or voluntary activationg{> 0.05, ES #.13) was presel(826), despite several cross
sectional investigations supporting the relationship between muscle architestdre
performance(6, 13, 48, 190 263 360). Yet, the causal relationship between alterations in
muscle architecture and muscular strength has become a hot toprémporary literature
(81, 254). Additionally, the concept of constatdrque versus constant anglgetching has
been recently examingd8, 143). For example, Herda et §l143) examined the shoterm
effects of acute knee flexor stretching at a consdagte, or under constatdarque where the
muscle was initially held at a point of mild discomfort followed by additional muscidon
uni t | engt heni ng amna -indlucedaamalydsia accuree.pWhile both
groups experienced similar improvements in passive ROM and passive torque, only the
constarttorque treatment resulted in decreased muscldonunit stiffness f < 0.001)(143.
Unfortunately, Herda et a{143 did not report any performaaaneasures, a trend that is
common in stretching resear(18). Fromtheseresults,it appearghat, in young males, loaded
stretching can provideufficientstimulusto affect musculotendonous architecture, viscoelastic

properties and likely, acute ipathresholdq18, 143 326). As variants of loaded stretching
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utilize extended periods at or near end ROM, the results of the aforementioned research lend
credence to the hypothesis that EQI training may be a valuable training methodology for
improving acute and chronic flexibility and musculotendonous function. However, there is a
dearth of stretch research elucidating the ideal stretching intensity and the efficacy of loaded

stretching to improve muscular or athletic performaii&e.

Although eccentric muscle actions haves thighest potential for muscular force
production, isometric muscle actions are the only contraction type that has no ROM dependent
endpoint Isometric training is also easily implemented as simply flexingc(rdracting the
agonists and antagonists olirab) can increase muscle size and strength in active(gieh
398); though thevalue of cecontraction training in a wetrained population has yet to be
elucidated. Additionally, isometric contractions enable training at specific joint angles and,
therefore, musckendon lengths. While strength improvements are-angfle specifi (205),
increases in muscular hypertrophy, whisHarger fdlowing full ROM and LML training,

(228), transfer to all joint anglg9, 188 250, 251). McMahon et al(228 compared the effects

of dynamic resistance training executed with full or partial ROMe full ROM group
experienced significantly greater improvements in the distal anatomicatserctgsnal area
(59% vs 16%), fascicle length (23%s 10%), and isometi force at all seven (380° of
flexion) measured knee joint angles {30% vs -1-6%) (228 when compared to the partial
ROM group Although sometric contraction®sultedn less muscle damage and less dramatic
musculartendinous adaptations compared to maximal eccentrics, maximal voluntary isometric
contractions (MVICs) at LML increased markers of acute muscle damage and soreness relative
to MVICs at short muscle length (SML) despite lower torque outfliifs Isometrictraining

at LML produces greater hypertrophy, force production at different joint angles, and dynamic
performance benefits compared to training at SML following 4t trials(9, 35, 188 250

251, 353). The systematic reviewn Chapter 2delved intoeffects of isometric training
variations(268), anddetermined that isometric training at LML produced greater increases in
muscular hypertrophy than volureguated SML training, (0.86.69%-weeKk, ES-weekl =
0.030.09; and 0.0®.83%-week, ES-week = -0.0030.07, respectively]268) likely due to

increased mechanical tension throughout all tissues involved in force transmission {Higure

47



Chapter 3

Figure 7. Thethreecomponent model of force transmissionaimuscle contracting at short
and long muscle lengths

The larger architectural and functional adaptations following LML training might be
due, at least in part, to tlggeaterinitial fascicle length which results in increased muscle
damage, and sarcomere compligdegnonstrated by acute optimal angle shifivards longer
muscle lengthg11, 59). Although more dramatic following eccentric muscle actions, these
angle shifts have also been observed following concentric contractions at long fascicle lengths
(135). For example, Guex et lL36) examined the effect afiree weekef maximaleccentric
knee flexions at either LML or SML on fascicle length and optimal angle. While fascicle length
increased in both groups (SML, 4.9%, ES = 0.57: and LML; 9.3%, ES = 0.89), the SML group
only experienced a shift in the optimal concentric angle (8.8°), wheheaEML group
experienced optimal angle shifts in both concentric contractions and eccentric muscle actions
(17.3°and 10.7°, respectivel{)36). Thereis evidence to support the principle that mechanical
tension canincreasemuscle volume, and that isometric training at LML leads to greater

hypertrophy and a shift in the optimal angle.

48



Chapter 3

Contraction intensity and duration

Cumulative tension and total wdoad are key determinants of hypertrophic
adaptation, regardless of contraction t{2#6). Moore et al(236) found that changes in torque
and musle thickness were not significantly different between Joedched concentric and
eccentric resistance training groups, despite the eccentric group requiring 40% fewer
contractions to match training load. Morphological adaptations to isometric resistanice)
are similar between work matched high amd-intensitytraining (268). While much of the
literature recommends higbad over lowload resistance training for strength development
(220), many periodizationmodelsemphasizemuscular hyperaphy and general muscular
endurance early in macemdmesocycleg75, 378. Accordingly, EQI trainingemphasizing
time under tension with the application of graonerrecommended intensities of -B0% of
1-RM may be a useful training method to alter muscle size.

Metabolic factors

Total time under tension, acubgpoxig and metabolic stress are mechanisms that
contribute to morphological adaptatiadpg, 117, 123 268 281, 314, 348 349). Several studies
have reported significant reductions in oxygen availability from submaximal isometric
contractions at 380% of MVC(7, 333). Additionally, blood flow does not appear to decrease
linearly with intensity(229). Isometric contractions at 60% of MVIC result in greater short
term blood flow restrictiorrelative to 30% and 100% MVEK® as the moderatatensity
contractioncouldbe sustainetbr a significantly greater duration than 100% while the tension
created by the 30% contraction wasufficientto reduce blood flow and metabolite clearance
(229. This occluson hasseveral potential effects, including increased metabolite-ogildnd
postcontraction blood flow, both of which stimulate muscular hypertrof@9g8). Several
studies have examined the impact of blood flow restriction on hormones and hypertrophic
markers in humang§l17, 281, 348 349. Fujita et al.(117) examined the metabolic and
hormonal effects of blood flow restriction durif@v-intensityresistancerainingand found
46% greater mTOR regulatechuscle protein synthesis, via significantly greater S6K1
phosphorylation markers compared to éxerciseonly group. Gentil et al(123) also found
that both isometric contractions and vascular occlusion resulted in greater blood lactate
responses which can increase muscle cell myogenesis, satellite cell actiaattbn
phosphorylation of mMTOR and P70%2&44). Additionally, acute ischemia combined withw-
intensitymuscular contraction can significantly increase growth hormaoselin-like growth

factors and mechangrowth factor productior{95), which are physiological responses to
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decreased muscle and blood (281, 348 349. Occlusion may also rede¢he amount of
oxygen available for the oxidative tyfe motor units, potentially resulting in earlier
recruitment of fastwitch fibers at relatively low intensitie§237). Long-term morphological
adaptations to blood flow restriction training include increased muscle thickness and function

in a variety of training circumstancé08 351, 383).

Thoughsparsea few studies havexaminedhe effect of blood flow and metabolites
during isometric training83, 314). de Ruiter et al.(83) examined the oxygen consumption
characteristicef isometric contractions at several knee angles. Isometric contractions at LML
(60° and 90°tonsumed more oxygen than SMantractions (30°) at 10%, 3Q%nd 50% of
MVC (83). These findings may, in part, explain wleyng-term isometric training at LML has
a greater effect on muscle thickness and strength, compared to SML training at least in
Aheal thyo, or #Ar ec (9835 188 205 2b0 A5 26&. SdhattMVeCullys u b j e ¢
and Rutherford314) compared the metabolic response and adaptations to short (four sets of
10 x threesecondcontractions) or long (foucontractionsof 30 seconds) duration isometric
contractions at 70% MVC. Although blood flow was not measured, thedonaction limbs
experienced greater changesratabolitesand larger decreases in fBil4). Muscle thickness
also significantly increased in the upper (10.1%) and lower ¥@}lpbrtions of the quadriceps
in the longcontraction, but not shedontraction limb(314). Although blood flow restriction
has many benefits in older and injured populations, it does not appear to offer any additional
adaptations in healthy wellainedathleteg315). Furthermore, while low intensity singjeint
isometric contractions have been found to result in blood flow restriction, the effects ef multi

joint isometric and quassometric contractionsawe yet tobe examined

Exerciseinducedmuscle damage

Although exerciseinduced muscle damage is not needed to promote muscular
hypertrophy(308), emerging research suggethaexerciseinducedmuscledamage may play
some role in morphological adaptatio(®)9. When exposedto a novel stimulus, acute
myofibril micro-trauma occurs as an abundance of*@aters and remains in the myofibril
(78). Eccentric muscle actions typically result in a greater degraeuté trauma as evidenced
by elevated serum creatine kinase, myoglobin, and skeletal trepdewels, and delayed onset
muscle soreneg32). These markers typicallyoincidewith a temporary reduction in muscle
force and powe(72). While detrimental to sheterm performance, exerciseducedmuscle

damage is associated with changes in a variety of chemokines that attract inflammatory cells,
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which influence muscle hypertrophy remodeling associated with phagocytosis, free radical
production, and circulating cytokines and growth fac{@iz3). Additionally, a novel delayed

onset muscle soreness inducing stimulus may lead to increased sarcoplasmic reticulum re
uptake of C# by alteing t-tubule structur€78) and increasing the concentrations of proteins
such as calsequestr{d0) and dysferlin(167). These proteins function to promote debris
clearance and increased concentrations of1dbroblast growth factor, nerve growth factor,

and interleukirG, which increase satellite cell proliferati@®4, 37) and rates of protein and
collagen synthesi§166). Although acute increases in myoflbprotein synthesis do not
necessarily correlate with lostgrm hypertrophy(233), these increased synthesis rates,

theoretically result in thicker, stronger tissues that are less susceptible to future (Ed8age

The repeated bout effect refers to the substantial reduction in muscle damage from
subsequent training@27). While most commonly observed following eccentric exer(ifs,
227), the protective effects have also been found to occur following isometric ex@ygise
especially at LML(11, 69). Isometric training at LML results in greater delayed onset muscle
soreness and acute performance decrenféhtss well as chronic adaptationgngpared to
isometrics at SML(9, 188 250, 251, 268 353). Likewise, greater exerciseduced muscle
damage and delayed onset muscle soreness are reported following maximal effeetdagi
(210°-st) isokinetic eccentric muscle actions when compared to an equal volume bout at low
velocity (30°-s%) (65). As a greater number of higis low-velocity eccentric muscle actions
are needed to equalize volume, the difference in muscle damage and soreness is likely due to
increasing thetotal number of s@omere bondsand thereforecalcium ioninflux and
subsequent activation of calpaif899. Additionally, higher velocity eccentrics may
preferentially recruit highthreshold, typdl motor-unitis, which are more suseptable to muscle
damage in comparison to the tybébers (245). Similarly, eight weeks of maximal high
velocity (180°-8) eccentric training resulted in greater hypertrophic adaptations when
compared to maximal lowelocity (302s?) training (101). Conversely, submaximal (70% 1
RM) slow velocity (~3 s) eccentric muscle actions during the barbell bench press have been
found to stimulate higher blood lactate amtlogenoubkuman growth hormone, by promoting
a hypoxic environmer(61). While EQIs may lead to substantial levels of local fatigue due to
a potential lack of blood flow and high metabolite levelss unlikely that the lowelocity

eccentric component would produce exeramsiicedmuscledamagg65).
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Series elastic component

Tendon, the primary tissue of the SEC, can undergo morphological and functional
adaptations through inactivitinjury, sporting activitiesand resistance trainin(@4, 187, 218
291). Tendonand other connectivessuescomprisedof specifically aligned collagefibers
have significant resistance to mechanical st(@ib8). Optimal performance requires the
efficient transfer of force from muscle to bo(®l8 249 necessitating transmission via a
tendon that is sufficiently stiff toninimize electromechanical delay while avoiding rupture
(218). Properly executed dynamic, eccentric and isometric training can improve tendon
structure and functio(lL9, 21, 174, 175, 185, 187, 193 218 291).

Joint angle

A single study has directly investigated the effect of joint angle on tendon morphology
by comparing volumequated isometric knee flexion training at LML (100°) or SML (50°)
(188. While both SML (10%, ES = 0.82) and LML (11%, ES = 1.06) groups improved
guadriceps volume, only LML training resulted in significant tendon stiffness improvements
(50.9%, ES = 1.22(188). While the sparse results of the preceding studies expose a gap in
existing literature, they tend to support holding pnged isometric contractions at LML with

near maximal loads if tendon structural adaptations are paramount.

The titin myofilament, although thought to be a secondary structuréetadanin the
SEC has several important functions and is likely partlpaesible for the residual force
enhancement following an active stret@07, 145 283 318 319 321, 323. Titin adds
stability, stifness and passive and active force transmission at L{144, 284) andis a likely
factor in injury prevention. Several studies have found titin to regulate muscle force and length
in mechanically lengthenediibers (202 284). Baunert et al.(39) examined the relationship
between force productiorgelayed aset muscle sorenesand genotyping related to titin
stiffness(39). Subjectswith the allele linked to greater titin stiffness (TRIM63alele) had
greater MVICs (35%, ES = 1.42= 0.006) and recovered more quickly (ES =144 0.022)
compared to the other subjects (TRIM63aliele) (39). Titin proteinfragments have been
found in the urine of healthy young males following bouts of a dynamicaial exercise and
were strongly correlated with traditional markersegérciseinducedmuscledamageg(163).
While the eccentric muscle action following a fatiguing isometantractionwith EQIs is
unlikely to produce significant muscle damage due to low velod®®s it is plausible that

titin may be activated. Although occurring at a range of joint an@#8), residual force
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enhancement magnitude is greater at LMBR3, suggesting that LML training may
preferentiallyutilize titin (145. Thus, it may be prudent to examine the effects of guasi

isometric holds in théengthenegosition on markers of breakdown and expression of titin.

Movement velocity and muscle action

The SEC appears to ladfecteddifferently by movement velocity. The impact of
movement velocity on titin is difficult to determine as many questions remain regarding the
myofilaments contributions to phenomena such as residual force enhancé€hénB2l).
While studies have observed the breakdown of titin following resistance training movements,
which tend to be relatively slow wh compared to activities such as sprinting or jumping
(163, there are conflicting data regarding the velocity of stretch and residual force
enhancement. Although the majority of residual force enhancement examinations utilize
eccentric angular velocities between -89and 60%? (107, 283 319, 323, Lee and Herzog
(200 compared stretch angular velocities of $6°20°s and 60%*. While eccentric force
during the stretch increased with velocity, there was no significant difference in proceeding
isometric force between the three protod@B0). Though the above research is intriguing as
the effect of velocity on titin is unknown due to several confounding variables, including

differentneuromuscular strategies and contributions from the CE and %&:£73).

The relationship between velocitsgsidual force enhancemerind titin is not yet
determined; however, the effect of movement velocity on the tendon holds greater clarity.
Acutely, it appears that isometric contractions provide superior analgesic effects compared to
dynamic resistance exerci§293 295 357). Rio et al.(293), examined patellar tendon pain
during a decline squat exercise in six male volleyball players with tenddrigspainwas
evaluatedbeforeand after performing either slow isotonic leg extensions for four sets at an
8RM loador five sets of 45s isometric knee extensions at 70% of M293). While both the
isometric €97%, ES = 3.6) and dynamiet0%, ES = 0.67) groups significantly reduced pain
acutely, pain reduction only remained significant at the 45 minutes mark following isometric
exercisg293). Loaded between 30% and 80% eRM (305, 378, and maintained for similar
peri ods as(29%R05 theezero ® llowélaity EQI contractions may havhe

potential to reduce tendon pain, despite recent controyE3gy.

Longterm changes in tendon morphology seem minimal in healthy, mature human

tissue(172 218. However, injuredendinous tissue can undergo dramatic adaptafibi’
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305). Tendon adaptation is independehtontraction typeso longas a minimum mechanical

load thresholds reached141, 142, 156), which likely explains why traditional exercises with

an eccentric emphasis have been found to be superior to dynamiactions in tendon
rehabilitation(174, 193 218). However, movement velocity is critical as healthy tendogrgib

will A s p a r eamagedhtissue by transmitting a greater portion of the load when high
velocities areutilized (22, 218). Conversty/, damaged tendon tissean undergosufficient

loading during slow contractiorf®2, 218). For example, Kongsgaard et @l74) compared 12

weeks of singldeg decline squats with an eccentric emphésiateralheavy anglow (three

second eccentric and concentric phases) resistance training, and corticosteroid injections.
While both resistance training groups experienced significant improvements in several
measures of performance and architectural mgsiological markers, the heavy and slow
resistance training group reported greater satisfaction of clinical outcomes (70%) compared to
the eccentric (42%) groufl74). The researchers theorized that the decreased tendon pain,
tendon collagen contenand voluntary force productiowere due to the greater intensity
induced mechanical overload throughout the training p¢tiod). These data demonstrate that
tendon adaptation can be achieved via relatively slow movement velocities and that maximal
or supramaxnal eccentric exercise is not necessarily required. As EQI contractions are slow

and submaximal, they may be a viable tool for treating diseased tendonous tissues.

Contraction intensity and duration

Contraction intensity, duratiomand type have different effects on tendon properties.
Kubo et al.(184) compared the effects of 12 weeks of isometric and plyometric training on
muscle and tendon stiffness. Active muscle stiffness at 30%, 50% and 70% of MVIC only
increased significantly following plyometric training (3%2.6%, ES = 1.32.57vs 12.4
23.6%,ES = 0.460.75) whereas ballistic and ramp tendon stiffness increased exclusively
following isometric training (23-:42.1%, ES = 0.94.21) (184). Likewise, Burgess and
colleagues(58) compared the effects of isometric and plyometric training on the plantar
flexors. While no statistically significant défence between groups were presprt 0.05),
the isometric group experienced very large increases (61.6%, ES = 4.91) in tendon stiffness
when compared to the plyometric group (29.4%, ES = 15B}) Interestingly, no significant
differences between the isometric and plyometric groups were apparent for cormagtric
jump height (64.3%, ES = 2.8858.6%, ES = 2.85), or rate of force development (28.1%, ES
= 1.89vs 14.6%, ES = 1.38); howevearp measures of stretaortening cycle function were

included(58). These findings demonstrate that while isometric contractions are effective in
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improving tendon stiffness (thereby reducing et@tiechanical delay) and improving tendon
health(24, 293), improvements istretch-shorteningcycle performance likelyequirespecific
training to increase ultrasonically assessed elast{@i8y-189), suggesting that isometric

contactions are an effective addition to traditional resistance training.

In regards to contraction intensity, Kongsgaard €tlab) examined the effect of a 12
week, workequatedd y nami ¢ i sotonic | eg extension trai
(70% tRM) or | ight | oads. The fAheavyo gp<oup ex
0.05) and proximal (6% < 0.05) patella tendon, whereas the light group only saw significant
proximal hypertrophy (7%p < 0.05) (175. Additionally, tendon stiffness significantly
i mproved following fAheavyo resistance traini
group experienced a nesignificant decrease-49.18%, ES = 0.83)(175. Similarly,
Arampatizis et al(19, 21) compared 14veek training programs consisting of volume equated
isometric plantar flexion at low (~55% MVIC) or high (~90% MVIC) intensities. Only the high
intensity training groups improved Achilles tendon crssstional area and stiffness (1-7.1
36%, ES = 0.82.57,p< 0.05.vs-5.2-7.9%, ES = 0.2®.37,p > 0.05)(19, 21). Furthermore,
tendon elasticity only ireased following low intensity training (4¥6.1%, ES = 0.58.84,p
> 0.05.vs -1.4-3.9%, ES = 0.0®.20, p > 0.05) intensity training19, 21). Though the
aforementioned studies investigated different tendons and utilized different training intensities,
both point to the superiority of high over lantensity contractions when an improvement in
tendon stiffness is desired.Nile unlikely to directly improve plyometric performance, high
intensity isometric training may be a valuatdel in improving tendon thickness and stiffness
which may decrease injury rates, and improve performance whededchs a supplement to
traditional resistance trainin@8, 184, 187, 189.

Parallel elastic component

The effect of resistance training on the PEC and extracellular matrix is lacking, due to
the methodological challenge of separating connective tissue from intrafilefélaentsto
evaluate their relative contributions to force transmisgd9®). Subjective measures such as
pain and ROM are limited in utility, as they contain confounding b&gand often manifest
gradually(296). However, we do know that the PESCcomprised primay of collagenfibers
(286) and that adding collagen around the myofibrils leads to an increase in stiffness and

transmission of force to the passive structures of the extracellular rfl28x Thus, itis
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postulatedthat the increase in extracellular matrix stiffness is a contributing factor to more

energyefficient eccentric muscle actio(331).

Several studies have examined resistareiaitig and collagerformation in healthy
humang159 172 174, 175, 193 218). In-situ investigations by Mass et 22 and Gomez
et al.(130) have reported that damaged tendons and ligaments healing under tension had higher
collagen contents compared to passively healing controls. uhderstoodthat damaged
tendons experience more efficient healing when factors including transforming deatdh
31, plateletderivedgrowth factor and IGF1 are elevate(R04). Therefore, resistance training,
which places a tissue under tension, increases hormonal and molecular signaling factors,
providing optimal extracellular matrix maintenance in the eld€¢881). Additionally,
resistance training can cawseerciseinducedmuscledamageand increase locaiflammation
(72, 331). Muscle damage following unaccustomed loading has been observed to acutely
increase collagen synthesis and extracellular matrix remod@g) 347), while chronic
resistance training hasesultedin increased intramusai collagen(159). Interestingly,
eccentric and concentric contractions appear equally proficior increasing collagen
synthesis when total work is equal@®5). However, eccentric muscle actions enable greater
force production or greater work performed at the same(B@and therefore lead to greater

adaptation when total sets and repetitions are €a48).

In summary, EQtraining theoreticallyoffers a time and energgfficient means of
triggering morphological adaptations in all primary components of force transmission.
Thereforejmplementation oEQI trainingcould likely be beneficidbor increasing muscle size
and improving tendorgndother connective tissueealt. However, these hypotheses must be

empirically tested.

Eccentric quastisometric contractions and neurological qualities

Eccentric quasisometric training could be expected to improve muscle function at low,
but not high velocitiesAlthough a few acie studies are examining and describing EQI
exercise on musculotendino{fsl, 210, 333 340 and neuromscular adaptationd, 369, the
lack of any lag-term investigations makes any definitive conclusions problemédiwever,
there is a significant amount of research examining fatiguing contra¢®2®s303), yielding
isometrics(7, 122, 157, 299301, 305), slow tempo resistance trainiiigs1, 381-383 394),
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and joint anglg83, 250, 251, 303 343 that allow corgcture and identify areas for future

research.

Contraction intent

Contraction intent is an important factor to consider when evaluating the effect of
resistance training74). Although the intent of the trainee during EQIs is to maintain a
movement velocity of zero, once isometric failure occurs at low veldeitgthening follows
despite maximal effort due to accumulated fati¢R@8 316). Though a variety of isometric
training and exercise methods haween described122 157, 305), the vast majority of
experiments havatilized maximal contractions against an immovable object. While maximal
isometrics senas a valuable and highly reliable means of evaluating neuromuggutéion
(91, 266), results from these studies are difficult to apply to EQI exercise. Recently, researchers
have demonstrated that #dAyieldingo (resisting
preventingeccentric muscle actigrreate different fatigue and neunescular characteristics
compared to Apushingo (exerting @@azdsy,e99agai ns
301, 305). Hunter et al(157) compared time to task failure and neuromuscular function when
maintaining a constant force (pushing) of 15% of MVIC, or by supporting an equivalent inertial
load while maintaining a constant joint angle (holding). Pushing resulteigmificantly
greater time to failure (1402 + 728 s) than holding (702 = 5§255). Similarly, Schaefer et
al. (305 examined pushing and holding isometric actions at 80% of MVIC and found that
subjects ould maintain the target force for twice as long when pushing (41 ¥24%+ 8 s).
Hunter et al.(157), Schaefer et al305, and other investigator& 22, 299-301) have also
demonstrated that agonist activation at failure is greater when pushing, whtéwation of
antagonist and synergist muscles are greater when hqti?®y299-301, 305. While the
increased c@ctivation during position tasks are a likely cause of the decreased endurance time
(122, 157, 300 309, it is plausible that position task training may lead to superior joint
stabilization and thus carry value in rehabilitative setti{®®9). Additionally, several activities
and sporting actions involve bracing to avoid dynamic muscle a@8 371). Therefore,
while pushing isometrics likely allow for greater morphological adaptations, due to larger
forces and time under tension, training with the intent to maintain specific positions instead of
exerting force against an immovable object may provigaoved carry over to specific tasks
that involve maintaining specific joint angles or postures due to the similarity of neural
characteristic$199, 372).
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Ballistic and ramp contractions are additional means of distinguishing movement intent
(268. When comparing the result of several isometric training studies directly comparing
contraction intents, Oranchuk et @68) determined that trainingith ballistic intent resulted
in constantly greater improvements in muscular activation (3/4 studies)1(Q.84-week?,
ES = 0.020.31vs 1.645.53%-week!, ESweek! = 0.030.20 and rapid (€150 ms) force
production (3/3 studies) (1-23.4%-weeKk, ESweek! = 0.050.61 vs 1.01-8.13%-weekK,
ES-week = 0.060.22). Furthermore, Behm and S&d) compared the effects of isometric
contractions performed with ballistic intent, and high angular velocity @90concentric
contractions. Both concentric and isometric training lead to similgy €al.01) improvements
in peak isometric force, rate of force development and relaxation and peak torque sit,14.9°
29.8°s1, 59.6°1, 88.8°?, 173°! and 240%? (41). These results highlight the importance
of contraction intent, and not necessarily movement velocity, on neurological qualities and
performancealterations. Although comparing the above results with EQI training is difficult,
given that EQIs are neballistic, it is reasonable to suggest that they would be unlikely to
improve explosive neuromuscular performance. Thus, a progressive resistanogy trai
program to improve explosive performance would avoid incorporating EQIs in late training
cycles; they mape best positioneglarly in a periodized plan, likely as an adjunct to traditional

resistance training.

Contraction intensity

While research on isometric contraction intensity is emerging, the lonfyterm
training investigations examining neurological adaptatiargize traditional, pushing
isometricslnvestigationglirectly comparing isometric training intensity have detead that
little difference in morphological or performance adaptations £xighe total volume is
equated268). While little evidence exists regardgjmlifferent isometric contraction intensities
on neurological adaptations, the wealth of data on dynamic contractions may provide insight.
High load dynamic training has been found to increase coording®®® and reduce
neuromuscular inhibitior§2), which is valuable when optimal performance is des{i&).
Additionally, a significant portion of the existidigerature has determined thaigh-intensity
dynamic resistance training is superior for improving neuromuscular functiorsg@orts

performance when compared to lower intensity metliods
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Joint angle

Motor-unit activation and muscle inhibitioare strongly affeed by thejoint angle
(249, 303 343). The strain sensing organelles of the Golgi tendon organ and muscle spindles
undergo different levels of stimulation at varying museledon lengthg249 303). For
example,Suter and Herzo343 examined muscle inhibition and joint angle by comparing
voluntary force and force produced by superimposed femoral nerve stimulation at 15°, 30°,
45°, 605 and 90° of knee flexion. While muscle inhibition was present at all assessed joint
angles, the lamst superimposedwitches were present at LMLS43). Greater muscuta
stretch, patellofemoral pressuand ligament strain at knee angles between 45° and 60° of
flexion aretheorized to underpitine greater degree of muscle inhibiti@43); however, these
observations are not necessarily applicable for all joints or movements to differing tendon
structural properties, fascicle lengths aoetontraction dynamicfl5, 46, 139 170, 197, 392).
Although muscle inhibition is necessdoy extreme situations, improving muscular activity is

important when returning to activity or wheptimizing performance74, 249).

Advantages of LML isometric training for improving muscle size and force production
throughout a fullROM exist (9, 35 188 250 251, 268 353. Interestingly, studies
investigating the effect of restricted ROM resistance training have determined that limiting
dynamic contractions to LML does not result in meaningful changes in the Hemgibn
relationship(363, 364). While EQI contractiongitilize a full ROM, they are inherently low
velocity. Therefore, EQI training should be implemented early in a yearly training plan to

improve morphology and improymsitionspecificfunctions.

Applications to performance and rehabilitation
Performance

Performance in sport is dependent on a variety of physical qualities. As such, training
methodologies havdiffering utility and valuedependingon thetype of sport, proximity to
competition, individual training agend a multitude of additional factors. With fewceptions
(199 372 378, quastisometric and EQtontractiondave nobeen widely utilizedn training
plans. However, although no direct investigations on EQI contraction or training exist, relevant
research, €.9.,isometric, eccentric, time under tensidlood flow restriction) suggest that
EQIs may have a place intelligently designed programs. The theoretical potential of EQIs
concerningdynamic (eccentric and concentric), eccentridy, and isometric resistance

trainingare summarizeth Table5 (based o0r{342)).
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Table 5. Theoretical potential of dynamieccentric, isometrj@and eccentric quassometric resistance training to benefit musculotendir

morphology and performance

Training outcome Training method

Contractile element

Series elastic component

Parallel elastic component

Dynamic ++++ + +
Eccentric +++++ ++ ++

Morphology Isometric ++ ++ +
EQI +++4+ ++ ++

Dynamic ++++ + +
Endurance Eccentrjc N T o
Isometric +++ ++ +
EQI +++++ ++ ++

Dynamic +++ + +

S Eccentric +++++ +++ ++
trength Isometric e+t + +
EQI +++ ++ ++

Dynamic +++++ + +

Power Eccentric ++++ ++ ++
Isometric ++ ++ +

EQI + + ++

Ranked on a scale from + (low potential) to +++++ (high potential). Adapted from Suchome(3t2\l. EQI = eccentric quagsometric.
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Muscular endurance

A systematic increase in the exposure to the total volume that a muscle orgnasple
undergoes is a common means of improving muscular endufan@e378). Training with
EQIs may have the potential to provide a unique stimulus for promoting muscular endurance,
as a primary aim is to increase the amount of time that the prescribed pissitiamtained
Additionally, while a high volume of submaximal dynangontractions is commonly
employed to improve muscular endurance, the constant muscular tension present in isometric
and quasisometric contractions can alter blood flow and muscle oxygend#@pi333).
Although far from conclusive, this mild, and temporary alteration in oxygenation may lead to
alterations in aerobic and anaerobic enzymes and significant, yet temporary increases in several
anabolic signaling factor@37, 349. Furthermore, muscular endurance training heay to
adaptations to thettibule structure and increase ?Cee-uptake(78), therefore offering a
protective effect from delayed onset muscle soreness andtsimrperformance decrements

that may occur from future higlbad training(67, 69).

Eccentric quasisometric training may ats offer a novel spogpecific training
stimulus to athletes that undergo regular, sustained-tagasetric contractions. While actual
sports participation offers the greatest level of spespecific adaptationutilizing quast
isometric or EQI contractions in a controlled environment such vasghtroom, offers the
ability to apply focused overload. For example, a speed skater wishing to increaskbddwer
muscular endurance in a skating specific ROM, via morpholbgdaptations, may wish to

experiment with quassometric or EQI training by utilizing a legress (Figurs).

contraction in the singleg leg press
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Hypertrophy

Muscle mass is highly related to stren@tB6) and is, therefore, an important factor in
sportsperformance. While heavy loading, including supraximal eccentritraining,offers a
strong stimulus, total work and training volume are thest important determinants of
hypertrophic adaptatiof196, 236, 308 312). While moderate resistance training allows for a
time-efficientmeans of accumulating volume, EQIs may be superior in specific circumstances.
Depending on the intensity, initial joint angénd other factors, EQI contractions can expose
a muscle group tasubstantial total load in a relatively shperiod Eccentrc quasiisometric
contractions also offer a likely advantage over dynamic training when it comes to accumulating
volume as shortening contractions are less energetically and mechanically efi&ent
While a nonlinear, inverse relationship exists betweermsity and time under tensi¢h/8,
378), exdusion of the less efficient concentric phase allows for higher intensities throughout a
set duration, or more work at the same intens{886236). Therefore, a single EQI contraction
would likely impart greater time under tension than a similarly loaded set of dynamic
contractions when bottre takerto failure. Likewise, similar set durations colid metwith
a greater external load applied to an EQI contraction compared to a dynamic alternative.
Additionally, EQIs are likely to reduce muscle oxygenation and metabolite clediaRSs)
which may lead to preferential recruitment of tipenuscle fikers with increasedapacity to
increase crossectional area and forgeoduction,and signal anabolic hormones known to
contribute to the hypertrophic resporf288 314, 349).

Strength and power

A variety of morphological and neurological factors including muscle size, nfissle
type, and motofunit recruitment characteristics determine strength and pBer4, 75, 89,
98, 116, 199 249 342 360, 383 398. While EQI contractions may be a viable tool for
improving total hypertrophy, an abundance of evidence supports the use afelugity
contractions and maximal tagramaximal loads for preferentially targeting typemuscle
fibers (116 270. From a neurological perspective, the ability to express maximal force and
power is contingent on several factors. While isometric and eccentric resistance training can
lead to the neurological and neuromuscular adaptations efodieg, agonist, antagst, and
synergist activation and eactivation, theadaptations abovare highly specifiq2). As EQI
contractions are inherently submaximal and intevally low velocity, it is likely that direct
carry over to high threshold activities would be minimal. However, the slow, relatively high

accumulated loading synonymous with EQI contractions, may potentially lead to improved
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rates of collagen synthesiadastiffness of the SEC and PEL74, 193 218). Thereis reason

to believe that these morphological adaptations may improve fiaesmission by decreasing

the electromechanical delay, therefore improving the rate of force development and stretch
shortening cycle functiofil25 218). Quasiisometric and EQI contractions are postulated to
build positionspecificstrength and potentially reduce injury rigk71, 372). Verkhoshansky

and Siff(378), described weightlifters utilizing E@aining to strengthen key positions in their
weightlifting pulls. For example, a weightlifter who struggles to maintain an ideal position
t hroughout (839 eayiwish to exgeriment With BQI contractions (Figlye

-2

Figure 9. The initial quasisometric hold and final position after a maximal eccentric
contraction in the snatch pull

Rehabilitation

Injuries to any of the three components of force transmission require mechanical
overload atsome pointin the rehabilitation proess(218). Isometric and quassometric
exercises are alreagpmmonplacen the initial phases of muscular and tendon rehabilitation
protocols as they enable tight control over ROM and inter{@®8 178 293295 357).
Sustained submaximal isometric contractions avoid large peak forces and acutely reduce
tendon pain, potentially allowing for periods of p&iee dynamic exercis@94, 295 357).
Furthermore, while progressive mechanical tensioorigial (172 174), slow movement
velocities shouldbe prescribetb stimulate damaged fibgi22). Therefore, the combined static
and lengthening phases of EQI contractions may provide an analgesic effect while stimulating

connective tissueeformation In the case of seriousjuries such as bone fracturessmvere
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connective tissue strains, patiemiay undergo a period of full or parti@mobilization These
periods ofimmobilization often result in significant muscle atrophy and fascstiertening

(345. Eccentric quasisometric exercise may offer a subtmal means of improving tendon
morphology, work capacity, muscle thickness, and neuromuscular function while returning
fasciclesto a normallength (218). Eccentric quasisometric contractions cdoe performed

with a wide range of loads and che easily implemented through specific ROM. For
example, a patient maxperimentvith EQI contrations by performing an EQI elbow flexion,

with the torso inclined, until the elbow reaches the end ROM (FR)u# this point, a second

EQI with a focus on the shoulder flexors can be initiated to impart further mechanical loading,
metabolic stress to the target tissues (Figl@e While currently highly speculative, a
hypothetical training plan including EQlerfan athlete recovering from patellar tendonitis is
provided in tables.

Figure 10. Eccentric quasisometric incline biceps curl
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Day 1 Day 2
Exercise Sets x Reps Intensity Tempo ROM Exercise Sets x Reps Intensity Tempo ROM
Phase 1: Pain and load management
Isometric Wallsquat 4 x30-60s BW N/A 30-60° Isometric knee extension 4 x 3060s 70% MVIC N/A 30-60°
Mini-band hipthrust 3x1520 BW 2-1-2-1 Full 1-leg DB Romanian deadlift 3x1012 Moderate 3-0-1-0 Full
Clam shells 3x1015 Band 2-1-2-1 Full Mini-band side shuffle 3x1015 Band 1-0-1-0 0-30°
EQI knee extension 2 x6090s 50-60% XRM N/A Pain free EQI knee extension 2x6090s 50-60% IRM N/A Pain free
Phase 2: Morphological restoration
1-leg hipthrust 3x10620 BW 2-0-2-1 Full 1-leg back extension 3x10620 BW 2-0-1-1 Full
Hamstring curls 3x812 Heavy 3-0-2-0 Full ECC ZXleg decline squat 3x 10615 BW 4-0-1-0 0-75°
Knee extensions 3x812 70-80% *RM  2-0-2-1 Full 1-leg press 3x1520 6070% :RM  2-0-1-1 Full
EQI knee extension 3 x3060s 70-80% 1RM N/A 15-90° EQI 1-leg press 2x3060s 70-80% IRM N/A 45-90°
Phase 3: Strength and functional improvement
Mini-band march 2x20 Band 1-0-1-0 Full BB hip-thrust 3x810 Heavy 2-1-2-1 Full
BB back squat 4x68 Heavy 3-1-31 Full BB front squat 4 x 56 Heavy 3-1-3-1 Full
Glute-ham raise 4x68 BW 3-0-1-0 Full BB Romanian deadlift 4x810 Heavy 2-0-1-1 Full
EQI skater squat 3 x1530s Moderate N/A 75%floor EQI DB Bulgarian split squat 3 x1530s Moderate N/A 452floor

Each phase =-3 weeks. Tempo = eccentpauseconcentriepause. Reps = repetitions. ROM = range of motion. Bi#dyweight N/A = not applicable. MVIC = maximal voluntar
isometric contraction. EQI = eccentric quésimetric. s = seconds-RM = onerepetition maximum. DB = dumbbell. ECC = eccentric. BB = barbell.
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Limitations

Due to the lack of any lontgrm investigations regarding EQI or quasmetric
resistanceraining limitations are abundant in thisview. Like many methods of resistance
training, EQIs canbe appliedwith an endless combination of variables including intensity,
contractionduration repetitions sets, rest periods, frequenciaad exercise selection. Any
adjustment to thaforemenbned parametenwill alter the resemblance of EQI to traditional
methods. Similarly, much is left tue determinedegarding established training methods such
as isometrics. For exampl e, whil e the <char a
contractions differ(122 157, 299-301, 305, there is a paucity of research examining fong
term consequences to such altered loading parameters. Researchers and practitioners need to
progress the knowledge and understanding of the acute andteshornheuromuscular,
biomechanicaland metabolic effects of quasometric and EQI contractior($22, 157, 299
301, 305). Furthermore, longerm investigations are needed to compare the potential structural

and functional adaptations to established training methods.

Practical applications

It is common f or fnov e évilendebasedomradtice.gVhilme t h o d s
there are limited data on losigrm adaptations, sheteérm investigations, anecdottidence,
and relevant scientific knowledge make a strong case for the investighiQ1 tbading and
training. Based on the existing literature, the value of EQIs appears to relate most strongly to
triggering morphological rather thaneuromuscular adaptations and are likely best applied
early in a periodized training plan, distal to highreshold neuromuscular work. Quasi
isometric and EQI training may also hold value in pre and rehabilitation contexts to modify
muscletendon structures, provide analgesic effects, and closely match functional movements
from a neurological perspectiveinglly, EQIs appear to have the potential to provaahe

efficientmeans of increasing total load and volumes in specific positions.

Examination of EQI muscle actions and trainimgequired due to the complete lack of
direct empirical evidence investiyag this area. As such, several foci for potential research
exist. From an acute standpoint, EQI contractions may involve unique neuromuscular
activation and muscular contraction dynamics that would be worthy of investigation.
Researchers may also wishdompare the shoterm effects of EQI exercise with volume

equated modalities such as dynamic or isokinetic contractions on neuromuscular fatigue,
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delayed onset muscle sorenessthe repeated bout effect. Furthermore, {argn training
studies are reded to determine optimal loading parameters and exercise selection, as well as

whether adaptation is population specific.
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Chapter 4 - Variability of regional quadriceps architecture in
trained men assessed by-Biode andextended fieldof-view

ultrasonography

Reference

Oranchuk DJ, Nelson AR, Storey AG, and Cronin JB. Variability of regional quadriceps
architecture in trained men assessed bydtle ancextended fielebf-view ultrasonography.

Int J Sports Physiol Perforitbs: 430436, 2020.

Author contribution
Oranchuk D,J80%; Nelson AR,5%; Storey AG,5%; Cronin JB]10%.

Prelude

Ultrasound ealuated mascle thicknesspennation angleand fascicle length were
commonly utilized measures identdien chapters two and three. Additionally, evaluating
these measures of muscle morphology and architecture in different regions (proxodé,
and distal) of a muscle are increasingly common, and show dichotomous adaptations following
different exercises mas including contraction type and range of motion, and are therefore
highly relevant toeccentric quasisometric exercise and traininglowever, littleis known
about the variability ofregional muscle thicknesspennation angleand fascicle length
measuements in the rectus femoris, vastus lateralis and anterior and lateral vastus intermedius

thus, giantifying this variability provides the purposecbfapter four
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Introduction

Ultrasonographic examination of skeletal muscle architeatuldferent regions (i.e.
proximal, middle, distal) has become common as aimzaisive means to assess physiological
adaptations(111, 221, 250, 268. While the links with performance remain unclear,
architectural evaluations of muscle thickness (MT), pennation angle (PA) and fascicle length
(FL) have several uses that may be important to researchers and prac{(i@iot@ds268). For
example, Abe et al6) and Kumagi et al. (190 found significant § < 0.05) relationships
betweenl00-metersprint performances and FL of the lower body musculature in male (
0.430.57) and female r( = 0.440.51) sprinters, respectively. Similarly, whileotn
interchangeabl€109), MT, muscle volume, and cresgctional area of specific musclesre
found to be correlatediith maximal voluntary isometric force production in several cross
sectional investigations € 0.450.77) of untrained or recreationaliined participant§l3,
48, 360). Additionally, differing regional architectural adaptations hiagen foundollowing
resistance training with specific contraction typ@ccentricvs concentric) and ranges of
motion, with eccentric and full range training, preferentially increasing distal MT and force
production at long muscle lengt{id08 111, 250, 268, 317).

Two-dimensionaB-mode ultrasonography is commonly utilized $s@ss MT anBA,
and calculate FL. Additionally, thextendedield of view (EFOV) function; where a panoramic
view of a muscle is formed, is becoming an increasing common means of assesditg, FL
250. However, variability datés spreadacross searal populations, muscles and meth{®ls
13, 48, 190, 360). For example, of the previously cited publications, only two examined more
than a single quadriceps hgd@d, 360), while Trezise et a{360) was the only groupptutilize
the EFOV function. Additionally, the sample sizes were relatively siNa#t (1-22) (6, 13,
48, 190 in all bu one investigatior{360), and no researchers have used resistance trained
populations. Furthermore, while one study had more than two sessions, only intraclass
correlation coefficients (ICC) were repori@b0), which raise some issues. For example, while
it is the most commonly reported reliability statistic, the IC@usrly reliant on between
subject variability, whereagpical error of measurél EM) and coefficient of variation (CV
are minimally affected by thi§149 285). Additionally, there is a dearth of information
regading the reliability of quadriceps architecture at different reg(@84). Considering this
information, this paper aims to address these limitations by quantifyingetitestest

variability associated with regiespecific MT, PA, and FL ultrasonographic measurements,
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with a large sample of homogeneous, vikgined participats, over multiple testing occasions

using a full statistical analysis including ICC, CV, and TEM.

Methods

Experimental design

Using a repeated measures design, we examined quadriceps muscle architecture at
proximal,middle,and distal regions of the vastlateralis, rectus femoris and the anterior and
lateral vastus intermedius usingnBode and EFOV ultrasonography. Each participant was
tested on three separate occasions, separate8 bpaygs and the ICC, TEM and CV were used
to provide insight into theariability of the measurements.

Participants

Twenty-six healthy, resistaneteained males (28.8 + 4.8 years, 180.2 + 7.7 cm, 81.8 =
11.8 kg) volunteered. To minimize training effects from the testing procedures, all subjects
were required to have at kasix monthg4.9+ 3.8 yearsrange = 0.75 16 years)f at least
twice weekly resistance training experience (2.53 * 0.76 sessionsiyvaekge = 26
sessions-week, and befree of musculoskeletal injuries in the three moritie$ore data
collection Participants were instructed to maintain their current level of physical activity
throughout the data collection periddhe Auckland University of Technology Research Ethics
Comnittee approved the study (18/232nd all participants gave informed consent. All
participants were instructed to refrain from strenuous physical activity and avoid alcohol,

caffeine, and other ergogenic aids for at least 72 Hmfseeach session.

Testing procedures
Muscle architecture

Participants were positioned in a supine position on a massage table for 15 minutes, to
allow for inter and intracellular fluid redistribution with knees and hips fully extended with
a foot strap used to prevent excessive external rotg#6€). A certified ISAK Level2
anthropometrist measured the length of the lateral and anterior aspect of theehite,
instructions of Noorkoiv et a(250). Thigh lengthswvere recordedand markingsvere made
with an indelible penat 30% (proximal)50% (middle) and 70% (distal) of the lateral and

anterior distances, respectivgB21). The vastus medialis was excluded as it can kedu
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broken down into the obliquus and longus portions, with deep and superficial fiber bundles
(63).

In vivo muscle architecture was determined vi@irdensionaB-mode ultrasonography
(Figure 1A) using an ultrasound transducer and kuilsoftware (45 mm linear array21
MHz; GE Healthcare, Vivid S5, Chicago, IL, USAJhe following trigonometric equation
calculated muscle F(119): FL = MT x (sind)™. Fascicle length was also measured by the
EFOV function as detailed extensively elsewh@r®0, 250). In brief, the ultrasound probe is
moved across a muscle, while a texture mapping algorithm merges the sequence of images into
a composite image (FigurdR) (110). A watersolubk gel was applied to the scanning head
of the ultrasound probe to achieve acoustic coupling, with care taken to avoid deformation of
muscle architecture. The probe was oriented perpendicular to the skin and parallel to the
estimated fascicle directidda10). On eacloccasiontwo samples were captured and averaged
to give mean MTPA, and FL.
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___ Superficial
aponeurosis

Figure 11. (A) B-mode ultrasound image of the mid VL and LVI. @®tended fieldof-view
image of the VLVL = vastus lateralis; LV# lateral vastus intermedius; MImuscle
thickness; PA= pennation angle; FE fascicle length

Data processing andnalysis

Imageswere analyzedia digitizing software (ImageJ; National Institutes of Health,
USA). Muscle thickness (cnwas definedas the perpendicular distance between the deep and
superficial aponeurosis, and Rvas definedas the angle of the fasad relative to the deep
aponeurosi§110). Due to the depth of the muscle, the fascicles ov#stusntermediusvere
not consistently visibleTherefore PA and FLwere not recordetbr the lateral and anterior
vastusintermedus As the rectus femoris is complex, in that there are distinctly different
directions of pennation, only 24/52 of distal rectus femoris measurements were able to be
determined97, 250). Additionally, a single participant suffered a quadriceps injury during the
data collection period. Therefore, a total of 51 limbs veera@ysed
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Statistical analysis

Mean,and standard deviation (SDjre reportedor all variables. All data were leg
transformed to correct for heteroscedastic effectsaamadysedusing an Excel spreadsheet.
Intersession analysisas performean the session mean for each variable. The ICC and CV
were used to explore relative and absolute variability. An 4067 and CV> 10% were
deemed as having large variability, moderate variability was determined from either an ICC
0.67 or a C\< 10%, but not both, and an 1C£0.67 and C\< 10% were deeed as having
small variability (201). Variability was also examineda TEM to provide the reader with a
practical inferencef the magnitude of error expected for any change in the mean, therefore
reflecting the smallest worthwhile effect. Magnitudes for variability effeete calculatetly
doubling the TEM resul201, 328) with thresholds of 0.D.6 (small), 0.61.2 (moderate), 1-2
2.0 (large), 2.41.0 (very large) and #.0 (extremely largg)152, 201).

Results

Means, SDs, and variability data of MT measurements for all quadriceps muscles and
regions are found in Tablk while PA data of theastudateralisandrectus femorisare found
in Table8. Data for both calculated and EFOV deriveddfe presenteith Table 9.
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Table 7. Testretestvariability of ultrasonographic derived muscle thickness tiwvererepeated measures.

Mean muscle thickness (cm) Days 1- 2 Days 2- 3
Region Day 1 Day 2 Day 3 TEM EM O TEM oy o CVACC TEM EM TEM oo CVICC
X 2 inference inference X 2 inference inference
Vastus lateralis
Proximal 2.5+0.35 25+035 2.51+0.36 0.23 0.46 Small 3.1 0.95 Small 0.26 0.52 Small 34 094 Small
Middle 2.78+043 2.8+043 2.79+0.41 0.15 0.30 Small 24 0.98 Small 0.20 0.40 Small 3.0 0.96 Small
Distal 222+0.37 2.21+0.36 2.19+0.35 0.22 044 Small 3.8 0.96 Small 0.23 0.46 Small 3.8 0.95 Small
Mean 0.20 0.40 Small 3.1 0.96 Small 0.23 0.46 Small 34 095 Small
Rectus femoris
Proximal 275+03 2.78+0.3 2.74%0.29 0.24 0.48 Small 27 0.95 Small 0.24 0.48 Small 27 0.95 Small
Middle 2.69+0.32 2.70+0.32 2.67+0.32 0.23 0.46 Small 27 0.95 Small 0.27 0.54 Small 3.2 0.93 Small
Distal 1.98+0.33 197+03 1.96+0.32 0.47 094 Moderate 3.7 0.95 Small 0.26 0.52 Small 41 0.94 Small
Mean 0.31 0.62 Moderate 3.0 0.95 Small 0.26 0.52 Small 3.3 0.93 Small
Lateral vastusintermedius
Proximal 201+05 204+052 2.03%x0.49 0.37 0.72 Moderate 9.3 0.88 Small 0.30 0.60 Moderate 7.7 0.92 Small
Middle 2.07+0.55 2.09+0.51 2.06%0.56 0.17 0.34 Small 43 0.97 Small 0.17 0.34 Small 42 0.97 Small
Distal 192+05 189+0.51 1.89+0.49 0.14 0.28 Small 35 0.98 Small 0.16 0.32 Small 3.9 0.98 Small
Mean 0.23 0.46 Small 57 0.94 Small 0.21 0.42 Small 53 0.96 Small
Anterior vastus intermedius

Proximal 3.0+048 3.0+045 3.0%x045 0.19 0.38 Small 3.0 0.97 Small 0.18 0.36 Small 2.8 097 Small
Middle 228+05 229+0.48 2.3+0.51 0.25 0.50 Small 57 0.94 Small 0.21 0.42 Small 50 0.96 Small
Distal 1.84+0.41 184+04 1.83+0.41 0.20 0.40 Small 3.1 0.95 Small 0.18 0.36 Small 34 094 Small
Mean 0.21 0.42 Small 45 0.96 Small 0.19 0.38 Small 4.0 0.97 Small

TEM = typical error of measure. CV = coefficient of variation (%). ICC = intraclass correlation coefficient.
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Mean pennation angle (°) Days 1- 2 Days 2- 3
TEM TEM CV/ICC TE TEM CV/ICcC
Region Day 1 Day 2 Day 3 TEM X 2 inference  CV ICC inference TEM Mx inference  CV  ICC inference
2
Vastus lateralis
Proximal 16.9+3.35 16.7+3.3 17 +2.75 0.42 0.84 Moderate 8.0 0.85 Small 0.42 0.84 Moderate 7.1 0.86 Small
Middle 20.6 £+3.04 205+2.65 20.5+2.58 0.75 1.50 Large 8.8 0.65 Moderate 0.71 142 Large 7.6 0.67 Small
Distal 222+3.16 225+2.62 23.1+3.75 0.83 1.66 Large 3.8 0.96 Small 0.66 1.32 Large 3.3 0.95 Small
Mean 0.67 1.34 Large 6.9 0.82 Small 0.60 1.20 Moderate 6.0 0.83 Small
Rectus femoris
Proximal 18.8+3.78 18.9+3.69 18.9+3.43 0.63 1.26 Large 11.4 0.73 Moderate 0.73 1.46 Large 12.0 0.66 Large
Middle 143+£2.97 147153 153zx29 0.61 1.22 Large 11.4 0.74 Moderate 1.29 258 Verylarge 17.3 0.38 Large
Distal 10.1+2.41 10.1+250 10.7+2.27 0.71 1.42 Large 15.6 0.67 Moderate 091 1.82 Large 185 0.55 Large
Mean 0.65 1.30 Large 12.8 0.71 Moderate 098 1.96 Large 159 0.53 Large

TEM = typical error of measure. CV = coefficient of variation (%). ICC = intraclass correlation coefficient.
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Table 9. Testretest variability of ultrasonographic derived calculated and extendeafigidw fascicle length ovahree repeatet
measures.

Mean fascicle length (cm) Days 1- 2 Days 2- 3

Region Day 1 Day 2 Day 3 TEM EM  TEM cv icc cvicc TEM EM  TEM cv icc Svicc

X 2 inference inference X 2 inference inference
Vastus lateralis calculated

Proximal 8.82+1.77 896+1.89 8.73+1.5 0.44 0.88 Moderate 7.5 0.84 Small 0.46 0.92 Moderate 7.5 0.83 Small

Middle 8.02+1.47 8.06+1.2 8.03+1.18 0.64 1.28 Large 9.3 0.71 Small 0.55 1.10 Moderate 7.4 0.77 Small

Distal 591+093 58+0.84 564+0.9 0.59 1.18 Moderate 8.2 0.75 Small 0.55 1.10 Moderate 7.7 0.77 Small

Mean 0.56 1.12 Moderate 8.3 0.77 Small 0.52 1.04 Moderate 7.5 0.79 Small

Vastus kateralis EFOV

Proximal 7.7+069 7.84+0.81 7.65+0.74 0.55 1.10 Moderate 4.8 0.78 Small 0.44 0.88 Moderate 4.1 0.84 Small

Middle 8.18 £0.77 8.21+0.86 8.11+0.88 0.55 1.10 Moderate 4.9 0.78 Small 0.41 0.82 Moderate 4.1 0.86 Small

Distal 7.11+0.89 7.13+0.96 7.22+1.01 0.39 0.78 Moderate 4.7 0.87 Small 0.54 1.08 Moderate 6.6 0.78 Small

Mean 0.50 1.00 Moderate 48 0.81 Small 0.46 0.92 Moderate 49 0.83 Small

Rectus femoris calculated

Proximal 8.85+1.86 8.87+1.83 8.66+1.58 0.58 1.16 Moderate 10.7 0.75 Moderate 0.69 1.38 Large 11.6 0.69 Moderate

Middle 11.3+248 11+2.0 10.8+2.39 0.62 1.24 Large 11.2 0.73 Moderate 1.33 2.66 Verylarge 179 0.37 Large

Distal 11.8+2.97 11.9+3.17 11+261 0.70 1.40 Large 16.0 0.68 Moderate 0.92 1.84 Large 19 0.55 Large

Mean 0.63 1.26 Large 12.6 0.72 Moderate 0.98 1.96 Large 16.2 0.54 Large

Rectus femoris EFOV

Proximal 8.14+£0.95 8.13+0.83 8.19+0.73 0.52 1.04 Moderate 5.4 0.80 Small 0.54 1.08 Moderate 4.8 0.78 Small

Middle 10.2+1.48 10.2+1.52 9.83+1.48 0.51 1.02 Moderate 7.1 0.80 Small 0.88 1.76 Large 10.5 0.57 Large

Distal 12.1+£2.29 126+25 11.8+241 0.26 0.52 Small 52 0.94 Small 0.65 1.30 Large 11,5 0.72 Moderate

Mean 0.43 0.86 Moderate 5.9 0.85 Small 0.69 1.38 Large 8.9 0.69 Small

TEM = typical error of measure. CV = coefficient of variation (%). ICC = intraclass correlation coefficient. EEXQ&tdedield-of-view
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Magnitudes of variability were small to moderate for all measures of MT £i{G88&
0.98, CV=2.4-9.3%, TEM= 0.160.47).Pennation angle of theastudateraliswasfound to
have small to large variabilitiedCC = 0.650.96, CV = 3.88.8%, TEM = 0.420.83)
Converselyrectus femorisvas found to have moderate to large variability regardless of region
(ICC =0.380.74, CV=11.418.5%, TEM= 0.61-1.29) The EFOV techniqudCC = 0.57
0.94, CV = 4.1-111.5%, TEM = 0.260.88) demonstrate smaller variability than
trigonometrically derivedCC =0.37-0.84, CV=7.4-17.9%, TEM=0.441.33)measurements
of FL, across all regions.

Discussion

The variability associated with regional MT, PA and calculated and E&®Wed FL
of vastuslateralis rectus femorisand lateral and anteriorastus intermediug resistance
trained males, was important to determine given the identified limitationdhéneiisting
literature. The main findings were: T variability was small in all quadriceps muscle heads
and regions, 2) only rectus femoris PA and FL measurements were found highly varidble;

3) the EFOV technique shoute utilizedto assess FL whelpossible.

The MT of all measured quadriceps heads, ateglions,had low variability (ICC=
0.880.98, CV=2.49.3%, TEM= 0.160.47). Theseresults are similar to previous findings
that report low variability of ultrasounderived MT (13, 110, 221). Thereforejt would seem
MT is a stable measurement and barusedvith confidence by researchers and practitioners,

at leas over a period of 8 days.

In terms of PA, rectus femoriswas found to have moderate to large variability
regardless of regioiCC = 0.380.74, CV=11.418.5%, TEM= 0.61-1.29). However, more
than half of the distal rectus femoris images wearasable, dramatically lowering statistical
power, and likely contributing to the large variabilities. The variability of the PA for the vastus
lateralis regions was found to be acceptable (#3¥650.96, CV= 3.3-8.8%, TEM= 0.42
0.83). These findingsupport the proclivity of researchers exclusively evaluating PA in the
vastus lateraligt, 48, 190).

The EFOV techniqudCC =0.57-0.94, CV=4.1-11.5%, TEM=0.26:0.88)was found
to have less variability than trigonometricatlgrived (ICC = 0.37-0.84, CV= 7.4-17.9%,
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TEM = 0.441.33)measurements of FL, across all muscles and regions, which was similar to
previous report§110). CalculatedrastudateralisFL demonstrated reasonably low variability,
suggesting thatastuslateralisFL can be consistently derived via trigonometric calculation
when the EFOV function is not available. However, it must be noted that while both show
acceptable variability, distal vastus lateralis FL measures were dissimilar between the
trigonometric andEFOV methods. This can be attributed to irregular pennation angle and
muscle thickness changes, and to the fact that the trigonometric equation neglects curvature
Conversely, calculatecdctus femorisL had moderate to very large variability.

Practical applications

The results of this study provide insight regarding whitthasaund-derived regional
guadriceps architectural measures can be studied with confidence. While MT can be relied
upon for all muscles and regions, PA of all muscles and regionseetod femoris FL should
be interpreted with caution. Furthermore, while both EFOV and trigonometric methods
resulted in acceptable variabilities of regional vastus lateralis FL, the two methods should not
be used interchangeab&s both reliability and alidity are required before a measurement

technique can be deemed useful

While the report fulfils its primary purpose, limitations and future research direction
exist. Firstly, betweespractitioner experience and technical training may resutliffiering
degrees of variability110). Similarly, different equipment specifications, including probe size
could most certainly alter variabili(it 10). Muscle architecture variability should be examined

in other homogenous populations, including resistaraseed women.

Conclusions

When evaluating muscle architecture, researchers and practitioners can be tonfiden
MT assessments regardless of quadriceps head or region. However, PA and FL of the rectus
femoris had consistently larger TEMs, CVs and smaller ICCs when compared to the vastus
lateralis. Thereforelarger changes to the architecture of rectus femanss required for
practitioners to be confident that trainimgluced adaptation has occurred. Finally, the EFOV
function should be the method of choice when evaluating FL in the proximal, middle, or distal

regions of the vastus lateralis and rectus femoris
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Chapter 5 - Variability of regional quadriceps echo intensity in

active young men with and without subcutaneous fat correction

Reference

Oranchuk DJ, Stock MS, Nelson AR, Storey AG, and Cronin JB. Variability of regional
guadriceps echo intensity in active young men with and without subcutaneous fat correction.
Appl Physiol Nutr Metald5: 745752, 2020

Author contribution
Oranchuk DJ80%; Stock MS,8%; Nelson AR 4%; Storey AG,4%; Cronin JB,4%.

Prelude

While chapter four focused on the most traditional measures of muscle morphology and
architecture the relatively novel ultrasonographic measure of echo intersifyroposed
measure of muscle quality, is becoming increasingly poplaldorief, echo intensityefers to
the brightness of an ultrasound image and as fat infiltrates, metabolic wastetpradd
connective tissues are known to increase brightness, it is likely that regobiogienicitynay
provide an interesting means of evaluatangd comparinghe effects of eccentric quasi
isometric resistanetraining, and other contraction type&dditionally, longterm adaptations
may relate to acute echo intensity chand®wever, the variability of regional (proximal,
middle, distal)echo intensityof the vastus lateralis, rectus femoris, and lateral and anterior
vastus intermedius Hyet to bedeterminedFurthermore, the effect of adjustiagho intensity

forani n di v subautankecssfahickness required further examination.
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Introduction

Ultrasonographic evaluations are widely reported and utilized to asses$6agated
long-term effects of trainind221), the ageing proceq240), and the relationship between
muscuér qualities and performang¢60, 63, 336). While most ultrasonographic evaluations
focus on architectural measures such as thickness, pennation angle and fasticledéong
intensity (El) has become commonly utilizg&®d, 67, 77, 253 336). While not yet conclusive,
El is thought to be a neimvasive means of evaluating the current quality of a muscle, as
elevated echogenicity is related to muscle dan{ége253), collagen(282), fat infiltration
(395, and oedemé62).

The examination of regional (proximal, middle, distal) muscle architecture has become
increasingly commor{263) as specific modes of resistance training may result in region
specific adaptationd 11, 221, 250, 268). Furthermore, correlations of muscle architecture and
morphology to performance differ based on the assessed r&§i6n However, with few
exceptiong221, 395, El evaluation in different regions has not yet been widely adopted by
researchers or practitioners, leaving a fascinating area for future investigation. For example,
different modes of exercise may cause acute, regpegific alterations in hormonal and
metabolic factors that may correlate to leegm adaptation§112 346); which could aid in
further understanding the underlying mechanisms of regpacific morphological alterations.
Furthermore, muscles tend to increase in collagen with age @y {@00); therefore,
evaluating regional EI may provide insight into the ageing process without resorting to invasive

methods such as biopsies.

Several recent reports have examined the reliability, interchangeability of methods, and
optimal collection procedures of 82, 80, 356, 374-376). However, many studies examining
El report no reliability daté0, 253), while others report the coefficient of variation (GQ8J)
or intraclass correlation coefficient (ICC) in isolatigtr, 240), which raises some issues. For
example, while it is the most commonly reported reliability statistic, the |@Redy reliant
on betweersubject variability, whereasgpical error of measurd EM) and CVare minimally
affected by thig285. Additionally, no studies have examined the variability of EI over more
than two testing sessions. Moreover, while subcutanfdusssue can affect the quality of
ultrasonographic imaging and reduce the ability of El to predict muscle fuii888) studies

examining regional muscle El have redjusted for fat thicknes@21), and/or have not
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examined the deep musculature of the vastus interm@f1,s395). Similarly, the single study
comparing the reliabilitpf EI with and without subcutaneous fat correction only examined the
middle region of the vastus lateralis, during a single sessigmwithin session reliability

(374). Therdore, the primary purpose of this study was to robustly determine the variability of

El, with and without correction for subcutaneous fat thickness, assessed over three sessions, in
three distinct regions (proximal, middle, distal) of the superficial aaepdknee extensor
muscles. Furthermore, we aimed to compare corrected El in different regions of each

guadriceps muscle.

Methods

Experimental design

Using a repeated measures design, we examined quadriceps muscle El at proximal,
middle, and distal regions of the vastus lateralis, rectus femoris and the anterior and lateral
vastus intermedius usingfBode ultrasonography, collected in the longituditahg, with and
without subcutaneous fat thickness corrections. Each participant was tested on three separate
occasions, separated by seven days and the ICC, TEM, and CV were used to provide insight
into the intersession variability of the measurement. ihterchangeability of each muscle

region was also examined

Participants

Twenty healthy, resistandeained males (26.9 £ 5.2 years, 1.78 + 0.07 m, 80.5 + 10.7
kg, 25.2 + 5.2 kg/ff) volunteered. As determined via questionnaire,palticipants were
required to have at least six monidsl + 3.5 yearsrange = 1.2 16 years)of resistance
training experience (2.71 + 0.56 sessions-weeknge = 25 sessions-week and werdree
of musculoskeletal injuries in the three montiefore data collection Participants were
instructed to maintain their current level of physical activity throughout the data collection
period. The Auckland University of Technology Research Ethics Committee approved the
study (18/232)andall participars gave informed consent. All participants were instructed to

refrain from strenuous physical activity for at least 48 hbaefereeach session.
Testing procedures
During the initial visit to the | aborat

recorced using a stadiometer (Holtain Ltd, Crymych, United Kingdom) and a digital scale
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(Weightec, Auckland, New Zealand). At each sesgarjcipants were positioned in a supine
position on a massage table for 10 minutes, to allow for-iated intracellular fluid re-
distribution(356) with knees and hips fully extended with a foot strap used to prevent excessive
external rotatior{250). A certified ISAK Level2 anthropometrist measured the length of the
lateral and anterior aspect of the thigarthe instructions of Noorkoiv et gR50). Thelength

of the lateral aspect of the thiglas determinetty measuring the distance fraime superior
borderof the greater trochanter to the inferbmrderof the lateral condyle of the femur. The
anterior aspect of the thighias determinedby measuring the distance between the superior
borderof the patella and the inferitworderof the anterior, superior iliac spin&.high lengths

were recordedand markingsvere made with an indelible peat 30% (proximal), 50%
(middle) and 70% (distal) of the lateral and anterior distances, respe¢#2d)y The vastus
lateralis and lateral vastus intermedius (Figu28)1 and rectus femoris and anterior vastus
intermedius (Figure2B) were collected in the same image, respectively. The vastus medialis
was excluded as it can be further broken down into the obliquus and longus portions, with deep
and superficial fiber bundl€§3).
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Figure 12. Representative #nhode ultrasound image of the proximal, middle, and distal vastus
lateralis (top muscle) and lateral vastus intermedius (bottom my#glelRepresentative B
mode ultrasound image tiie proximal, middle, and distal rectus femoris (top muscle) and
anterior vastus intermedius (bottom mus¢®). The area inside of the dotted line represents
the region of interest for each region and muscle

In-vivo muscle El of both limbs was deterrath via 2dimensional B-mode
ultrasonography using an ultrasound transducer andibwstiftware (45 mm linear array, 12
MHz; GE Healthcare, Vivid S5, Chicago, IL, USA). All assessments were performed by the
same experienced sonographer. A watduble géwas applied to the scanning head of the
ultrasound probe to achieve acoustic coupling, with care taken to avoid the deformation of
muscle architectur@?2). The sonographer was careful to avoid any transducgQjltand the
transducer was always positioned in the longitudinal plane to increase ease and reduce the time
required to collect ultrasound imagE&y¥6). The order of testing was always the same (i.e.,

right lateral, proximal, middle, distal; right anterior, proximal, middle, distal; left lateral,
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proximal, middle, distal; left anterior, proximal, middle, distal). While supine rest time may
alter muscle atutecture and radiological density of mus@ld), the difference in El between

right and left limbs were considered small (ES =3pdind the values were highly correlated (

= 0.9). Two consecutive scans were acquired for each muscle and region. Theages

were averaged for further analysldltrasound settings (Frequency: 12MHZrightness:
maximum, gain: 60 dB, dynamic range: 70) were kept consistent across participants. Due to
large differences in muscle thickness, scanning depth was individualized for each participant,
muscle and region, and recorded and maintained througbllaittions(62).

Data processing and analysis

Imageswere analyzedia digitizing software (ImageJ; National Institutes of Health,
USA). The region of interestas definedas the perpendicular distance between the deep and
superficial aponeurosis of each muscle (Figl2eand extended to each end of thenBde
image(62, 375. The polygon function was utilized to define the region of interest. Great care
was taken to ensure the largest possible region of interest was captured, without the inclusion
of aponeurosis or bong2, 375. The straightine function was utilized to assess the
subcutaneous fat thickness of each image. SubcutaneousKaetfs was determined from the
average of the proximal, middle and distal values of each inz@®. All images were
inspected andnalysedoy the sonographer. Corrected El was calculated as uncorrected EIl +
(subcutaneous fat thickness [cm] x 40.523%F5).

Statistical analysis

Mean,andstandard deviation (SDyere reportedor all variables. All data were leg
transformed to correct for heteroscedastic effectsaradlysedusing an Excel spreadsheet
(149. The testretest anlysis was performean the session mean for each variable. Sessions
onetwo, twothree and onéhree were compared. The ICC (type 3,1) and CV were used to
explore relative and absolute variability. An ICC < 0.67 and CV > 10% were deemed as having
large varability, moderate variability was determined from either an ICC > 0.67 or a CV <
10%, but not both, and an ICC > 0.67 and CV < 10% were deemed as having small variability
(263). Variability was also examineda TEM to provide the reader with a practical inference
of the magnitude of error expected for any change in the (@68n Magnitudes for variability
effectswere calculatethy doubling the TEM result with thresholds of @& (small), 0.61.2
(moderate), 1:2.0 (large), 2.81.0 (very lage) and 4.0 (extremely large(l52, 263).
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The following statistical analyses were performed using the SPSS statistical analysis
software(Version 25, IBM Corporation, Armonk, NY). An initial statistical analysis showed
nearly identical corrected El values for the dominant anddooninant limbs§ = 0.273, ES
= 0.071,r = 0.973). As such, data from both limbs were combined to create a sagble.

A two-way (muscle [vastus lateralis, lateral vastus intermedius, rectus femoris, anterior vastus
intermedius] x location [proximal, middle, distal]) repeatedasures analysis of variance
(ANOVA) was used to detect differences in El values agrtbe regions and muscles, with the

mean of the three sessions utilized for analysis. In the event of a significa®0b) tweway
interaction, the data were further decomposed into separate repeated measures ANOVAS across
muscle and location. Signifint main effects were further evaluated with Bonferroni pairwise
comparisonsC o h ecdheffest size (ES) were calculated to measure the magnitude of effect
using these criteria: trivial < 0.2, small = @29, moderate = 0:6.79, and large > 0.815).

To determine interchangeability and quantify the degree of shift in muscle El along the length
of each muscle, eorrelational analysiwas performetetween each adjacent region (proximal

vs middle, middlevs distal) using a Pearson) (productmoment orrelation test. Correlation
coefficients of 0.1@.29, 0.360.49, 0.560.69,0.760 . 89 and O 0. 90 were c
moderate, large, very large and nearly perfect, respecti¥gB. Individual participant data

were dsplayed using previously published Excel templ&3&3).

Results

For uncorrected El, statistically significatifferences were found for all four muscles
(p < 0.001). Apart from the proximal and middle regions of the lateral vastus intermgédius (
0.676), all regional comparisons were significamtQqd 0. 00 4) and showed t
increased as the measurenstgs moved distally (proximal < middle < distal; FigiB. The
effect sizes for the proximab-middle comparisons were as follows: vastus lateralis ES = 0.19
(trivial); rectus femoris ES = 0.33 (small); lateral vastus intermedius ES = 0.10 (trivial);
anterior vastus intermedius ES = 0.88 (large). The mitlutistal comparisons were: vastus
lateralis ES = 0.50 (moderate); rectus femoris ES = 0.22 (small); lateral vastus intermedius ES
= 0.58 (moderate); anterior vastus intermedius ES = 0.82 (largs)lafge to nearly perfect

correlations were found between all adjacent regions of each musdle180.96).
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Figure 13. Individual regional uncorrected echo intensity of the quadriceps

The results of the twavay repeateaneasures ANOVAindicated that there was a
significant muscle x location interactiop € 0.001) for corrected El. Followp analyses
demonstrated that, for a given region, there were significant differences among all four muscles
(p<0.026, ES = 0.22.29), with the o} exception being a nesignificant difference at the
proximal regions of the rectus femoris and vastus latenalis 1.0, ES = 0.07). However,
differences among locations for each muscle were more variable (Rigur&/hereas the
vastus lateralis, latal vastus intermedius, and anterior vastus intermedius all showed
differences among the proximal, middle, and distal regions, the rectus femoris displayed similar
corrected El values along its length £ 0.143, ES = 0.08.11). For the vastus lateralis,
corrected El was lower at the middle than both the proximal@.001, ES = 0.43) and distal
ends p<0.001, ES = 0.38). The lateral vastus intermedius displayed significant diffengences (
00.038, ES = 0.39.82) among all locations (proximaldistal > middle). For the anterior
vastus intermedius, similar corrected EI values were found at the proximal and middle ends
(ES = 0.11), while both regions were significantly lower than the distalprd (001, ES =
0.540.63). Finally, corrected EIl aldjacent regions (e,gniddle, and distal vastus lateralis)
were very large to nearly perfectly correlated=(0.890.96) for the vastus intermedius and
rectus femoris, and moderate to very large for the lateral and anterior vastus intermedius (
0.61-0.79).
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Figure 14. Individual regional subcutaneous fat thickness corrected quadriceps echo intensity

of the quadriceps

Session means and SD, and intersession variability data of uncorrected El

measurements for all quadriceps muscles and regiofsuere in Table 0. Smallto moderate

variability was found in all regions of the vastus lateralis, rectus femoris, lateral vastus

intermedius, and proximal and middle portions of the anterior vastus intermedius (ICGC = 0.83
0.98, CV = 7.741.7%, TEM = 0.14.47). However, distal anterior vastus intermedius had
moderate to large variability (ICC = 048085, CV = 32.842.7%, TEM = 0.48).68).
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Table 10. Testretest variability of regional quadriceps uncorrected echo intensitytlne® repeated measures.

Echo intensity (au) Days 1- 2 Days 2- 3 Days 13
Region byt bayz a3 TeM TO' e O 0 peece TEM 55 meence O 'C e "M 5 ivemence SV 'Ciference
Vastus lateralis
Proximal 50.3+119 50.1+122 50.7+123 0.23 0.46 Small 12.7 0.95 Moderate 0.26 0.52 Small 15 0.94  Moderate 0.21 0.42 Small 119 0.96 Moderate
Middle 54.4+105 55.6+11.2 54.8+113 0.27 0.54 Small 129 0.94 Moderate 0.26 0.52 Small 13.2 0.94 Moderate 0.22 0.44 Small 11.6 0.95 Moderate
Distal 67.7+137 689+138 67.9+13.7 0.14 0.28 Small 7.7 0.98 Small 0.17 0.34 Small 9.1 0.97 Small 0.15 0.30 Small 84 098 Small
Mean 0.21 0.42 Small 11.1  0.96 Moderate 0.23 0.46 Small 12.4 0.95 Moderate 0.19 0.38 Small 10.6  0.96 Moderate
Rectus femoris
Proximal 526+16.3 53.7+16 52.6 + 16 0.24 0.48 Small 13.1  0.95 Moderate 0.29 0.58 Small 16.8  0.92 Moderate 0.20 0.40 Small 12 0.96  Moderate
Middle 61.5+13.8 61.8+13.8 61.3+129 0.22 0.44 Small 10.8 0.96 Moderate 0.15 0.30 Small 10.8 0.98 Moderate 0.16 0.32 Small 7.9 0.98 Small
Distal 68.2+157 67.2+16.3 68.6+16 0.24 0.48 Small 155 0.95 Moderate 0.21 0.42 Small 128 0.96  Moderate 0.25 0.50 Small 157 0.95 Moderate
Mean 0.23 0.46 Small 13.1 0.95 Moderate 0.22 0.44 Small 13,5 0.90 Moderate 0.20 0.41 Small 11.9 0.96 Moderate
Lateral vastus intermedius
Proximal 139+111 13.8+10.2 145109 0.35 0.70 Moderate  35.1  0.90 Moderate 0.42 0.84 Moderate 41.7 0.86 Moderate 0.32 0.64 Moderate 31 0.91 Moderate
Middle 15.1+11.3 15+10.1 154 +12.2 0.44 0.88 Moderate  39.3 0.84 Moderate 0.32 0.64 Moderate 30 0.91 Moderate 0.44 0.88 Moderate  40.8  0.85 Moderate
Distal 23.7+125 234+10 23+10.1 0.31 0.62 Moderate 229 0.92 Moderate 0.37 0.74 Moderate 27.1 0.88 Moderate 0.36 0.72 Moderate 27.6  0.89 Moderate
Mean 0.37 0.74 Moderate  32.4 0.89 Moderate 0.37 0.74 Moderate 32,9 0.88 Moderate 0.37 0.75 Moderate  31.1 0.88 Moderate
Anterior vastus intermedius
Proximal 79+53 7.8+6.8 7.8+55 0.39 0.78 Moderate 26.3 0.87 Moderate 0.38 0.76 Moderate 24.9 0.88 Moderate 0.42 0.84 Moderate 26.9 0.86 Moderate
Middle 15477 14.9+7.2 155+7.6 0.41 0.82 Moderate 26.6 0.86 Moderate 0.47 0.94 Moderate 30.5 0.83 Moderate 0.49 0.98 Moderate  30.5 0.82 Moderate
Distal 26.4+9.1 28.1+125 255+7 0.55 1.10 Moderate 37.5 0.77  Moderate 0.68 1.36 Large 42.7 0.69 Moderate 0.45 0.72 Moderate 32.8 0.85 Moderate
Mean 0.45 0.90 Moderate  30.1 0.83 Moderate 0.51 1.02 Moderate  32.7 0.80 Moderate 0.42 0.85 Moderate  26.7 0.86 Moderate

au = arbitrary units. TEM = typical error of measure. CV = coefficientaftion (%). ICC = intraclass correlation coefficient. All statistics areriagsformed.
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Session means and SD, and intersession variability data of corrected El measurements
for all quadriceps muscles and regions are found in TEbl&mallvariability was found in
all regions of the vastus lateralis and rectus femoris (ICC =@%35 CV =4.58.3%, TEM =
0.130.24). Small to moderate intersession variability was found in the lateral and anterior
vastus intermedius (ICC = 0.8195, CV = 7.116.8%, TEM = 0.23.49).
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Table 11. Testretest variability of regional quadriceporrected echo intensity over three repeated measures.

Echo intensity (au) Days 1- 2 Days 2- 3 Days 13
Region byt bayz a3 TeM TO' e O 0 peece TEM 55 meence O 'C e "M 5 ivemence SV 'Ciference
Vastus lateralis
Proximal 853+27.1 86.1+283 86.2+28.1 0.18 0.36 Small 59 097 Small 0.24 0.48 Small 8.2 0.95 Small 0.23 0.46 Small 7.7 095 Small
Middle 73.7+245 75.6+24.8 74.7+24.9 022 044 Small 7.7 096 Small 023 046 Small 82 095 Small 022 044 Small 82 095 Small
Distal 84.1+283 853+27.9 84.8+285 0.17 0.34 Small 6.2 0.97 Small 0.18 0.36 Small 6.8 0.97 Small 0.18 0.36 Small 65 097 Small
Mean 0.19 0.38 Small 66 097 Small 0.22 0.44 Small 7.7 0.96 Small 0.21 0.42 Small 75 096 Small
Rectus femoris
Proximal 86.9+30.9 88.1+29.9 87.7+318 0.20 0.40 Small 76 0.96 Small 0.24 0.48 Small 9.1 0.95 Small 0.19 0.38 Small 74 097 Small
Middle 87.1+£29 87.5+30.3 86.9+30.1 0.19 0.38 Small 6.6 0.97 Small 0.15 0.30 Small 5.1 0.98 Small 0.13 0.26 Small 4.5 0.98 Small
Distal 91.6+33.2 90.6+33.8 92.2+33.2 0.20 0.40 Small 83 0.96 Small 0.20 0.40 Small 7.9 0.97 Small 0.19 0.38 Small 75 097 Small
Mean 0.20 0.40 Small 7.5 0.96 Small 0.20 0.40 Small 7.4 0.97 Small 0.17 0.34 Small 6.5 0.97 Small
Lateral vastus intermedius
Proximal 48.8 £ 21 49.8 £21.2 50 +21.5 0.26 0.52 Small 8.9 0.94 Small 0.26 0.52 Small 8.9 0.94 Small 0.23 0.46 Small 8 0.95 Small
Middle 344+132 35+135 353+128 0.33 0.66 Moderate 11.9 0.90  Moderate 0.28 0.56 Small 9.6 0.93 Small 0.27 0.54 Small 96 093 Small
Distal 40.1+175 39.7+16.1 39.9+153 0.29 0.58 Small 11.3 0.93 Moderate 0.36 0.72 Moderate 12.8 0.89 Small 0.38 0.76 Moderate  14.7 0.88 Moderate
Mean 0.29 0.58 Small 10.7 0.92 Moderate 0.30 0.60 Moderate 104 092 Moderate 0.29 0.58 Small 10.8 0.92 Moderate
Anterior vastus intermedius
Proximal 42.1+13.1 422+134 429%135 0.25 0.50 Small 7.8 0.94 Small 0.23 0.46 Small 7.1 0.95 Small 0.29 0.58 Small 8.9 0.93 Small
Middle 41+146 40.6+131 41+134 0.31 0.62 Moderate 9.8 0.92 Small 0.32 0.64 Moderate  10.1  0.91 Moderate 0.27 0.54 Small 8.8 0.92 Small
Distal 49.8+20 51.4+204 49.1+18 0.47 0.94 Moderate 11.3 0.83  Moderate 0.49 0.98 Moderate 16.8 0.81  Moderate 0.40 0.80 Moderate 13.2 0.85  Moderate
Mean 0.38 0.76 Moderate 6.9 0.90 Small 0.35 0.70 Moderate 11.3 0.86 Moderate 0.32 0.64 Moderate 10.3 0.90 Moderate

au = arbitrary units. TEM = typical error of measure. CV = coefficient of variation (%). ICC = intraokaskation coefficient. All statistics are kgansformed.
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Discussion

A comprehensive analysis of the intersession variability associated with EI at multiple
regions of the superficial and deep quadriceps fenmousculature was previously lacking.
Additionally, no studies had examined the effect of subcutaneous fat thickness correction on
intersession variability of EI . The present
intersession variability of regionguadriceps El was reasonably low in all muscles and regions
except of the distal anterior vastus intermedius; 2) intersession variability of regional El was
substantially reduced following subcutaneous fat correction anitt8the exception of the
recus femoris, corrected El nearly always increased as measurements moved away from the
mid-region. Therefore, correction for subcutaneous fat thickness should be utilized before El
measures can be used with confidence; additionally, careful delineatiorsafilaruregions is

necessary.

The most pertinent finding of the present investigation was that intersession variability
was considerably lower in correctéd€C = 0.81-:0.98, CV=4.516.8%, TEM= 0.130.49
versus rawlCC =0.69-0.98, CV=7.7-42.7%, TEM=0.140.68 EIl values; a finding that has
not been previously reported. While the lack of previous research on regional differences make
direct, regiorto-region comparison difficult, El variability in the middle region of a variety of
muscles have beerported(62, 67, 221, 240, 384). In this study, the superficial muscles
(vastus lateralis and rectus femoris) were observed to have small to moderate variability with
raw ElI (ICC = 0.920.98, CV = 7.716.8%, TEM = 0.18.29) and small variability once
corrected (ICC = 0.99.98, CV = 4.80.1%,TEM = 0.130.25). These findings are similar to
those of previous studies that reported CVs ranging fror7.@% and correlations between
0.740.97 in the superficial quadriceps or elbfiexors (62, 67, 221, 240, 384). However, it

should be noted that only Mota and St¢2#0) corrected for subcutaneous fat.

While subcutaneous fat correction slightly reduced intersession variability of the
superficial compdments, a more dramatic improvement was present in the vastus intermedius.
When examining raw El values, the ICC (0@24) and TEM (0.3D.47) were reasonably
acceptable in the proximal and middle vastus intermedius, while CVs were notably greater
(26.3-30.5%) than the superficial musculature. Additionddyge variabilities were found for
the distal anterior vastus intermedius (ICC = 60685, CV = 32.842.7%, TEM = 0.45.68).

However, once corrected for subcutaneous fat thickness, intersessaimlita of the lateral
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and anterior vastus intermedius were small to moderate (ICC =0®81CV = 7.116.8%,

TEM = 0.230.49) regardless of region. Unfortunately, to our knowledge, the only investigation
reporting vastus intermedius El variability aidt include TEM or CV statistics. Additionally,

variability was only determinedithin a session, making a direct comparison to our study

di fficult; however, the vari abi(17)i Additiomaly,por t ed
CruzMontecinos et al(77) reported lower§ = 0.048) EI in the anterior vastus intermedius

when compared to the rectus femoris, in agreement with the pfieskngs.

When examining the corrected El valuagart fromthe proximal vastus lateralis (85.5
+ 27.4) and proximal rectus femoris (87.6 £ 30.4), there were signifijgar.026, ES = 0.22
2.29) betweemmuscle differences for a given location (proxiymaiddle, distal). Additionally,
El was always lower in the deep musculature of the lateral and anterior vastus intermedius
when compared to the more superficial vastus lateralis and rectus femoris, in agreement with
CruzMontecinos et al.(77) who reported lowerp = 0.048) EI in the anterior vastus
intermedius when compared to tieetus femoris. While corrected El of the rectus femoris did
not differ between regiong = 0.143, ES = 0.0D.11), the opposite was true for the vastus
muscles. Corrected EI at proximal and distal regions was greater than the middle for both the
vastus lgeralis and lateral vastus intermedius, while the distal anterior vastus intermedius was
greater than the middle. In contrast, raw El nearly always increased as the measurements
approached the knee, most likely due to noticeably different subcutanethiskiagéss at the
proximal (lateral = 0.8& 0.6 cm anterior = 0.85 0.34 cm), middle (lateral = 0.49 0.29
anterior = 0.6% 0.22, and distal (lateral = 0.44.0.15 cm anterior = 0.5& 0.2 cn), regions.
As such, image quality was likely degradeddrge magnitudes as measures approached the
hip, highlighting the importance of correcting for subcutaneous fat thickness when assessing
the echogenicity of multiple regions of a muscle, or throughout a longitudinal intervention
where changes in fat thiokss are expected. To our knowledge, this is the first study to
demonstrate increasing El towards the proximal and distal portion of a muscle. However, this
finding can be supported as muscles tend to gradually increase in collagen content as they

approachand transition to the myotendinous junctigg4l).

While the primary aim of this investigation was achieved, readers should be aware of
several limitations and directions for future research. Firstly, differences in machine
specificationsand brightness, gain, depth, and dynamic range settings do not allow for the

utilization of EI as normative data. Additionally, readers should be aware that we collected our
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images in the longitudinal, and not the transverse plane, which is not interahlen@e=

0.002) despite beinigrgdy correlated ( = 0.68)(376). Readers should also be cognisant that
the present study only examines physically active males, therefore our results may not translate
to elderly, obese or clinical palations. Furthermore, muscular glycogen and hydration status
may alter echogenicity, thus intersession variability may be improved by tightly controlling
physical activity and fluid intake before El assessmdtitally, while precedence exists for

the pecific inference cubffs in this article(201, 263 265 269, 328), it is important to note

that consensus to such thresholds is not univétdg| 285. Consequently, readers may wish

to apply their own inferences based on their specific contentare research should examine

the variability of regional El in other muscle groups. Furthermore, researchers may wish to
examine the efigs of specific modes of exercise on the El of different regions. Finally; long
term tracking of regional EI may lead to new insights into the ageing process.

Conclusions

This was the first paper to examine the variability, and absolute differences in El
collected in different regions of the quadriceps femo@srrected quadriceps ElI was
substantially more consistent than rmmrected El, especially in the vastus intermedius.
Therefore researchers should adjust for subcutaneous fat thickness, evautana cross
sectional study designs. Additionally, EI almost always increases as the measures approach the
proximal or distal regions, and therefore, cannot be used interchangeably, likely due to an

increase in fibrous content towards the myotendinounstions of each muscle.
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Chapter 6 - Variability of concentric angle-specific isokinetic

torque and impulse assessments of the knee extensors
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Prelude

While peak torque and optimal angle are commonly reported in the relevant literature,
chapters two and three highlighted the importance of evaluating muscle function throughout
the entire range of motioirhis observation is especially true when examittegcuteeffects
and longterm adaptationef different modes of resistanteining includingeccentric quasi
isometrics eccentriccontractionspr contractions at different muscle length®wever little
is knownabout the variability of isokinetic measurements besides peak torquepantil
angle Therefore,Chapter6 examing the variability of anglespecific concentrictorque and

impulse.
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Introduction

Isokinetic assessments are frequently utilized in a variety of settings, including sports
performancg85), rehabilitation(165 355 and musculoskeletal and neuromuscular research
(52, 96, 251, 280, 393). Forexample, determining the optimal angle (itbe angle of peak
torque) via isokinetic assessments has been proposed as a proxy for changes in muscle fascicle
length and injury predictio(855), as many injuries occur at, or near, full knee extendiog
211), andendrange of motion (ROM) strength is a strong indicator of recovery following
anterior cruciate ligament reconstructi@4). Additionally, the concentric optimal angle has
been widely used as a nanvasive means of estimating exereisduced muscle damagg2,
280, 393. For instance, Philippo et al. (280 reported that 50 maxirhaccentric knee
extensions caused significant shifts towards longer quadriceps muscle lengths, lasting up to 16
days, using concentric optimal angle assessment. Similarly, Yeung and (B&@@nheported
greater increases in quadriceps optimal angle and soreness, and reductions in peak torque, in

the eccentriws concentre limb following a bout of stepps.

While the peak torque and the optimal angle have traditionally been the focus of
isokinetic assessments, thptimalangle may have high variability and is a poor predictor of
performance or injury risk355). Alternatively, multipleangle maximal voluntary isometric
contractions allow for reliable and robust lengghsion assessmergsdthe quantificatiorof
the rateof force development and impul¢269). Additionally, isometric assessments are
commonly utilized to examine muscular activation and the variability of maximal and
submaximal motor outpuf495, 258 332). However, obtaining a full isometric lengtbnsion
profile requires an extensive number of contracti@®), 268). For example, Noorkoiv et al.
(250 evaluated kneextension force atight angles, totalling 16 maximal isometric
contractions per limb, with one and two minutes of rest between contractions arahfgas,
respectively. While robust, tledorementioned evaluationay be excesvelytime-consuming
(~23 minutes per limb after warmyghereby limiting practicality, and potentially inducing a

training stimulug134).

A potential solution to the limitations with isometric lengémsion assessments would
be to implement anglspeific isokinetic (torqueangle) evaluations throughotite ROM).
Additionally, the angular impulse may provide better diagnostic information to the practitioner,

and therefore deliver more informative programming informafamathletic and clinical
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popuktions. However, Wile concentric peak torque is highly relialfgs5), little is known
regarding the betweesession variability of anglspecific torque outputs. For example, recent
studies examining angkgecific torque reported no reliability d48b, 96), while others report

the coefficient of variation (CV)165 or intraclass correlation coefficient (ICG23) in
isolation, which fail to provide a robuassessment of variability as the ICQigerly reliant

on betweersubject variability, whereagpical error of measurd EM) and CVare minimally
affected by thig149, 285). Finally, to theauthorsknowledge, there are currently no reports
outlining the variability of anglspecific impulse measures. Therefore, the primary purpose of
this note wa to determine isokinetic derived anglgecific concentric torque and angular
impulse intersession variability, through the entire kjog® ROM, and determine the need

for familiarization.

Methods
Experimental design

Using a repeated measumssign isokinetic concentric peak torque, angle of peak
torque, torque at 10° increments from 10 of knee flexion (0% full extension), total
contraction impulse, and impulse in 10° bands from-1@0were quantified. Both limbs of
each subject undeent unilateral testing on three separate occasie@sldys (6.% 0.9 days)
apartIntersession variability of each torque and impulse measure were examined via ICC, CV,
and TEM.

Subjects

Thirty-two healthy, resistaneeained males (27.9 5.3 years179.1+ 7.5 cm, 81.5
11.2 kg) volunteeredlTo minimize training effects from the testing procedures, all subjects
were required to have at least six morn(th2 + 3.9 yearsrange = 0.5 16 years)of at least
twice weekly resistance training experiend®.54 + 0.79 sessions-week range = 26
sessionsveek!) and befree of musculoskeletal injuries in the three morilesore data
collection Participants were instructed to maintain their current level of physical activity
throughout the data collection period apart from refraining from strenuous physical activity in
the 48 hours before each session. Additiong@iyticipants were instructed to avoid alcohol,
caffeine, and other ergogenic aids for at least 24 hioefigre each session. The Auckland
University of Technology Research Ethics Committee approved the study (18832}

subjects gave written informed consent after being informed of the risks and benefits of

97



Chapter 6

participation. A total of 63 limbs were tested amalysediue to a knee injury unrelated to the

study.

Testing procedures
Concentric kneextension performance

Subjects warmed up by cycling at low to moderate resistance usingsalselied pace
for five minutes.Subjects were seated upright on thakisetic dynamometglCSMi; Lumex,
Ronkonkoma, NY, USA) at a hip angle of 85°, with shouldeist,and thigh straps to reduce
body movement during contractions. The shadwas positioned5 cm superior to the medial
malleolus of each limb. To standazrdibody position, subjects were required to hold handles
at the sides of the chair, while the renorking limbwas positionedbehind a restraining pad.
Knee alignment was determined by visual inspection and unloaded knee extensions to ensure
proper joint tracking and comfort. Dynamometer settings were recorded and matched for

subsequent sessions.

Once fitted to the dynamometasubjects underwent a series of extensions and flexions
of the knee to determine safety stop positions and calibrate gravity correction. Subjects then
completed a standardized warmup of a single concentric contraction of 30%, 50%, 70%, 85%
and 100% of peeived maximal voluntary contraction, respectivélne minute after the
completion of the warmup contractions, subjects completed five maximal concentric knee
extersionsin immediate succession at 60°-&ach contraction was initiated and terminated at
105° and 5° of knee flexion, respectiveBubjects were given strong verbal encouragement

along with visual feedback of the torgtime tracing during each maximal contraction.

Data processing and analysis

Datawere analyzettia a customized MATLAB (MathWorks, Natick, MA) script. Each
isokinetic contraction waanalyzedby detecting and identifying the maximum (105°) and
minimum (5°) angle that signified the start and end of each contraction. Torque outputs at ten
angles (10© 90°, 80°, 70°, 60°, 50°, 40°, 30°, 20°, 1@¥¢re recordedPeak torquevas
detectedas the highest instantaneous torque between a08%° of knee flexion, with the
correspondingangle, recorded The angular impulse was calculated as the area uhder t
torquetime curve between each of the ten angles. Thus, total angular impulse throughout the
entire ROM and between nine bands (B00, 9680°, 8370°, 7660°, 66350°, 56040°, 4630°,
30-20°, 26010°)was calculated
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Statistical analysis

Mean, and standird deviationare reportedor all variables. All data weranalysed
using an Excel(version 2016; Microsoft Corporation, Redmond, Wggreadsheet from
sportsci.org (149, utilizing logtransformation to correct for heteroscedastic effects.
Intersession analysis was performed on the mean results of the varialelesh@ssion. The
ICC (type 3,1)and CV were used to explore relative and absolute variability. AndO®7
and CV> 10%were deemeds havindargevariability, moderate variability when either the
ICC > 0.67 or the C\K 10%, but not both, and small variability when 1G©®.67 and C\<
10% (263 269, 328). Variability was also examineda the standardize@EM to provide a
practical interpretation fothe magnitude of error expected for any change in the mean.
Magnitudes for effectsvere calculatedby doubling the TEM resulf263 328 and applying
thresholds of 0.6 (small), 0.61.2 (moderate), 1-2.0 (arge), 2.0-4.0 (verylarge and >4.0
(extremelylarge (263 269).

Results

Isokinetic peak torque, optimal angle, amtylespecifictorque dataare presenteth
Table12. Peak torque was found to have small intersession variability €0©40.95, CV
= 6.2-7.4%, TEM= 0.22-0.26), whereas optimal angle was found to have masl¢pddrge
variability (ICC = 0.580.64, CV= 7.38%, TEM = 0.76:0.86). Anglespecific torque was
observed to have small to moderate variability (I€0.790.94, CV= 6.4-14.1%, TEM=
0.250.51) except for at the most extreme angles of 10° and(kDO*=0.57-0.83, CV=12.9
42.9%, TEM=0.400.89).
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Table 12. Testretest variability of Isokinetic (60°*% knee extension torque production over three repeated measures.
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Joint angle

100°
90°
80°
700
60°
500
40°
300
20°
100

Mean

Mean Days 1- 2 Days 2- 3
Day 1 Day 2 Day 3 TEM EM  TEM o oc CVICC TEM TEM TEM oy o CVAICC
X 2 inference inference X 2 inference inference
Peak torque (Nm)
211.3+53 217.8+53.2 213.1+52 0.26 0.52 Small 7.4 0.94 Small 0.22 0.44 Small 6.3 0.95 Small
Optimal angle (°)
69.2+8 68.9£8.3 69.3+7.5 08 1.72 Large 8.0 0.58 Moderate 0.76 1.52 Large 7.3 0.64 Moderate
Angle-specific torque (Nm)
113+40.6 121.5+435 113.9%39 0.89 1.78 Large 429 0.57 Large 0.68 1.36 Moderate 27.7 0.67 Large
168.8 +43.9 176.8+45.2 173+42.7 0.35 0.70 Moderate 10 0.88 Moderate 0.34 0.68 Moderate 8.3 0.91 Small
193.3+48.2 198.8+50.3 196.6 +48.2 0.25 0.50 Small 6.4 0.94 Small 0.29 0.58 Small 7.9 0.92 Small
203.3+51.7 207.3+53.1 2045+51 0.30 0.60 Moderate 8.2 0.93 Small 0.27 0.56 Small 8.0 0.92 Small
198.9+54.6 202.3+52.7 199.7+52 0.35 0.70 Moderate 10.7 0.88 Moderate 0.28 0.59 Small 85 0.91 Small
180.8 £52.8 183.7+51.3 181.4+50.2 0.37 0.74 Moderate 12.3 0.85 Moderate 0.30 0.60 Moderate 9.9 0.88 Small
156.4 +47.5 158.5+45.4 156.8+45.7 0.40 0.80 Moderate 10.4 0.83 Moderate 0.32 0.64 Moderate 10.4 0.87 Moderate
128.8+40 129.9+37.7 129.5+39.6 0.45 0.90 Moderate 13.2 0.80 Moderate 0.37 0.74 Moderate 11.2 0.86 Moderate
101.1 £+32.4 100.7+29.1 101.4+32.8 0.51 1.02 Moderate 14.1 0.79 Moderate 0.39 0.78 Moderate 11.9 0.85 Moderate
71.6+235 719+21.4 727+244 0.65 1.30 Large 17.5 0.73 Moderate 0.40 0.80 Moderate 12.9 0.83 Moderate
0.45 0.90 Moderate 14.5 0.82 Moderate 0.36 0.72 Moderate 11.7 0.86 Moderate

TEM = standardized typical error of measure.

CV = coefficient of variation (%). ICC = intraclass correlation coefficiemteNtonmeters. All reliability statistics are letgansformed.
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Theisokinetic angular impulse data da@observedn Tablel3. The variability ototal
impulse through the entire ROM was found to be small to moderatexIC&30.97, CV=
6.4-8.1%, TEM=0.200.31). Like anglespecific torque, the variability of all angular impulse
bands was found to mmall to moderate (IC& 0.780.96, CV= 6.6-13.6%, TEM= 0.27
0.53), except for the most extreme angles {200Dand 2010°) (ICC=0.750.85, Cv=11-
16.5%, TEM= 0.36-0.60).
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Chapter 6

Joint angle

100-90°
90-80°
80-70°
70-60°
60-50°
50-40°
40-30°
30-20°
20-10°
Mean

Mean Days 1- 2 Days 2i 3
Day 1 Day 2 Day 3 TEM TE'\Z/I . TEM CVv ICC .CV/ICC TEM TEM . TEM CVv ICC .CV/ICC
inference inference x 2 inference inference
Total (100-10°) impulse (Nms)
240.1 £63.1 246 +61.7 242.2+62.2 0.31 0.62 Moderate 8.1 0.93 Small 0.20 0.40 Small 6.4 0.96 Small
Angle-specific impulse Nm-s)
249+69 26471 255+6.6 0.58 1.16 Large 16.5 0.76 Moderate 0.36 0.72 Moderate 11 0.85 Moderate
305+7.8 31.7+8 31.2+7.7 0.28 0.56 Small 6.6 0.94 Small 0.30 0.60 Moderate 7.5 0.92 Small
328+9.2 335+96 32+10.7 0.27 0.54 Small 7 0.96 Small 0.28 0.56 Small 7.8 0.92 Small
33.8+89 344+88 339+8.6 0.32 0.64 Moderate 9.1 0.90 Small 0.27 0.54 Small 8.1 0.93 Small
31.9+9 32.3+87 31.9+85 0.36 0.72 Moderate 11.8 0.85 Moderate 0.31 0.62 Moderate 9 0.90 Small
28.2+84 28.7+8.1 28.3+8 0.50 1.00 Moderate 12.9 0.82 Moderate 0.35 0.70 Moderate 9.9 0.88 Small
239+73 241+69 239+7.1 0.51 1.02 Moderate 135 0.80 Moderate 0.42 0.84 Moderate 12.8 0.86 Moderate
19.2+6 19.3+5.6 19.3%6.1 0.53 1.06 Moderate 13.6 0.78 Moderate 0.41 0.82 Moderate 11.3 0.85 Moderate
145+47 144142 145148 0.60 1.20 Large 15.3 0.75 Moderate 0.41 0.82 Moderate 12 0.84 Moderate
0.44 0.88 Moderate 11.8 0.84 Moderate 0.34 0.68 Moderate 9.9 0.88 Small

TEM = standardized typical error of measure. CV = coefficient of variation (%). ICC = intraclass correlation coefficient.nigwtonmeter seconds. All reliability statistics are4og

transformed.
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Discussion

A comprehensive understanding of the variability associated with isokinetic torque and
angular impulse across multiple angles, in a homogenous resistaimes population,was
previously lacking. As such, the main purpose of the study was to examimgeitsession
variability of traditional isokinetic assessment®.( peak torque, optimal angle), and the
potentially more consistent diagnostic metrics of angle specific torque and angular impulse.
Our primary findings were: 1) variability was minimalrfesokinetic peak torque and total
impulse throughout the quadriceps ROM: 2) optimal angle demonstrates moddeatge to
variability and, 3) angkspecific isokinetic torque and angular impulse were found to have
small tomoderaterariability, except fothe ends of ROM.

Minimal variability was associated with concentric peak torque (¥3¥940.95, CV
= 6.37.4%, TEM= 0.220.26), enabling the use of this metric without necessarily reporting
optimal angle(251, 268). Interestingly, while thaneanoptimal angle was nearly identical
between sessions, moderatdatigeviabilities were dbund (ICC= 0.580.64, CV=7.3-8.0%,
TEM = 0.76-0.86), likely due to betweesubject changes in rardeder. The aforementioned
result question the common practiceaoflysingthe optimal angle, especially as it is likely
that clinical populations wouldave greater biological variability than the population of
resistancdrained men used in this studyurthermore, this finding magxplainthe generally
lack of substantial optimal angle changes in longitudinal investigations and highlights the need
for researchers to determine their own -tesést variability. The much less studied angle
specific isokinetic torque was found to be smalirtoderate in variability at 920° of knee
flexion (ICC=0.790.94, CV=6.4-14.1%, TEM= 0.250.51)while 100° and 10° were more
variable (ICC= 0.57-0.83, CV=12.942.9%, TEM= 0.40-0.89). These results suggest that
even healthy, resistantained sulgcts may have difficulty in consistently initiating and
completing isokinetic contractions. These findings are important to consider as peak anterior
cruciate ligament loading typically occurs betweesB00 of knee flexio{100). While a direct
investigation is required, it would be expected that rehabilitative populations would have
greater difficulty consistently initiating ancbmpleting contraction§64), thus resulting in
more variable torque and impulse outputs near end ROM. Therefore, isometric contractions,
with lower movement variability, may pre a more reliable measurement of injured

populations.
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Variabilities reported here are similar to those of Arnold, Perrin, and HEB8jdICC
= 0.830.87) and are more consistent when compardéthtmusandYasuda(165 (CV = 35
47%); athough these authors report across two sessions at only 30°, 60° and 75°, and 15° and
75° of kneeflexion, respectfully. Furthermore, to our knowledge, this is the first paper
reporting anglespecific angular impulse, the reliability of which was more =taest (mean
ICC =0.840.88,CV = 9.911.8%, TEM= 0.340.44) as compared to anglpecific torque
(mean ICC= 0.820.86, CV = 11.714.5%, TEM= 0.36:0.45). Additionally, all angular
impulse brackets held small to moderate variabilities betwssssions two and three,
suggesting that only a single familiarization session is required to confidently evaluate the
entire lengthitension relationship. Alternatively, while the variability of angfeecific torque
was more consistent for sessions-hee (mean IC& 0.88,CV =9.9%, TEM=0.38) versus
onetwo (mean ICC=0.84,CV = 11.8%, TEM= 0.44), variation at 100° remained moderate
to large suggesting that more than one familiarization session may be required to adequately
detect small changes lahg muscle lengths. Thus, we recommend utilizing bracketed ranges
over torque at a single point in the ROM when practitioners must be sure that a change has

occurred, especially when evaluating the knee extensors near full extension or flexion.

While the primary aim of this paper was accompdidh it is important to note
limitations and directions for future research. We did not account for limb dominance, which
may have altered intersession variability. However, it is common practice to evaluate both
limbs in researche(g., within-participant parallel conditions) and clinical (e.mter-limb
asymmetry) settings. A complex relationship between fatigue, adaptations, and performance
exists. As such, it is possible that each testing session could have led to small adaptations and/or
resulted in residual fatigue, potentially affectingr eesults. However, while familiarization
effects can be conferred in fewer than 10 maximal contrac{ib®d), it is unlikely that
noticeable levels of fatigue remained by the second and third testing sessions as even high
responders have been shown égaver upwards of 80% of maximal voluntary isometric

contraction just four days following 50 maximal eccentric contractions in untrained participants

(154).

This study only examined the knee extensors; therefore, muscle groups such as the knee
flexors, or humeral rotators must be directly examined before researchers and practitioners can
understand the utility of angipecific torque or impulse measurements at other muscle groups

and joints. Furthermore, the utility of assessing agonist/antstgetrength ratios via angle
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specific torque or impulse analyses remains unknown. Similarly, studies examining the
variability of submaximal and maximal motoutputs and muscle activation during non
isometric contractions should be undertaken. Additignéhe reader needs to be cognizant
that only males with substantial resistance training experience were recruited for this
investigation. Thus, the response of untrained, youth, elderly, female and rehabilitative
populations could be different. Futursearchers will also need to determine the variability of
eccentric contractions and contractions at different velocities to gain a full understanding of the
utility of these measures in a comprehensive toange profile.Most importantly, future
researbers should determine the validity of angle specific torque and impulse to predict injury
and monitor recovery processes. Finally, while precedence exists for the specific inference cut
offs in this article(263 269 328), it is important to note that consensus to such thresholds is
not universal149, 285. Consequently, readers may wish to apply their own inferences based

on their specific contexts.

Conclusions

Isokinetic concentric rgue and angular impulse have low to moderate variability at all
but extreme joint angles. Additionally, angipecific angular impulse intersession variability
at long muscle length is relatively low, and therefore could be used instead ctpeagiec
torque when multiple familiarization sessions are not practical and/or different diagnostic
information is sought. Depending on the methodological purpose, researchers and practitioners
can utilize anglespecific concentric torque or angular impulse amae-efficient evaluation of
contractile and neuromuscular qualities when the quantification of the rate of force
development is not required.
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Prelude

While Chapter Gstablished the intersession variability of concentric muscle function,
isometric contractions allow faruermeasures of peak contractile force, and the evaluation of
rate of force development and impulédl of these variables may be important in detiging
the effects of eccentric quaisometric training. However, littless knownabout the variability
of these measurements at multiple angles, over repeated testing occasions in a homogenous,
resistancdrained population. Thusjeterminingthe intergssion variability of multangle
isometric forcetime characteristics provided the purpose of this chapter.
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Introduction

Traditionally, the evaluation of the lengtdnsion relationship hdseen completedia
isokineticderived angle of peak torque (j.eptimalangle)(355. However, in Chapter 6 we
determined that the optimal angle holds relatively high variability, even inamesgtained
men (265). Additionally, dynamic contractions do not allow for reliable rate of force
development (RFD) metrickd be calculatedand eccentric evaluations require extensive
familiarization and may be excessively strenuous if regular testing is req@68d As such,
isometric evaluations of force, RFD and impulse are popular in gef2&8| athletic (92,
266), and rehabilitativé16, 70, 181) populations due to the ease of use and a higredegfr
safety(390). Additionally, isometric evaluations are regularly utilized to gain insight regarding
neural drive and pakinduced inhibition via the rapid application of for(&l5), which is
valuable in a variety of context$6, 92, 181, 390). For example, Angelozzi et 4l.6) reported
that while peak force returned to baseline-rsianths after anterior cruciate ligament
reconstuction, earlystage(from contraction onset to a pdetermined time interval; e.d);
30 ms, 850 ms, 890 ms) RFDremained measurably depressed 12 months post reconstruction.
Furthermore, latstage (10200 ms) RFD is a more sensitive means of indiyesthluating

exerciseinduced muscle damage than peak force, providing value in research ge@gs

Isometric contractions at multiple joint angles are commonly included in testing
batteries(49, 188 250) as morphological and functional adaptations to training appear to be
joint angle specifid268). For example, Kubo et a{188) observed that isometric training at
long muscle lengths resulted in significantly improved isometric force frofil@0 of knee
flexion, whereas short muscle length training only improved force production fre®0°40
Thus, no betweegroup differences would have been detected if force production had been
eval uated at a si n89e Fuiherinaret strengtty dné rapidfforc® 8 0 A
production at specific joint angles may provide beneficial informatmrathletic and
rehabilitative populations. For instance, many knee and hamstring injuries occur at, or near,
full extension(100), and strength near the erehge of motion is a strong indicator of recovery
(64). Alternatively, high force outputs at long muscle lengths critical to performance for
athletessuch as weightlifterg339). Therefore, isometric evaluation of muscle properties
should take place at multipéanglesj.e., whole muscle lengttension relationshif355).

107



Chapter 7

While multi-angle isometric assessments have the potential to be useful in athletic and
rehabilitation settings, several limitations have been identified by researchers. For example,
nine of B papers included in a recent systematic review of isometric resistance training
included multiangle isometric assessme(68). However, only six repoed reliability,and
in three, variabilitywas only derivedrom a single session (i,avithin-trial variation)(268),
which has limited application testretest methodologies. Additionally, each study in the
review (268, and the earlier citethck originalreliability statistics(70, 181, 266, 276), or
report only a single statistic, with a mixture of intraclass coefficient correlation (K&}9),
or thecoefficientof variation (CV)(188 250). Moreover, while peak force was highly reliable
(ICC =0.800.99) across seven accepted studies, a systematic review ofdiasedsometric
assessmeni®2) only reported pooled ICCs, which raises some issues. For example, while it
is the most commonly reported reliability statistic, the ICQvisrly reliant on betweesubject
variability, which minimaly affectstypical error of measureTEM) and CVs(149, 285.
Another limitation was the distinct lack oésistancdrainedsubjects as none ofdhpapers
included in the aforementioned systematic review included subjects with any substantial
strength training history268). Furthermore, the varidlty of RFD and impulseare seldom
reported(16, 49). Therefore, the primary purpose of this teclhireport is to provide a
comprehensive analysis of the variability of a matigle isometric knee extension assessment
over three testing sessiong@sistancdrainedsubjects. The findings of this report will provide
greater insight into isometric rasures that came usedwith confidence in testetest

methodologies that are quantifying longitudinal changes.

Methods

Experimental approach to the problem

Isometric forcetime characteristics of the knee extenseere examined using a
repeated meases study designSubjects were tested on three separate occasions, -®ith 5
days between sessions. Each session followed identical sequencing of testing including a series
of isometric contractions at short (40°), medium (70°), and long (100°) muscles|€dytfull
extension). Intersession variability of peak force, eadg@ins) and latstage (6100 ms, ©
200 ms, 10200 ms) RFD and impulse were examined via ICC, CV, and TEM.
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Subjects

Twenty-six healthy, resistaneteained males (28.8 £ 4y&ars, 180.2 £ 7.7 cm, 81.8 +
11.8 kg) volunteered. To minimize training effects from the testing procedures, all subjects
were required to have at least six mor(th9 + 3.8 yearsrange = 0.75 16 years)f at least
twice weeklyresistance training expience(290) (2.53 + 0.76 sessions-wegkange =2-6
sessions-week, and befree of musculoskeletal injuries in the three moritie$ore data
collection Participants were instructed to maintain their current level of physical activity
throughout the data collection period apart from refraining from strenuous physical activity in
the 72 hours before each session. Additiong@iyticipants were instructed to avoid alcohol,
caffeine, and other ergogenic aids for at least 24 hioefigre each session. The Auckland
University of Technology Research Ethics Committee approved the st832),and all
subjects gave written informed consent after being informed of the risks and benefits of

participation.

Testing procedures
Isometric testing

Participants warmed up by cycling at a low to moderate resistance usingelsetiéd
pace fo five minutesParticipants were seated upright on the isokinetic dynamo@séi;
Lumex, Ronkonkoma, NY, USA) at a hip angle of 85°, with shouidaist,and thigh straps
to reduce body movement during contractions. The-ghdforce was~5 cm superior to the
medial malleoli. Participants were required to hold the handles at the sides of the chair, and the
nontworking limbwas positionethehind a restraining pad. Knee alignment was determined by
visual inspectionand unloaded knee extémss were performed by the subjedts ensure
proper joint tracking. Dynamometer settings were recorded and matched for all subsequent

sessions.

Once fitted to the dynamometer, participaptsformeda series of extensions and
flexions of the knee to detmine the safety stop positions and calibrate to the gravity
correction. Participants then completed a standardized warmup of submaximal concentric
contractions of 30%, 50%, 70%, 85% and 100% of perceived maximal voluntary contraction.
Each warrrup contration was initiated and terminated at 105° and 5° of knee flexion,
respectively.Sixty seconds after the completion of the isokinetic wapntheparticipants'
kneewas positioned a40° of flexion where one familiarization isometric knee extension at

50% of maximal voluntary isometric contraction (MVI@gas performedSubsequently, two
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MVICs lasting foursecondswere completed with 30 seconds separating each contraction.
Participantsver e i nstructed to contract GfGoargdownast ar
o f -2f1-§ o (205. All athletes were given strong verbal encouragement alongwsitial
feedback of the foreeme tracing during each trig215). Participants were also instructed to
avoid any preension and countermovement of the knee extsnstile the live forcdime
tracewas carefully inspectebly the examiner leading up to each contrac{®itb). The cut

off for pretension was set at 10 N. Any coadtions with a cleacountermovemenor an
unsteady baselin@ere rejectechnd repeated215. The subjects then completed the same
series at 70° and 100° of kneexibn with 60 seconds of rest between angles. The isometric
contractions were always performed in series from short to long muscle lengths to avoid greater
muscle damage and fatigue synonymous with contractions at long muscle |E&ighs
Following the final isometric contraction, the isokinetic waam and isometric assessment
were repeatedn the opposite limb. Limb orderas randomizethroughout the three testing
sessions and counterbalanced over the samplsokinetic and isometric contraonswere
collected without filtering, via a custormade software (LabVIEW; National Instruments,
New Zealand) sampling at 2000 kA5).

Data processing and analysis

Datawere analyzedia a customized MATLAB (MathWorks, Natick, MA) script. All
forcedata veredivided by the length of the lever arm, in metéosnormalize the difference
in shank length betweesubjects. Following an initial manual inspection of the raw data,
isometric forces over 200 N were identified to signify a full contraction and elienfaite
contractions. A peak detection algorithm was implemented to detect and identify the
instantaneous peak force of each contraction. Theebwof effort was determined via visual
inspection and a manual section of each féoe curve (215. The same researcher
determined osset of effort by visually detecting thast trough before force deflected above
the range of the baseline noig5). Rateof force development and impulse were calculated
for 0-50 ms, 8100 ms, 6200 ms, and 16200 ms, based on the manual onset of effort detection

(215.

Statistical analysis
Mean, and standarddeviation was calculatedor all variables. All data were leg
transformed to correct for heteroscedastic effectsamadlsedusing an Excef{version 2016;

Microsoft Corporation, Redmond, WAgpreadshee{l49 263. Intersession analysis was
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performed on the mean results of the variables&ohsession. Th&€CC and CV were used to
explore relative and absolutariability, respectively. An ICC < 0.67 and CV > 10#ere
deemeds havindargevariability, moderate variability when either t@Q > 0.67 or the CV

< 10%, but not both, and small variability when ICC > 0.67 and CV < (284 263).
Variability was also examineda TEM to provide the reader with a practical interpretation of
the magnitude of error expected for any change in the (2041263). Magnitudes for effects
were calculatetdy doubling the TEM resu({R01, 263 with thresholds of 0-8.6 (small), 0.6

1.2 (moderate), 1-2.0 (arge), 2.04.0 (verylarge and > 4.0 (extremeharge (152 201, 263).

Results

Variability data for multiangle isometric force, RFD and impulse measaresound
in Tablel14.
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Table 14. Testretestvariability of isometric knee extension force production over three repeated measures.

Mean Days 1i 2 Days 2- 3
Joint Day 1 Day 2 Day 3 TEM  'EM . TEM cv 1cc tvicc TEM EM TEM oy e CVACC
angle x 2 inference inference x 2 inference inference
Peak Force (N)
400 611.5 + 140 601.3 + 134 603.6 + 133 0.45 0.90 Moderate 10.8 0.84 Moderate 0.39 0.78 Moderate 9.6 0.87 Small
70° 790 + 201 807.2 +174 805.5 + 188 0.36 0.72 Moderate 9.2 088 Small 0.49 0.98 Moderate 11.5 0.80 Moderate
100° 669 + 151 679.2 + 153 682.7 + 149 0.28 0.56 Small 6.7 0.93 Small 0.38 0.76 Moderate 8.5 0.88 Small
Mean 0.36 0.62 Moderate 8.9 0.88 Small 0.42 0.84 Moderate 9.9 0.85 Small
RFD 0-50 (N-s?)
40° 3894 + 1227 3739 £ 967 3635 + 1053 0.64 1.28 Large 224 071 Moderate 0.82 1.64 Large 23,5 0.60 Large
700 3245+ 1255 3003+1304 2940 + 1121 0.74 1.48 Large 322 066 Large 0.66 1.32 Large 27.2 070 Moderate
100° 1690 + 998 1577 £ 827 1670 £ 1024 0.67 1.34 Large 31.9 0.70 Moderate 0.70 1.40 Large 33.7 0.68 Moderate
Mean 0.68 1.36 Large 28.8 0.69 Moderate 0.73 1.46 Large 28.1 0.66 Large
RFD 0-100 (N-s%)
40° 3401+980 3179 +846.8 3142+ 868 0.57 114 Moderate 18.7 0.76  Moderate 0.60 1.20 Moderate 19.9 0.71  Moderate
70° 3264 +1061 3025 + 1007 2977 + 939 0.48 0.96 Moderate 18.8 0.82 Moderate 0.57 1.14 Moderate 20.1 0.76  Moderate
100° 2334 + 761 2258 + 471.6 2293 + 830 0.51 1.02 Moderate 19.4 0.80 Moderate 0.57 1.14 Moderate 21.7 0.76 Moderate
Mean 0.52 1.04 Moderate 19 0.79 Moderate 0.58 1.16 Moderate 20.6 0.74 Moderate
RFD 0-200 (N-sh)
40° 2459 £+ 631 2340 +607.7 2297 + 611 0.55 110 Moderate 159 0.78 Moderate 0.53 1.06 Moderate 156 0.79  Moderate
70° 2804 +790 2643 +755.3 2618 + 728 0.43 0.86 Moderate 14 0.85  Moderate 0.47 0.94 Moderate 14.9 0.82  Moderate
100° 2271 £ 575 2224 + 584 2266 * 637 0.39 0.78 Moderate 11.8 0.87 Moderate 0.43 0.86 Moderate 13  0.85  Moderate
Mean 0.46 0.92 Moderate 13.9 0.83 Moderate 0.48 0.96 Moderate 145 0.82 Moderate
RFD 100200 (N-s%)
400 1534 +460 1501 + 446.6 1452 + 459 0.74 1.48 Large 215 0.67 Moderate 0.53 1.06 Moderate 17.1 0.79  Moderate
700 2344 + 649 2261 +634.6 2259+ 637 0.45 0.90 Moderate 139 0.84 Moderate 0.46 0.92 Moderate 15 0.83  Moderate
100° 2207 + 560 2190 +557.1 2240 + 558 0.39 0.78 Moderate 109 0.87 Moderate 0.37 0.74 Moderate 10.4 0.88 Moderate
Mean 0.53 1.06 Moderate 15.4 0.79 Moderate 0.45 0.90 Moderate 14.2 0.83 Moderate
Impulse 0-50 (N-s)
400 10.6 £5.7 9.38+4.3 9.19+46 0.51 1.02 Moderate 329 0.80 Moderate 0.57 1.14 Moderate 329 0.76 Moderate
700 8.15+6 7.26+5.8 6.8 +4.4 0.70 1.40 Large 56.2 0.68 Moderate 0.57 1.14 Moderate 42,5 0.76 Moderate
100° 293+35 252+26 2.86+3.6 0.66 1.32 Large 61 0.70 Moderate 0.70 1.40 Large 63.1 0.68 Moderate
Mean 0.62 1.24 Large 50 0.73  Moderate 0.61 1.22 Large 46.2 0.73 Moderate
Impulse 0-100 (N-s)
400 21.9+10.6 27.3+12.3 16.8 +12.9 0.52 1.04 Moderate 36.3 0.79 Moderate 0.52 1.04 Moderate 33.1 0.79  Moderate
70° 30.8+17.4 26.7 +15.6 25.7+14 0.43 0.86 Moderate 33.8 0.85 Moderate 0.52 1.04 Moderate 37 0.80 Moderate
100° 16.8+9.2 15.7+8.7 16.5+10.6 0.49 0.98 Moderate 384 081 Moderate 0.53 1.06 Moderate 42.1 0.79 Moderate
Mean 0.48 0.96 Moderate 36.2 0.82 Moderate 0.52 1.04 Moderate 37.4 0.79 Moderate
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40°

70°

100°
Mean

40°

70°

100°
Mean

64.5 +28.7
87.4+43.9
58.2+26.1

33.9+15.9
56.5+27.9
41.4+18.5

58.7 + 26.6
78.1+39.4
56.2+25.4

31.4+15.2
51.3+25
40.4+£17.8

57+271
76.4 +£38.9
58.7 £30.7

30.3+15.1
50.6 £ 24.9
42.2+21

0.51
0.41
0.38
0.43

0.56
0.41
0.36
0.44

1.02
0.82
0.76
0.86

1.12
0.82
0.72
0.88

Moderate
Moderate
Moderate
Moderate

Moderate
Moderate
Moderate
Moderate

Impulse 0-200 (N-s)

30.7 0.80 Moderate
27.6 0.86 Moderate
23.6 0.88 Moderate
27.3 0.85 Moderate
Impulse 106200 (N-s)
33.1 0.77 Moderate
269 0.86 Moderate
215 0.89 Moderate
27.2 0.84 Moderate

0.44
0.45
0.41
0.43

0.41
0.44
0.38
041

0.88
0.90
0.82
0.86

0.82
0.88
0.76
0.82

Moderate
Moderate
Moderate
Moderate

Moderate
Moderate
Moderate
Moderate

27
29.6
25.9
27.5

25.8

29.2

23.1
26

0.85
0.84
0.86
0.85

0.86
0.84
0.88
0.86

Chapter 7

Moderate
Moderate
Moderate
Moderate

Moderate
Moderate
Moderate
Moderate

TEM = typical error of measure. CV = coefficient of variation (%). ICC = intraclass correlation coefficient. RFD = rate digfeelopmentN-s= newtons per second. N-srewton seconds. All reliability statistic
arelog-transformed.
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Small to moderate variabilities were found for isometric peak force (ICC =0098)
CV =6.711.5%, TEM = 0.28).49) while latestage (6100, 106200, 6200 ms) RFD (ICC =
0.67-0.88, CV = 10.421.5%, TEM = 0.3/0.74) and impulse (ICC = 0.70.89, CV = 215
42.1%, TEM = 0.38).56) were moderately variable regardless of angle between sessions one
two and twethree. However, moderate karge variability were found for earhgtage (€60
ms) RFD (ICC = 0.6@.71, CV = 22.433.7%, TEM = 0.64.82) and impuls¢ICC = 0.68
0.80, CV = 32.9%63.1%, TEM = 0.540.70).

Discussion

A comprehensive analysis of the variability associated with isometric peakRbiDe,
and impulse at multiple angles during knee extension, in a homogenous redistizneck
population wagreviously lacking. This study addressed these limitations with the primary
findings being: 1) peak force is minimally variab®) latestage RFD and impulse are
moderately variable, and 3) eadtage RFD and impulse hold moderatéatgevariability.

Small to moderate variability (ICC = 0.8093, CV = 6.711.5%, TEM = 0.28.49)
was associated with isometric peak force regardless of joint angle, meaning that practitioners
and researchers can be confident in using this metric across angles. Ousfoudiodporate
previous reports, in that late (ICC = 0:689, CV = 10.442.1%, TEM = 0.38.74), but not
early-stage (ICC = 0.60.80, CV = 22.463.1%, TEM = 0.540.82) RFD and impulse, are
relatively stable between testing occasions regardless of jojie @15, 271). For example,
Palmer, Pineda, and Durhg@71) recently reported highly reliable peak force (ICC = 0.84
0.90, CV = 6.612%) and latestage RFD (ICC = 0.81, CV = 1219.4%), while peak and
early-stage RFD (ICC = 0.58.85, CV = 17.3865.9%) were much less consistent across two
sessions in a muiangle isometric squdR71). No systematic bias was observed between
sessions onevo, indicatinga negligible learning effect and that the assessments need very

little familiarisation in trained subjects.

From the findings of this technical report, reporting eathge RFI(16, 276) would
seem questionable, supporting the decisions of researchers who have declined to include rapid
force production earlier than a 100 ms thresi{d®). However, it is important to note that
largeintersession variability does not necessarily preclude -statye RFD or impulse from

holding value if the smallest detectable change is kndvwor example, Kraff{(181) and
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Angelozzi (16), reported relativelyargeimprovements in peak (9840 3. 6 %, d€ohenos
0.581.06) and earhstage RFD (20-31.7%,d = 0.350.44) throughout recovery from anterior

cruciate ligament reconsttion, which may have surpassed the smallest detectable change.
However, neither study reported the information required to calculate the smallest detectable
change in their population. Alternatively, wéldined athletic populations are unlikely to
experence large enough improvements in eatyage RFD and impulse to overcome the

moderate tdargeintersession variability290).

While the primary aim of this report was achieved, readers should be cognizant of the
limitations.While two contractions per angle, per session was selected to avoid neuromuscular
adaptations and reduce assessment timegremter number of contractions is often
recommended to improve measurenretiability (215. Furthermore, the variability gfeak
force, andRFD and impulse would have likely been improvedpleyforming ramp, and brief
rapid contractions, respectivel{215. All contractions were performed in a commercial
dynamometer, where deformation of the seat and tissues of the subject may result in small
shifts in the prescribed joint angle when compared to custane apparaty20, 215. While
the slight deviation in joint angle should not affect intersession variability, practitioners should
be aware that the reported force, RFD and impulse data may not be interchangeable with other
egupment setups (20, 215. Future research should examine other movements (e.g., knee
flexion, dorsiflexion) and populations.g.,females, elderly, untrained, rehabilitative) to have
a full understanding of the utility and reproducibility of nuatigle isometric forcéime
characteristics. Finallyyhile precedence exists for the specific statistical infereneeftsiin
this article(201, 263), it is important to note that universal consensus is not po$28#e386).
Therefore, readers may wish to apply their own inferencesllmastheir specific contexts.

Practical applications

Thiswas the first study to undertake a comprehensive analysis of knee extension force
time variability across multiple joint angles and testing occasieak force, and latstage
RFD and impulse were the most stable measures at all assessed anglesgrtatathe
whole muscle lengttension relationship cabe determinedor knee extension. However,
practitioners should avoid reporting eastage (650 ms) RFD and impulse, due to moderate
to large intersession variabilityAdditionally, practitionersshould be aware that outcome

measures with moderate largevariability requirelarge traininginduced adaptations before
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they can be sure that real changes have occurred. It also appears that there is minimal learning
involved with the testing, so farrafisation and assessment can occur in the same session with
well-trained individuals. Readers may wish to calculate the smallest worthwhile change from
table #; however, it is critical to realize that these data are only applicable to a resistance
trainad male population. Isummary isometric peak force, and laségage RFD and impulse

have low to moderate variability regardless of joint angle and therefore, can be used with

confidence to demonstrate the force capability of knee extensors.
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Chapter 8 - The effect of regional quadricepsanatomical

parameterson anglespecific isometric torque expression

Reference

Oranchuk DJ, Hopkins WG, Nelson AR, Storey AG, and CroninTJ®. effect of regional
guadriceps anatomical parameters on asgkific isometric torque expressi@gppl Physiol
Nutr Metab46: 368-378, 2021.

Author contribution
Oranchuk DJ80%; Hopkins WG,10%; Nelson AR 4%; Storey AG,3%; Cronin JB3%.

Prelude

Chapters4 to 7 examined the intersession variability of several measures of muscle
morphology, architecture, and functiowhile Chapters2 and 3 presented several studies
examining the correlations betweamatomical features and muscular performaHosvever
the relgionships between the primary measures of the thesis not been examined in detalil
More specifically, the association between regional muscle structure and thetérsgom
relationship required elucidation.Understanding these associations allows forther
understanding of what morphological and architectural parameters are most importantfor joint
anglespecific neuromuscular performance; enabling a potential reduction in the number of
ultrasonicvariables required to be collected in subsequenlies.Furthermore, understanding
the abrementioned relationships could aid in the interpretation of future findiftgsrefore,
this chapter examined the relationship betwdled region and muscispecific muscle
thickness, pennation angle afakcicle lentgh, and angle specific maximal isometric torque

usingseveral linear regression models.
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Introduction

The relationship of specific anatomical properties (muscle thickness (MT), volume,
crosssectional area, pennation angle (PA), fascicle length (FL)) to performance indices of
several sports have been exami(@®d 77, 190 247, 368). Likewise, the assesamt of muscle
mass and architecture has been extensively utilized to med®iamuscle function during
isometric and isokinetic contractio(is3, 48, 73, 213 359, 360, 379). For example, Blazevich
et al.(48) reported quadriceps muscle volume to be the best predictor of maximal isometric
force R?= 0.60) and slow (3@) concentric torqueR? = 0.74), while the combination of
physiological crossectional area and FL was reported as a moderate pred@tor(59) of
high-velocity (300%%) concentric contractions. Similarly, MT, muscle volume, and eross
sectional area of specific musclesre found to be moderately to very largely correlated
isometric and isokinetic force or torque production in both esestional ( = 0.450.904)(13,
48, 213 360, 379 and longitudinal investigations & 0.530.89) (33, 99, 250 359 in
untrained or recreationally trained participants.

While muscle size and structure are linked to force production, controversy remains
regarding the relative contribution of regional queglss muscleanatomicalvariables at
different joint angles and angular velocities. Ando gfl&) examined the relationship between
architecture of the vastus lateraliectus femoris, vastus medialis, and lateral and anterior
vastus intermedius, and maximal knee extension force. The authors reported that while MT and
PA of all four muscles were positively correlated { 0.190.74) with maximal force
production, only MTof the anterior vastustermedius (= 0.74)and PA of the lateral vastus
intermedius I = 0.68) reached statistical significan¢E3). Additionally, multiple linear
regression showed that 91% of the variation in force could be accounted for by the anterior
vastus intermedius MT and lateral vastus intermediu§1BA However, Ando et a(13) only

assessed force at 90° of knee flexion and included a relatively small sample of 11 participants.

The examination of muscle size, quality, and secturein different regions (proximal,
middle, distal) of a muscle has become popular in contemporary re§eBdch13 250, 264,
267, 337, 359, 360. While canflicting results exist, several groups have found that eccentric
resistance training, or training at long muscle lengths, results in preferential hypertrophy of the
distal region, and leads to substantial increases (260 268). The superior adaptations to

the distal region following eccentric and long muscle length resistance traamang
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accompaniethy preferential improvements in force and torque outputs at long musgthden
and throughout the entire range of mot{ttl, 268). Yet, these observations are countered by
Trezise et al(359), who reported that proximal quadriceps cresstional area was the best
predictor of isometricR?= 0.59) and concentri®k¢ = 0.58) torque production. Additionally,

a recentnvestigation reported that the increase in proximal vastus lateralissgctssnal area
and PA was the best, albeit wed¥ € 0.27), predictor for the increase in isometric torque

following 10 weeks of resistance trainirg59).

While the aforementioned findings are fascinating, most correlational studies do not
examire force throughout the range of moti@d3®, 33, 73, 99), or only report peak concentric
torque(48, 360. These limitationgeavemany questions unanswered as understanding force
production at specific joint angles is required for optimal performance or injury prevention
(100, 211); which is among the reasons why assessing force production at short, medium, and
long muscle lengths ke becomeancreasingly commoi(265, 268 360). Additionally, other
factors, including FL and PA, are often missing from analy88s99). One potential reason
for the lack of lengtkiiension, torquangle, and completeegional muscle size and
architectural assessments included in correlational investigations is the noticeable lack of data
providing multiple reliability statistics over several sessidnsthermore, to our knowledge,
none of the previously cited corratatal analyses have utilized a homogenous resistance
trained population. Given thaforementioned resear@nd limitations, the purpose of this
study was twefold; 1) to determine the intersessi@fiability of regional quadriceps anatomy,
and multtanglemaximal voluntary isometric torque (MVIT), and 2) investigate the ability of
regional quadriceps MTRA, and FL to predict MVIT at three knee joint angles in resistance

trained men.

Materials and Methods
Experimental design

Using a repeated measures dasiwe examined measures of regional quadriceps
anatomical parameters and MVIT at a range of joint angles. At each session, an
ultrasonographic assessment of regional quadriceps MT, PA, and FL, followed by an isometric
assessment of MVIT at 40°, 70°, arftiD9 of knee flexion (0° = full extension) was completed.

Each participant was tested on three separate occasions, separateddys5
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Participants

Twenty-four healthy males (28.5 + 4.7 years, 180.1 £ 7.7 cm, 81.6 + 11.8 kQ)
volunteered for thistudy. All participants were required to have at least six months of
resistance training experience (6.73 + 4.83, randel8 years) with at least two weekly
sessions of lowebody resistance training (2.54 + 0.75, rarg2-4 sessionsveek') and be
freeof any musculoskeletal injuries for at least three mongifigredata collectionParticipants
were instructed to maintain their current level of physical activity throughout the data collection
period apart from refraining from strenuous physical activity, alcohol, caffeine, and other
ergogenic aids for at least 48 hourefore each session. The Auckland University of
Technology Research Ethics Committee approved the study (184883}l subjects provided

written informed consent.

Testing procedures
Ultrasonography

All ultrasound images were collected using the same transdugdyugtin software
(45 mm linear array, GE Healthcare, Vivid S5, Chicago, IL). Ultrasound settings (frequency,
12 MHz; brightness, maximum; gain, 60 dB; dynamic range, 70; depth, individualized) were
recorded and kept consistent across all sessionssgdsaments were performed by the same
sonographer with ~3 years of experience. Upon arrival, participants were positioned in a supine
position on a massage table for 15 minutes, to allow for fluidisteibution (374). The
participants remained in a supine position with knees and hips fully extended with a foot strap
used to prevent excessive external rotaf8¥). During this period, the participants had each
thigh measured and marked by an ISAK le2ednthropometristThe length of the lateral
aspect of the thigivas determinetdy measuring the distance from theperiorborderof the
greater trochanter to the inferiborderof the lateral condyle of the femur. The anterior aspect
of the thighwas determinedby measuring the distance between the supéooderof the
patella ad the inferiorborderof the anterior, superior iliac spirf@50). Thigh lengthsvere
recorded and markingsvere madeat 30% (proximal), 50% (middle), and 70% (distal) of the
lateral and anterior distances, respectivéd7). The vastus lateralis was marked by
determining the most lateral aspect of the thigh (Fidsre). Participants were instructed to
briefly tense the quadriceps so tha tesearcher could mark the rectus femoris (Fidbia.
Pilot testing with our resistandmined male cohort determined that extended -foéldiew
scans of the vastus intermedius were not consistently clear. Thus, scanning depths were

adjusted toonly capture the vastus lateralis and rectus femoris muscles. The vastus medialis
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was excluded as it can be further broken down into the obliquus and longus portions, with deep
and superficial fiber bundl€63). Furthermore, MT of the vastus medialis oblique and longus
have substantially smaller correlations witagnetic resonance imagirdgerived cross
sectional area when compared to the vastus lateralis os featoris(124). MT and PA of the

vastus lateralis and lateral vastus intermedius, and the rectus femoris and anterior vastus
intermedius were collected in the same sslapt images, respectively. Typical pimal,

middle, and distal lateral and anterior images are provided in Figure

Proximal Middle BINE]

Figure 15. Markings and scanning probe position for the lateral (panel A) and anterior (panel
B) quadriceps femorigrrows illustrate the direction of extended fiedéiview probe sweep.
Images provided courtesy of Dr. Matt Stock (University of Central Florida).
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Proximal Middle

Superficial aponeurosis

- Vastus lateralis

Deep aponeurosis

Lateral
vastus intermedius

I Fomur

B~ Superior aponeurosis

- Rectus femoris

g Deep aponeurosis

Anterior
vastus intermedius

§ pe— o ur

Figure 16. Representative proximal, middle, and distahBde ultrasound images of the lateral
(top) and anterior (bottom) quadriceps musd#B .= muscle thickness. PA = pennation angle.

Fascicle length was measured by the extended-dieldew function as extensively
detailed previously252 263). The ultrasound probe was moved across a muscle, while a
texture mapping algorithm merged the sequence of images into a composit¢littagé?2).

A watersoluble gel was applied to the scanning head of the ultragouniek to achieve
acoustic coupling, with care taken to avoid tissue deformétib® 252, 263). The probe was
oriented perpendicular to the skin and parallel to the estimated fascicle di@dthp252,
263. Two images were captured for each region or extendeedielttw scan. Two measures
(MT, PA, FL) were quantified for each image and averaged niden from both images was

averaged to give a mean MT, PA, and FL for subsequent an@g8)s

Isometric dynamometry

Following theultrasonographiassessment, participants warmed up by cycling at low
to moderate resistance using a-seliected pace for five minut€a69). Subjects were seated
on the isokinetic dynamomet6€SMi; Lumex, Ronkonkoma, NY) at apghangle of 85°, with
shoulder, waist, and thigh straps to reduce body movement during contré268r269). The
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shinpad was positioned~5 cm superior to the ankle joint malle¢®69). Subjects were
required to hold handles at the sides of the chair, while themodking limb was positioned

behind a restraining pa(®69. Knee alignment was determined by visual inspection and
unloaded knee extensions. Dynamometer settings were recorded and matched for subsequent

sessions.

Once fitted to the dynamometer, subjects underwent a series of extensions and flexions
of the knedo determine safety stop positions and calibrate gravity corre@gs). Subjects
then completed a standardized warmup of concentric contractions of 30%, 50%, 70%, 85%,
and 100% of perceiveMVIT (269. One minute after the completion of the warmup
contractionsthe participantskneewas positioned at0° of flexion, where one familiarization
isometric knee extension at 50% of perceived MWHS performed269). Sixty seconds later,
two maximal contractions lasting fogsecondswvere completed with 30 seconds aegiing
each contractio269). Participants were instructed to
following a countdowno f -2{1-8 o (2&5 269). All participants were given strong verbal
encouragement along with visual feedback of the fime tracing during each trigR15
269). Participants were instructed to avoid ang-fgnsion and countermovement of the knee
extensors, while the live fore@me tracewas carefully inspecteby the examiner leading up
to each contractiorf215 269. The cutoff for pretension was set at 10 K69. Any
contractions with @ountermovemerdr an unsteady baselimeere rejecte@nd regated215
269. The participants then completed the same series at 70° and 100° of knee flexion. The
isometric contractions were always performed in series from 40° to 100° to avoier great
muscle damage and fatigue synonymous with long muscle length contrg@i@hsTen
minutes following the final isometric contraction, the concentric wapmand isometric
assessmentsere repeatedn the opposite limb. Limb ordevasrandomizedhroughout the
testing sessions and counterbalanced over the participant ghlupontractions were
collected without filtering, via a custormade software (LabVIEW; National Instruments,
New Zealand) sampling at 2000 kA5 269).

Data processing and analysis
Ultrasonography

Images were stored aadalyzedsia digitizing software (ImageJ; National Institutes of
Health). Muscle thickness (crmjas definedas the perpendicular distance between the deep

and superficial aponeurosis, and RAs definedas the angle of the fascicles relative to the
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deep aponeuras(110 263). Due to the depth of the muscle, the fascicles onatieeal and

anterior vastus intermediugere not consistdly visible (263). Therefore, PA and FL were not
recorded for the lateral and anterior vastus intermedisithe rectus femoris is complex, in

that there are distinctly different directions of penna{®@80), only 23/48 of distal rectus
femoris FL measurements were able to be determined. Representative vastus lateralis and
rectus femoris extended feebf-view images are illustrated in Figuté@A and B, respectfully.
Anatomical variables were averaged across all sessions to reduce errors arising from

sonography or participant variability.

Proximal FL Middle FL

Proximal Middle

Figure 17. Representative extended fiedfi-view images of the vastus lateralis with proximal,
middle, and distal fascicle lengths (A). Typical extended fadlgiew image of the rectus
femoris (B) note the lack of discernible fascicles towards the distal refibr= fascicle
length.

Isometric dynamometry

Datawere analyzedia a customized MATLAB (MathWorks, Natick, MA) script. As
the moment arm substantially affects isometric out(i88 374), all torque data were divided
by the length of the dynamometer arm, in metersiormalize the difference in shank length
between participant€269). Thus, all MVIT data are reported inewtons (N). Normalized
MVITs over 200 N were identified to signify a full contraction and eliminate false contractions
(269). A peak detection algorithm was implemented to detect and idenéfinstantaneous
peak torque of each contracti®69). The contraction with the highest instantaneous peak

torqgue was analyzed to minimize issues of voluntary activaltoemaximum values &fiVIT
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across thehree sessions were utilized to reduce error arising from submaximal voluntary

activation.

Statistical analysis
Reliability

Measures of MVIT, MT, and FL were legansformed before analysis to reduce-non
uniformity of error(149, 152) and analyzed with an Excel spreadst{&g0). To reduce bias in
the correlations between variables, only measures with sufficiently high intersession reliability
were included in the correlational analysis. Since the mean or maximum of the three sessions
was used in the colleion analysis, the relevant measure of reliability was the square root of
the intraclass correlation coefficie@ICC) of the mean of the three sessi(t52). A value of
AccC > 0.90 (corresponding to betwesassion ICC> 0.60) was considered sufficiently
reliable since any correlation with the variable would be biased downward by a factor of 0.90
at most(152. For comparison with other studies, the betwsession typical error of
measurement (TEM) was also analyzed and expressed as a percentage for MVIT, MT, and FL
(149, 152. TEM is expressed in degrees for PA, as there is an upper limit of 90°, and unlike
other measures, it would not be expected for error to change with increasing or decreasing
values(149, 152).

While not a primary aim of the study, the variability of iAtm@age measures (e.g., the
variability of two proximal vastus lateralis FL measures in the same image) was performed to
determine variations in quadriceps anatomy across regions @stles. The same procedure
and interpretation as the intrasession reliability analysis -image variability statistics were
not analyzed for MVIT as the greatest value, regardless of contraction or session were utilized

for the correlational analysis.

Correlational analysis

As the primary goal of this study was to examine the effects of regional quadriceps
anatomy on MVIT, a measure was included only if it was sufficiently reliable in all three
regions (proximal, middle, distal) and knee joint anglég8°,( 70°, 100°)Simple linear
regressions were used to predict angle specific MVIT with anatomical parameters in isolation
(e.q., distal vastus lateralis MT). Multiple linear regressions were used to predict MVIT with

anatomical variables from a single sale and region (e.g., distal vastus lateralis Mdistal
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vastus lateralis PA distal vastus lateralis FL), with lateral or anterior compartments (e.g.,
distal vastus lateralis M¥ distal vastus lateralis PAdistal vastus lateralis Ft distal lateral
vastus intermedius MT), and finally, with region across all muscles (e.qg., distal vastus lateralis
MT + distal vastus lateralis PA distal vastus lateralis Ft distal lateral vastus intermedius

MT + distal rectus femoris MT+distal anterior vasiutermedius MT).

All regression analyses were performed with Proc Reg in the Statistical Analysis
Software (University Edition of SAS Studio, version 9.4, SAS Institute, Cary NC). Measures
of the ability of the regression models to predict torque werentiigple R (the correlation
between observed and predicted valuéBf,( equi val ent to the rabsol
for a single predictor), and the adjusted multiple R (the segoateof the Rsquared(CadjR,
adjusted for degrees of freedom). Tddjustment removes the upward bias in thegRared
that occurs when any predictor is added to a model with a finite sample size. Negative values
of adjR? were expressed as negative correlations by changing the sign before taking the square
root. Effects &djusted multiple R, their means, and their differences) are presented with the
gualitative magnitude of their observed (sample) value and interpretéiivial small,
moderate, large, very large, and extremely large forvalules <L @, 1®, 3@, 50, O
0. 70, 0.99 respectivelyl52).

Sampling uncertainty in the estimates of effects is presented as 90% compatibility limits
(90%CL), which were estimated from percentiles of the effects in 10@@8trapped samples
(152. The bootstrapped effects were estimated initially by performing multiple linear
regression with each bootstrapped sample, but the median values of the effects were
substantially higher than those the original sample. Therefore, values in the bootstrapped
samples were derived as follows: the regression coefficients in the original sample were used
to predict the dependent variable in each bootstrapped sample; the correlation between the
predictedand observed values of the dependent variable in each sample was squared and
adjusted for degrees of freedom; the square root of this adjussedigRed then provided
values of adjusted multiple R, which showed close agreement between the original and
boostrapped median values. As a further check on the adequacy of this bootstrap method, the
analyses were performed on simulated data with a sample size of 24 and population simple
correlations between a dependent variable and two predictor variables immiag One

hundred analyses each of 10,000 bootstrap samples were performed for correlations ranging
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from 0.00 to 0.70. Observed and median adjusted multiple R showed a downward bias of 0.05
to 0.10 for true correlations of 04030, 0.04 for true correians of 0.50, and only 0.02 for

true correlations of 0.70. Despite the bias, 90%CLs showed less than the 10% expected error
rate in their coverage of low values of true correlations and a slightly higher error rate (~12%)

for true correlations of 0.50 afd70. The bootstrapping was therefore judged to be trustworthy

(152).

The nonclinical version of magnitudbased decisions with a minimally informative
prior was used to interpret the uncertainty in effect magnit(t&g. Chances that the true
magnitude was a substantial negative value, a trivial value, and a substantially positive value
were derived directly from the bootstrapped samples as the proportion désaygs with
those magnitudes. Effects were deemed to be clear (to have adequate precision) if the chances
of one or other substantial true values web&(i.e., the 90%CLs did not include substantial
positive and negative values). Clear effects apented with a qualitative descriptor for the
magnitude with chances25% using the following scale: 25%, possibly (*); >75%, likely
(**); > 95%, very likely (***); and >99.5%, most likely (****) (152). When thechances of a
substantial or trivial magnitude were9%%, the magnitude itself is described as clear. Effects
with inadequate precision are described as unclear. Effects with adequate precision defined by
99% compatibility intervals are highlightedtold in tables and figures; the overall error rate
for coverage of 10 independent true values with such intervals is that of a single effect with a

90%CL, and interpretation of outcomes are focused on these effects.

Results
Reliability
Intersession

Assessments of the thickness of all muscles were reli@@&€(= 0.97-1.00, TEM=
1.9-6%), regardless of limb or region. Similarly, vastus lateralis PA was rel@al€ € 0.90
0.92, TEM=1.1-2.3°) regardless of limb or regiadowever, rectus femoris PA showed large
variability at the distal region of both limb&8ICC = 0.880.89, TEM= 1.51.99) and in the
middle of the dominant limbCC =0.87, TEM= 2.4°). Therefore, rectus femoris PA was not
included in the correlationahalysis. Vastus lateralis FL was reliab@GC = 0.950.97, TEM
= 3.97.7%), regardless of limb or region. However, rectus femoris FL could only be

confidently identified in 11 of 24 participants in all limbs and regions across all three sessions.
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Therefae, intraimage and intersession statistics were not calculated, and rectus femoris FL
was not included in the correlational analysis. Finally, MVIT was relig®@C = 0.940.98,

TEM =6.812.1%), across all limbs and joint angles.

Intra-image

Intra-simage MT were nearly identicalCC = 0.981.00, TEM=0.8-1.9%), regardless
of limb, muscle,or region. When comparing two fascicles per image vastus lateralis PAs were
similar QCC =0.940.98, TEM=2.2-4.7°) regardless of limb or region. However, ifitrage
rectus femoris PA was increasingly variable as measures moved distally (pro<i@al:<
0.940.96, TEM= 2.4-5.4° middle:OCC = 0.91-:0.94, TEM= 2.6-5.0°; distal:0CC = 0.87-
0.90, TEM= 2.0-3.99), regardless of limb. Conversely, intm@gage vastus lateralis FL was
more variable at the proximalCC = 0.87-0.90, TEM= 7.8-9.2%) and dital ICC = 0.8%
0.93, TEM= 6.7-8.9%) regions when compared to the middkC = 0.93-0.94, TEM=5.5
8.0%).

Correlational analysis

Mean regional anatomical measures are summarizagpendix 5. Peak normalized
MVIT for the dominant andon-dominant limbs were 684+129 N and 64442 N at 40°, 910
+ 205 N and 855 180 N at 70°, and 740184 N and 714 133 N at 100°, respectively. All
betweeAimb differences in predictive ability were unclear, or possibly small; therefore, all

correldions are presented after pooling dominant anddawminant limbs.

Simple linear regressions

Correlations and bootstrapped 90%CLs of individual measures of regional muscle
anatomy with MVIT at 40°, 70°, and 100° of knee flexion are presented in BgWastus
lateralis MT CadjR?=0.180.64) and FL @adjR?= 0.29-0.60) had small to large correlations,
while PA had trivial to small@adjR? = -0.08:0.34) correlations with MVIT, regardless of joint
angle. Correlations between MVIT and rectus femdisijR? = -0.01-0.49) lateral (adjR? =
0.23:0.58) and anterior vastus intermedius MBjR? = 0.06-0.32) were trivial to moderate,
small tolarge, and trivial to moderate, respectively. The largest simple correlation was between
middle vastus lateralis MT and MVIT at 100° of knee flexiGadjR?= 0.64), with distal vastus
lateralis MT having the greatest mean correlation with MVERAR? = 0.61 + 0.05).
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Conversely, proximal vastus lateralis PA had the smallest mean correlation with SRy

= -0.05% 0.03).
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Figure 18. Adjusted simple correlations with bootstrapped 90% compatibility limits of
normalized maximal voluntary isometric torque at 40°, 70° and 100° of knee flexion with
regional quadriceps architecture.

Betweenregion differences in simple correlations areganted irAppendix 6. Distal
and middle vastus lateralis MT had likely or very likely higher correlations with MVIT than
proximal vastus lateralis MTgadjR? = 0.29:0.43). Distal vastus lateralis PA had a likely
greater correlation with MVIT at 100han proximal PA ¢adjR? = 0.37). Conversely,
proximal vastus lateralis FL had a likely greater correlation with MVIT at 100° than distal FL

(dadjR? = 0.31). Middle rectus femoris MT had likely greater correlations with MVIT than
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proximal rectus femoriMT (qladjR? = 0.41-0.43). Distal lateral vastus intermedius MT had
a likely greater correlation with MVIT at 100° than middle vastus intermediusgAAR? =

0.15). All other betweenegion differences were unclear, or possibly small.

Multiple linear regressions
Betweenregion differences in multiple linear regression correlations with angle

specific MVIT are presented ippendix 7.

All multiple linear regressions of the vastus lateralis MT, PA, and FL combination were
likely, verylikely, or most likely moderate to larg€gdjRe = 0.41-0.66) (Table F). The largest
correlation was always found in the distal region; however, substantial betegien
differences were only likely between distal and proximal regions atgB&[R = 0.25), with

all other comparisons being unclear, or possibly sry#h(jR? = 0.030.19).

Table 15. Multiple correlations ¢R?) and adjusted multiple correlation@agljR?), with
compatibility limits and magnitudbased decisions, betweemormalized maxima
voluntary isometric torque and combined regional quadriceps measures (MT + PA -+

Joint angle Region CR? GadjR2 (90%CL) Decision
40° Proximal 0.53 0.41 €0.06, 0.65) Moderate**
Middle 0.67 0.59 (0.20, 0.76) Large***
Distal 0.71 0.66 (0.44, 0.82) Large****
70° Proximal 0.57 0.47 (0.05, 0.68) Moderate**
Middle 0.66 0.58 (0.19, 0.75) Large***
Distal 0.69 0.65 (0.41, 0.81) Large****
100° Proximal 0.61 0.56 (0.16, 0.76) Large***
Middle 0.67 0.62 (0.36, 0.77) Large***
Distal 0.68 0.65 (0.50, 0.78) Large****

MT = muscle thickness. PA = pennation angle. FL = fascicle lergfi®%CL = 90%
compatibility limits. * = possibly. ** = likely. *** = very likely. **** = most likely
substantial. Decisions imold have acceptable precision with 99% CLs.
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Multiple linear regressions of lateral quadriceps anatomy were always greatest in the

distal region (Tabld 6). Distal had likely larger correlations with MVIT at 40° and 70° than
t he pr oxi GajR=0.200.25) whilg atbothebetweerregion comparisons were

unclear or RsD.OB0Y8).small (@

Table 16.Multiple correlations ¢R?) and adjusted multiple correlation@a¢ljR?), with

compatibility limits and magnitudbased decisions, between normalized maxi
voluntay isometric torque and combined regional quadriceps measures (VLMT +

FL + LVIMT).

Joint angle Region 0Rr2 CadjR2 (90%CL) Decision

40° Proximal 0.56 0.40 €0.15, 0.66) Moderate
Middle 0.68 0.58 (0.130.76) Large***
Distal 0.72 0.65 (0.020.73) Large**

70° Proximal 0.60 0.48 (0.03, 0.70) Moderate**
Middle 0.68 0.58 (0.14, 0.76) Large***
Distal 0.73 0.68 (0.48, 0.83) Large****

100° Proximal 0.65 0.59 (0.26, 0.77) Large***
Middle 0.72 0.64(0.39, 0.78) Large*+**
Distal 0.73 0.69 (0.55, 0.81) Large****

VL = vastus lateralis. LVI = lateral vastus intermedius. MT = muscle thickness.

pennation angle. FL = fascicle length. CL = compatibility limits.possibly. ** = likely.
*** = very likely. *** = most likely substantial. Decisions irbold have acceptabl
precision with 99% CLdtalicizeddecisionsare unclear.

The combinations of lateral, and anterior quadriceps MT are presented in1Vable
Distal lateral MT was always largely correlated to MVEa(jR: = 0.590.68)and had likely

greater correlations with MVIT than proximal lateral MT all three jointangles(qladjRe =

0.20-0.23). Conversely, middle anterior MT was likely moderately correlated with MVIT at
70° and 100°CadjR = 0.42-0.49), while all other correlations were unclear. Middle anterior
MT had likely moderatéargely greater correlations than pmmal anterior MT when

predicting MMYRI0 .ag6)4rRX0p 4 &) ,

Comparisons between lateral and anterior MT are present&pbiendix 8. Lateral MT had

aladiR =10.89). U
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likely moderatdargely greater correlations wiMV 1 T a tGadiRe= 0.57((pyoximal) and
0.42 (di sCadiRt=)0)., 477 pr@pi mal ) and COjRPB835(di st a
(distal)) than anterior MT.
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Table 17.Multiple correlations R?) and adjustednultiple correlations @adjR?), with
compatibility limits and magnitudbased decisions, between normalized maxi
voluntary isometric torque and combinegjional muscle thickness.

Lateral (VLMT + LVIMT)

Joint angle Region CRr? CadjR? (90%CL) Decision
40° Proximal 0.48 0.36 €0.07, 0.62) Moderate**
Middle 0.57 0.49 (0.12, 0.72) Moderate***
Distal 0.64 0.59 (0.34, 0.76) Large***
70° Proximal 0.54 0.43 (0.01, 0.66) Moderate**
Middle 0.64 0.58 (0.37, 0.75) Large***
Distal 0.67 0.63 (0.42, 0.78) Large*+*+
100° Proximal 0.59 0.48 (0.08, 0.70) Moderate**
Middle 0.70 0.65 (0.46, 0.80) Large*+*+
Distal 0.72 0.68 (0.52, 0.81) Large*+*+
Anterior (RFMT + AVIMT)
Joint angle Region CR? (adjR (90%CL) Decision
40° Proximal 0.22 -0.21 €0.30, 0.37) Small
Middle 0.44 0.35 €0.25, 0.62) Moderate
Distal 0.33 0.17 €0.29, 0.59) Small
70° Proximal 0.24 -0.04 €0.28, 0.41) Trivial
Middle 0.49 0.42(-0.07, 0.79) Moderate**
Distal 0.39 0.30 ¢0.28, 0.64) Moderate
100° Proximal 0.34 0.14 ¢0.27, 0.45) Small
Middle 0.54 0.49 (0.07, 0.70) Moderate**
Distal 0.41 0.32 €0.25, 0.64) Moderate

VL =vastus lateralis. LVI = lateral vastus intermedRB.= rectus femoris. AVI = anteric
vastus intermediuBlT = muscle thicknes<CL = compatibility limits.* = possibly. ** =
likely. *** = very likely. **** = most likely substantial. Decisions ibold have acceptabl
precision with 99% CLdtalicizeddecisionsare unclear.
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When combining all variables by region the greatest correlations were exclusively
found at the distal region, with likely small differences between the distal and proximal regions
at 40°( GmdjR?=0.37)and 709 @adjR’ = 0.25) (Tablel8).

Table 18. Multiple correlations @R?) and adjusted multiple correlation€a@jR?), with
compatibility limits and magnitudbased decisions, between normalized maximal volur
isometric torque and combined regional quadriceps measures (VLMT + PA+ FL + L'
+ RFMT + AVIMT).

Joint angle Region R? GadjR (90%CL) Decision
40° Proximal 0.56 0.26 €0.39, 0.61) Small
Middle 0.68 0.51 €0.12, 0.73) Large
Distal 0.73 0.63 (0.21, 0.81) Large***
70° Proximal 0.62 0.41 €0.10, 0.67) Moderate
Middle 0.69 0.53 (0.01, 0.74) Large**
Distal 0.74 0.66 (0.42, 0.82) Large***
100° Proximal 0.67 0.54 (0.07, 0.75) Large****
Middle 0.72 0.61 (0.23, 0.76) Large***
Distal 0.74 0.66 (0.49, 0.80) Large****

VL = vastus lateralis. LVI = lateral vastus intermedius. RF = rectus femoris. AVI = an
lateral vastus intermedius. MT = muscle thickness. PA = pennation angle. FL = f:
length. CL = compatibility limits* = possibly. ** = likely. *** = very likely. *** = most

likely substantial. Decisions ibold have acceptable precision with 99% Clisalicized
decisionsare unclear.

Finally, regardless of modedingle,and multiple correlations were greatest for MVIT
at 100° GadjR?>= 0.35+ 0.19,CR?= 0.63+ 0.12,(adjR2 = 0.55+ 0.15), and decreased at 70°
(GadjR?= 0.30+ 0.20,0R?= 0.60+ 0.14,(adjR2 = 0.49+ 0.18) and 40°@adjR?>= 0.25+ 20,
CR?= 0.57 + 0.15,(adjR? = 0.43 = 0.23). However, the differences were either unclear or
possiblylikely trivial-small, except for a moderdikely higher correlation between proximal
anterior MT and MVIT at 100° versus 40fJ(adjR?) = 0.35; 90%CL= 0.03, 0.69)
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Discussion

While several studies have examined the relationdtgpween anatomy and
performance, none have investigated the role of regional quadriceps anatomical parameters on
isometric muscle function at more than one joint angle. Additionally, none of the relevant
literature has reported measurement reliability over multiple ses3ibesefore, we aimed to
determine intersession reliability and investigate the role of regional quadriceps MT, PA, and
FL on MVIT at multiple joint angles. The main findings were: 1) while MT had high
intersession reliability regardless of muscle, regomhimb dominance, PA and FL could only
be confidently assessed in the vastus lateralis; 2) the middle and distal regions of the quadriceps
had larger correlations to MVIT than the proximal region with regards to predicting MVIT,
especially at 40°; 3) tHateral quadriceps MT had larger correlations with MVIT at all angles
when compared to anterior quadriceps MT; and, 4) the ability of quadriceps anatomy to predict
MVIT increased as muscle length increased. While not a primary aim, we determined that the
proximal and distal vastus lateralis FLs had greater-imgg#on variability compared to the

middle regions, while intraegion rectus femoris PA was greatest at the distal region.

To be confident in our correlational findings, intersession reliabiktgmnination of
our measures was a priority. While MT was highly reliable regardless of muscle, region, or
limb, only vastus lateralis PA and FL could be included in our models. Additionally, MVIT
had low intersession reliability at all joint angles intbdbminant and nedominant limbs.
Several correlational studies have reported intrase$8jat8, 73, 177, 247) or intersession
reliability (13,213 360), while others fail to report any testtest daté190, 368). Furthermore,
none have reported all measures, over three sessions, with their full sample size. For example,
while Trezise, Collier, and Blazevid860) examined an impressive sample size ®fnden,
only 10 returned for a reest. Similarly, nine participants were tested a second time by Ando
et al.(13). More importantly, both studies reported the pooled intersessiofolGIl muscles
and regions, making it impossible to know the-tesést statistics of each varialli3, 360),
adding uncertainty to their primary results. It must be noted intersession reliability of
ultrasonographic measurements relates primarily to techrielated error and that our results

should not be applied to other studies.

Middle and distal quadriceps anatomy generally had greater simple and multiple

correlations to MVIT when compared toet proximal region (se&ppendices 6 and)/except
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for proximal and middle vastus lateralis FL having a likely greater correlation with MVIT at
100° than distal FLr(= 0.31) With regards to region, our finding is similar to Ando e{Hd)

who found the middle anterior vastus intermedius Q.74) to be the only MT measurements

to reach large, or very large correlations with knee extensor force at 90°. However, the
investigation of Ando et a{13) should be interpreted with caution due to a sample afldl

(106). Conversely, our results conflict with Trezi€allier, and Blazevici§360) who reported
Aproxi mal 0 g-secidnaliareeehave the singls largest correlation @.77) to

ma x i mal concentric and MVI T, wi trhr0.82)and ht | vy
A di sn=a0l6®) redions. It is important to note that quadriceps esesBonal area was
obtained at 50% (proximal), 40% (middle), and 30% (distal) of theghth by these authors

(360, making their fAproxi mal oidregownliis aso wathh e ¢ om
considering that the orgimensional measure of MT does not account for muscle shape,
whereas crossectional areaaccounts for shape in tawdimensions.Trezise, Collier, and

Bl a z e y360cshnipte was anixture of endurance runners, weightlifters, recreationally
trained, and untrained participants, whereas the present cohort was only resiataadenen.

While MadenWilkinson et al.(213) recently reported little difference in the percent of the
maximal crosssectional area across regions of the thigh between trained and untrained
participants, several interventions have shown greater hypertrophy at the distal or middle,
versus proximal regions of muscle following resistamaaing(110 268 359). Therefore, the

larger correlations in the middle and distal versus proximal regions in our study could be

partially explained by training history.

Another key finding of this study was the substantially greater correlations between
lateral MT and MVITversus the anterior musculature (#g@endix §. These findings align
with Ando et al(13), who reported a greater correlation between isometric force with the MT
of the vastus latalis = 0.43) than the rectus femoris£ 0.19). However, Coratella et al.
(73) recently reported similar correlations between-ngigion vastus lateralis € 0.214) and
rectus femorisr(=0.211) MT, and latstagerate of force developmeant 90° of knee flexion.
Unfortunately, correlations with peak force were not reported, making direct comparison
difficult (73). Furthermore, the vastus lateralis accounts for a substantially greater portion of
the totd quadriceps size than the rectus fem¢tigz, 213 250, 337), almost certainly leading
to greater contribution to knextension performance. However, explaining the large
discrepancy between lateral and anterior vastus intermedius correlation with MVIT is more

difficult. Most of the related literature either pool multiple quadriceps mugcLtés250, 360),
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utilize the total crossectional are4359), or do not specify if theastus intermedius was
scanned from the coronal or sagittal pl§A8). Additionally, the only study reporting both
lateral and anterior vastus intermedius MT had contradictory results to ours, with the anterior
portion (r = 0.74) having a greater correlation to kiegension force than the lateraH0.37)

(13, Ot her than t he s ma(l3 resdlitamay difeer frem aurs as thayn d o
assessed the quadriceps with the knee flexed at 90°. It is plausible that a difference in lateral
and anterior vastus intermedius MT with a flexed knee may alter the relationship between
structure and functio(874).

While not changing with different joint angles, proximal vastus lateralis FL was more
highly correlated with MVIT than distal FL. Although the regions examined by Trezise and
colleagueq359, 360 differed from ours, they still reported increasing correlation coefficients
between MVIT and FL as the measurements moved proximally, in agreement with the present
findings. Conversely, Trezise, and colleag(@s9 360 found that vastus lateralis PA had
greater correlations as the measures moved proximally, in conflict with the present study.
Additionally, numerousstudies have reported PA to be strongly correlated with sport or
contractile performancél77, 359 360 379, whereas PA had only trivial to moderate
correlations in ourslhe reason for this discrepancy is difficult to determine as oursetsion
and intraimage measures were highly repeatable. However, the substantial resistance training
experience of our volunteers could have altered the relationships between regginal
lateralis PA and kneextension performance. Finally, minimal improvements in the regression
models were found when examining vastus lateralis MT or ®es$onal area, with the
incorporation of PA359, 360); a phenomenon likely explained by PA tending to increase with

MT; making its inclusion somewhat redundant.

The correlations between MVIT and quadricgpstomy became larger as the joint
angle increased from 40°, 70°, and 100° of knee flexion. Interestingly, vastus intermedius MT
was one of the primary contributors to the observation (Figgrelndeed, Saito and Akima
(303 examined the electrical activity of the four major quadriceps mudciesg isometric
contractions at 30°, 60°, and 90° of flexion and determined that vastus intermedius activation
significantly increased with each joint angle, while vastus lateralis, rectus femoris and vastus
medialis activity did not greatly differ throbigut the range of motiof803). On a related note,
researchers have suggested that the vastus intermedius undergoes greater mechanical strain and

damage when compared to the vastus lateralis during lengthening contréd@jdr2q9), likely
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due to the vastus intermedius fascicles directly attaching tddhe, whereas the vastus
lateralis fascicles attach to the intermuscular aponeufddjs The exclusion of the vastus
medialis is another potential reason for smaller correlations at 40°, as the vastus medialis has
been shown to exhibit its greatest electrical activity during the@bfabf knee extensid324).

Thus, the inclusion of the vastus medialis into our regression models may have resulted in more
homogenous correlations between the assessed joint angles. While exhibiting only trivial to
moderatecorrelations, vastus lateralis PA was another noticeable contributor to the greater
correlations at increased joint angles, whereas the relationship between FL and MVIT did not
change throughout the range of motion despite small to large simple coreselafius
observation is difficult to explain as longer fascicles are theorized to increase shortening
velocity and contractile force at longer muscle leng@490, 247), whereas, to the authors'
knowledge, no studies have found PA to difféidly affect performance at different joint
angles. However, variable fascicle gearing theory and -ireensional models of muscle
contraction(27, 28, 297) may help in understandj the present findings. For example, Azizi

and Robertg28) report increased fascicle rotation, and architectural gearing ratios during
lengthening versus shortening contiaes. More simply, increases in mustésmdon unit

length were almost completely accommodated by PA increases, with minimal change in FL
(28).

While not the primary intention of this study, several practical applications can be
found. First, simple, and multiple correlations were consistently greater at 70° and 100°
compared to 40°The lateral musculature also had greater correlations with MVIT when
compared to the anterior musculature. Similartyddle, and distal anatomy had greater
correlations when compared to the proximal regifs. such, time and resourp@or
researchers may wigo evaluate only the middle and distal regions of the lateral quadriceps

when aiming to predict function.

Limitations and future research directions

While the aims of this study were achieved, there are several limitations to consider.
Firstly, the use of surface or needle electromyography to determine individual muscle
activation at different joint angles was not utilized; yet similar examinations reported
electromyography to have trivial to moderate correlations to isonf8&8; 360) and cycling
performare (177), and/or contributed little to multiple regression mod@l33 359, 360).

Similarly, we could only evaluate the voluntary efforts of our participants, and not the maximal
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potential of the quadriceps musculature through peripheral or transcranial stimulation
techniqueg176 194). To partially address this we used the greatest MVIT outputs over the
three collection sessions, and note that the literature has consistently reported isometric
voluntary activation of the knee extsors of 0% in healthy young mefl176, 298 360,

with little difference in voluntary activation or electromyographypéitade with at different

knee joint angleq20, 194). While the aforementioned strategy to maximize voluntary
activation removes many limitations, the lack of joint angle order randomization may have led
to the accumulation of netivial fatigue levels as contractions progressed from 40° to 100° of

flexion.

Future research could include the knee joint moment arm, which can change through
the range of motio¥8, 360). Likewise, compression of the dynamometer padding means that
the joint angles reported were likedyerestimated. While the joint angles still corresponded
to relatively short, medium, and long muscle lengths, researchers could utilize-oaytare
or goniometric measurements to more precisely evaluate joint g@@lefResearchers may
also wish to scan the quadriceps in the same position as the isometric strength assessment to
better represent joint angle specific architecture. Though highly correlated wittlO8),
assessments of cressctional area or muscle volumeavinagnetic resonance imaging, or
panoramic or thredimensional ultrasound may further uncover the relationship between form
and function. More experienced sonographers could have consistently produced extended
field-of-view rectus femoris and vastus imtexdius FLs, allowing for further elucidation of the
relationship between regional quadriceps anatomy and -apghkific torque. Similarly,
performing several, smaller extended fiefldview scans may have allowed for improved
rectus femoris imaging, anddeced intramage variability of proximal and distal vastus
lateralis FL. While several studies have examined inhomogeneous morphological and
architectural adaptations, very few have evaluated more than two regions of an individual
muscle (397). Therefore, we recommend that future investigations examine three or more
regions to further illuminate & effect of training, or disuse on region specific muscle
adaptations. Finally, similar research examining the effect of regional muscle anatomy in other
populations, or on dynamic contractions, at several velocities, through a full range of motion,

would be of interest.
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Conclusions

This was the first study to examine the effect of regional quadriceps anatomy on the
lengthtension relationship. Our data demonstrated that the relative contribution of regional
anatomical parameters to MVIT does not change at different joint anglesveloweddle,
and distal quadriceps characteristics were the strongest predictors of MVIT, apart from vastus
lateralis FL, where proximal and mrdgions were greater. Researchers can utilize our findings

to streamline evaluations of knee extergenformance and anatomy.
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Chapter 91 Short-term neuromuscular, morphological, and
architectural responses to eccentric quagsometric muscle

actions
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Prelude

The literature reviews and methodological badeapters aimed to accumulate data and
understand the effects of eccentric gtissimetric adjacent exercise and training. However, to
this point, there are no studies directly examining the physiologicalt&ffer alterations in
performance due to eccentric quasimetric loading. Therefore, the present chapter represents
a culmination of the knowledge acquired throughout the previous sections of the thesis to
robustly compare the sherm physiological #ects of the novel isotonically loaded EQI

contraction with the commonly employed isokinetic eccentric contraction.
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Introduction

Novel volumes, intensities, and modes of exercise lead to muscle damage, characterized
by acute reductions in neuromuscular output, delayed onset muscle soreness (DOMS),
muscular swelling, and altered muscular mechanical propéttl@s275, 276, 280, 393). In
addition to higher than normal mnes and intensities, fatigue, DOMS, and edema are highly
dependent on contraction type as eccentric contractions have greater neurological and energy
efficiency (93), and induce higher levels of muscle damage when compared to concentric or
isometric muscle action9, 90, 275. The differential adaptations between eccentric and
isometric and concentric contractions are probably due, at least in part, to the greater absolute
and cumulative mechanical loading (i.e., force) that can be imparted on the musculotendinous
unit (90). The excessive and unaccustomed loading induces a disruption in muscle cel
membranes and individual sarcome(&$l) that may contribute to reduced neuromuscular
outputs(90). For example, Pefailillo et a276) reported significantly greater reductions in
peak force and rate of force development following eccentric vs concentric cycling. Similarly,
ultrasound derived muscle thickness (MT) and echo intensity (El) increased dramatically
following eccentric exercisg?2, 68, 69), and several studies have reported acute and chronic
shifts in the torqu@angle and lengttension relationships following eccentric loadi(®80,
322, 393.

In addition to large acute shifts in morphology, architecture, and neuromuscular
function, eccentric resistance training is a time and epeffiggient means of triggering
substantial chronic adaptatio(®0). For example, when compared to concentric contractions,
maximal and submaximal eccentric resistance traimagresut in earlier recruitment dhigh
threshold motor unit$90, 93, 246) and increase fascicle length (F{311); theoretically
underpinning greatemaximal force expression and shifting the lenggimsion and torque
angle relationships to longer muscle lengths. However, while contraction mode appears to be
an important factor in the aforementioned adaptatj@fs), a proposed mechanism whereby
eccentric training induces greater neuroculer adaptation is bgllowing greater mechanical
loading per contractio(®0, 93). Thus, practitioners regularly search for practical and context

specific means to impart mechanical loading.

Isometric contractions can be performed at a variety of intensities and angles within a

range of motion (ROM) and can be maintained for long per{@8). Thus, isometric
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resistance training is a safe, thefficient, and effective means of imparting mechanical
loading (268). However, adaptations from isetnic training have a questionalitansfer to
dynamic task$268). Likewise, there are clear differences in neural control between traditional
ApusHiimparting force against an i mmovable ol
|l oad) i sometrics, al so know(57 a® 30%B33eHod i ngo
example,Schaefer et al(305 examined pushing and holding isometric actions at 80% of
maximal voluntary isometric torquéMVIT) and found that subjects could substantially
increase their duration at the target force wheshphg (41+ 24 s vs 1% 8 s). Additionally,

agonist activation at failure is greater when pushff), while coactivation of antagonist

and synergist muscles is greater when hold289, 305. However, holding isometrics are
unlikely to trigger substantial morphological adaptations as the contractions are terminated at
taskfailure (157, 299, 305 333. A contraction that involves both a holding isometric and
eccentric type muscle activity has been termed eccentric-igoasetric (EQIY 262 379).

To perform an EQI contraction, an individual initiates a holding isometric muscle action
and attempts to maintain the joint positfonas long as possible, or for a prescribed duration,
before voluntarily or notvoluntarily moving to another joirdngle or cessation of effq262
378. When holding a position as long as possitatgue accumulates wherebye isometric
action transitions to an eccentric; this is then resisted as mupbsatble throughout the
specified ROM(262). The extended timandertension, combined with slow velociti¢g5)
and few total contractions theoretically allows for large quantities of mudoalding with
reduced joint stress and DOM362, 378). While exercise variations, such as isome2ig9),
dynamic, eccentric, and concentric only train{g, 111, 275) at different velocitie$65) and
ROM (363 have been studied, the authors are unaware of any research examining EQI
contractions. Therefore, we aimed to be the first to objectively determine EQI kinetics and
compare the acute effects of a single bout of EQI and eccentric resistance exercise on DOMS,

muscle morphology, and architecture and neuromuscular performance.

Methods
Experimental design

A within-participant, parallel conditionswith repeated measures design was
implemented to compare the acute effects and recovery from eccentric and EQI contractions

on DOMS, muscle morphology, architecture, and neuromusceldormance. One week
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following a familiarization session, eccentriEGC) and EQI conditions were unilaterally
allocated to the right or left limb in a randomized and counterbalanced manner. Regional
(proximal, middle, distal) quadriceps DOMS, muscle dedture, El, and isokinetic torque
angle and multangle MVIT-time characteristics were evaluated via prespaia threshold,
ultrasonography, and concentric and isometric dynamometry, respectively. All dependent
variables were evaluated at seven timen{sifamiliarization, immediately preand post
exercise (PRE and POST, respectively), and 24 h, 48 h, 72 h, and 7 d after exercise).

Participants

G*Power (v 3.1.9.4) was utilized to determiagriori sample size using a difference
between two independent means statistical test with two tails. As such a minimum sample size
of 13 limbs per condition was calculatedd det ect an ef f e@Obandize of
b = 0.80 based on the betarecondition, PRE to POST decrements in MVIT published by
Alemany et al(10) and Doguet et a(88). As we expected smaller betweemndition changes,
a total of 15 healthy, resistantrained, males (26 45.2 years, 17¢ 7.8 cm, and 85.+ 12.1
kg) were recruited, for this study. All participants had at least six months of resistance training
experiencg5.21 + 4.1, range= 2-12 years)performing at least two weekly sessions of lower
body resistance trainin@ 48+ 0.68 sessions-week range= 2-4 sessionsveek!) and were
free of any musculoskeletal injuries for at least three mobéfiere data collection The
Auckland University of Technology Research Ethics Committee approved the study (18/232),
andall participants provided informed consent. All participants were instructed to refrain from
strenuous physical activity, astiffammatory medication, recower supplements, and
practices such as foam rolling or heat or cold application throughosirtgke week study
period. Additionally, alcohol, caffeine, and other ergogenic aids were forbidden in the 48 hours

leading up to each session.

Testing procedures

All testing procedures were performed at each time point apart from the prpasure
threshold, which was not evaluated POST. Testing was always performed in the same order
(pressureoain threshold, ultrasonography, and concentric and isometric dynarngpnidte

study and individual session timelines are summarized in Figure
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Figure 19. (A) Study timeline. (B) Evaluation session timeline. (C) Exercise session timeline.

Pressurepain threshold

Upon arrival, participants were positioned supine on a massage table, with a foot strap
used to prevent excessive leg external rotg@2@1i). Each thigh was measured and marked by
a certified ISAK level2 anthropometristThe length of the lateral aspect of the thiglas
determinedy measuring the distance from sgperiorborderof the greater trochanter to the
inferior border of the lateral condyle of the femur. The anterior aspect of the thagh
determinedby measuring the distance between the supé&aoder of the patella and the
inferior borderof the anterior, superionidc spine. Thigh lengthsere recordedand markings
were madet 30% (proximal), 50% (mid), and 70% (distal) of the lateral and anterior distances,
respectively(221). A semipermanent marker was used for markings, which participants were
instructed to reapply each day. The sites were rechecked at eacH hvsipressurpain
threshold was determined by an analog pressure algometer (FB&#éa CO, LTD, Japan),
with a custom made 1.25 cm diameter head. The order of testing was always the same (i.e.,
right lateral, proximal, middle, distal; right anterior, proximal, middle, distal; left lateral,
proximal, middle, distal; left anterior, proral, middle, distal). The head of the algometer was
gradually applied to each location until the participant verbally indicated when a sensation of

pressure shifted into the slightest onset of pain, explained as a one goatansual analog
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scale(113. Each site was tested four times, separated by 10 seconds, before moving to the next
site. Each of the four algometer applications was averaged. The intersession coefficient of
variation (CV) d the proximal, middle, and distal vastus lateralis were 13.1%, 9.2%, and 8.5%,
respectively; and proximal, middle, and distal rectus femoris were 10.2%, 9.1%, and 9.8%,

respectively.

Ultrasonography

In-vivo regional MT and EI of the vastus lateralisgttss femoris, and anterior and
lateral vastus intermedius, and pennation angle (PA) of the vastus lateralis were determined via
2-dimensionaB-mode snhapshots using an ultrasound transducer (45 mm linear array, 12 MHz;
GE Healthcare, Vivid S5, Chicago, IL). Regional FL was measured by the extendeaf-field
view function as detailed extensively elsewhgr&0, 252). In brief, the ultrasoungrobe is
moved across a muscle, while a texture mapping algorithm merges the sequence of images into
a composite imag&.he same experienced sonographer performed all assessiarater
soluble gel was applied to the scanning head of the ultrasound pwofichieve acoustic
coupling, with care taken to avoid the deformation of muscle architecture. For all
ultrasonographic assessments, the probe was oriented perpendicular to the skin and parallel to
the estimated fascicle direction with care to avoidddacer tilt. The transducer was always
positioned in the longitudinal plane to reduce the time required to collect ultrasound images,
and as El collected in the longitudinal and sagittal planes are highly corr¢Btéd
Brightness, depth, gain, and dynamic range was recorded and simulated for each participant
through all collectiong62). On eachoccasiontwo samples were captured and averaged to
give a mean MT, PA, FL, and EI.

Concentric dynamometry

Following theultrasonographiassessment, participants warmed up by cycling at low
to moderate resistance using a -seliected pace for five minuteBarticipants were seated
upright on the isokinetic dynamome{&SMi; Lumex, Ronkonkoma, NY, USA) at ghangle
of 85°, with shoulder, waist, and thigh straps to reduce body movement during contractions.
The shinpadwas positioned-5 cm superior to the medial ankle joint malleoli. Participants
were required to hold handles at the sides of the chair, wielenonworking limb was
positionedbehind a restraining pad. Knee alignment was determined by visual inspection,
participant feedback, and unloaded knee extensions to ensure proper joint tracking.

Dynamometer settings were recorded and matched for subsequent sessions.
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Once fitted to thedynamometer, participants underwent a series of extensions and
flexions of the knee to determine safety stop positions and calibrate gravity correction.
Participants then completed a standardized warmup of concentric contractions of 30%, 50%,
70%, 85%, and00% of perceived maximal voluntary contract{@65. Oneminuteafter the
completion of the warmup contractions, participants completed five maximal concentric knee
extersions in immediate succession at 60°-&65. Each contraction was initiated and
terminated at 105° and 5° of kn#exion (0°= full extension), respectivelyParticipants were
given strong verbal encouragement along wiikual feedback of the torquine tracing

during each maximal contraction.

Isometric dynamometry

Two minutes after the completion of the isokinetic assessmenpattieipantsknee
was positioned atQ° of flexion, where one familiarization isometric knee extension at 50% of
MVIT was performed269). Following another 60 seconds of rest, two maximal isometric
contractions lasting fousecondsvere completed wh 30 seconds separating each contraction
(269). Participants were instructed to contrac
countdowro f -21-d 0! 6 wi th strong verbal encoufagemerl
time tracing during each trig215). Participants were also instructed to avoid anytension
and countermovement of the knee extensors while the live ttirgaetracewas carefully
inspectedyy the examiner leading up to each contractidre cutoff for pretension was set
at 10 Nm(269). Any contractions with a cleaountermovemerdr an unsteady baselimere
rejectedand repeate(215). The participants then completed the same series at 70° and 100° of
kneeflexion. The isometric contractions were always performed in series from short to long
muscle length to avoid greater muscle damage and fatigue repattecbntractions at long
muscle length(250). Following the final isometric contraction, the isokinetic and isometric
assessmenisere repeatedn the opposite limb. Limb ordevas randomizethroughout the
three testing sessions and counterbalanced over the participant gtbigokinetic and
isometric contractionswere collected without filtering, via a custormade software
(LabVIEW; National Instruments, New Zealand) sampling at 200(RHi3).

Exercise procedures
Both the ECC and EQI exercise protocols were performed on the same dynamometer

as the evaluations. Five minutes after the isometric evaluations, participants began with either
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the ECC or EQI bout. Eccentric and EQI bouts were allocated to the particlpabssin a
randomized and counterbalanced manner. The exercise order was also randomized and
counterbalanced. Five minutes after each exercise protocol was completed, the same limb
performed the isokinetic and isometric evaluations. Ten minutes afteOf& evaluation on

the first limb, the second exercise protocol was initiated on the opposite limb. The POST
ultrasonographic evaluation of each respective limb was performed 30 minutes after the

completion of the isometric evaluation.

Eccentriccontractions

Eccentric contractions were initiated and terminated at 30° and 110° efidxiea,
respectively. Pilot testing established that approximately 20 maximal eccentric contractions
were required to impulsmatch a single EQI contraction. Thymrticipants performed four
sets of 20 maximal ECC contractions, with 180 seconds of rest between sets, when allocated
before the EQI bout. When allocated after the EQI bout, ECC contractions were prescribed in
sets of 20 contractions and continued with $8conds of rest between sets until the same total
angular impulse (integral of knee extension torque over times)Nmas matched to the EQI
bout (322. The angular impulse was calculated in #t@ake by acustommade sofvare
(LabVIEW; National Instruments, New Zealand) sampling at 500 Hz. The dynamometer was
setat 60%1 and each contraction was initiated when the participant achieved 30% of their
MVIT at 40° from the PRE evaluatiof322). Therefore, each contraction was stameth
proper preactivation and muscle forog822). After each ECC contraction, the participant
performed an unloaded concentric contraction to return to the 30° starting position. Participants

performed five ECC contractions on each limb during the familiarization.

Eccentric quasisometric contractions

Eccentric quasisometric contractions were initiated and terminated at 30° and 110° of
kneeflexion, respectively. Based on pilot testing, participants performed four EQI contractions
when allocated before the EG®ut. When allocated after the ECC bout, EQI contractions
were repeated until the same total angular impulse was matched to the ECOHeout.
dynamometer was séto | sot oni ¢ mode, and a | oad equiv
highestMVIT at PRE, regedless of joint anglewas applied based on pilot testing and
previously recommende(®62). The isotonic load was gradually applied over two seconds.
The participants were instructed not to exert enough effort as to cause a concentric contraction,

but instead attempt to fAibraced an@62fiGneei nt ai n
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the load was @&ched, the participant held the initial position until isometric failure, at which
point slow and brief changesjmint angleoccurred with the participant maintaining maximal
effort throughout each contraction. While highly variable, many participardssaaeral
periods of nearero changes in knee flexion, followed by periods of joint angle changes until
the entire ROM was completed. After ede€®l contraction, the participant rested for 180
seconds before performing an unloaded concentric contractiogturn to the 30° starting
position and initiate the subsequent contracti®articipants performed a single EQI

contraction on each limb during the familiarization session.

Data processing and analysis
Ultrasonography

Images were stored aadalyzedsia digitizing software (ImageJ; National Institutes of
Health, USA). Muscle thickness (cmjas definedhs the perpendicular distance between the
deep and superficial aponeurosis, andviitds definedas the angle of the fastes relative to
the deep aponeurogik10 263). Due to the depth of the muscle, the fascicles ofateeal and
anterior vastus intermediugere not consistently visibl@63). Therefore, PA and FL were not
recorded for the lateral and anterior vastus intermedidditionally, PA and FL were not
recorded for the rectus femoris due to largeftetgtst variability(263). Extended fieldof-view
FL was determined by meaning two fascicles from the most proximal, middle, and most distal
portion of each scan. A typical PREDOST extended fieldf-view scan of the vastus lateralis
is provided in Figure@ For El,the region of interestas defineds the perpendicular distance
between the deep and superficial aponeurosis of each muscle and extended to each end of the
B-mode imag€62, 375). The polygon function was utilized, and great care was taken to ensure
the broadest possible region of interest, without the inclusion of aponeurosis BB @7E).
The caliper function was utilized to assess the subcutaneous fat thickness ohageh
Subcutaneous fat thickness was determined from the average of the proximal, middle, and
distal values of each imag267). All images were inspected and analyzed by the sonographer.
Corrected El was calculated as uncorrected El + (subcutaneous fat thickness [cm] x 40.5278)

(395.

151



Chapter9

, Middle FL Distal FL
Proximal FL Sl o
-t . . 2 Mé”‘vf"q‘"‘”—“f” _— e "_‘ o

PRE 4

Figure 20. Representative extended fiedfiview ultrasound evaluation of regional vastus
lateralis fascicle length PRE and POST eccentric gaametric conditionThe dotted marker
at the center of the images represents 1 cm

We previously determined the intession variability of ultrasounderived measures
in a similar population of resistant@ined men over three weeksChapters 4 and 63
267). For MT, the intersession CV of the respective proximal, middle, and distal regions of
each muscle were: vastus laterali8.1-3.4%, 2.43.0%, 3.8%; lateral vastus intermedris
7.7-9.3%, 4.24.3%, 3.53.9%; rectus femoris 2.7%, 2.73.2%, 3.74.1%; andanterior vastus
lateralis=2.8-3.0%, 5.05.7%, 3.13.4%. For vastus lateralis PA: 7810%, 7.68.8%, and 6.0
6.9%, respectively. For vastus lateralis FL:-4.8%, 4.14.9%, and 4.-6.6%, respectively.
For corrected El: vastus laterafi$.9-8.2%, 7.78.2%, 6.26.8%; lateral vastus intermedias
8.0-8.9%, 9.611.9%, 11.314.7%; rectus femoris 7.4-9.1%, 4.56.6%, 7.58.3%; and anterior
vastus lateralis 7.1-8.9%, 8.810.1%, 6.911.3%.

Concentric dynamometry

Datawere analyzedia a customized MATLAB (MathWorks, Natick, MA) script. All
torquedata veredivided by the length of the lever arm, in metéosnormalize the difference
in shank length between participar{f%65). Each isokinetic contraction wamalyzedby
detecting and identifying the maximum (105°) and minimum (5°) angle that signified the start
and end of each contraction. Peak concentric tongugedetecteds the highest instantaneous
torqueduring the isovelocity phase between 18685° of kneeflexion. The angular impulse
was calculated as the area under the totojne curve between each of the eight angles. Thus,
total angular impulse throughout the entire ROM and between nine band80% &B80°,

152



Chapter9

80-70°, 7660°, 6B50°, 5340°, 4330°, 3020° 2310°) were calculateq265. Data from
Chapter 6had previously determinethtersession (one week apart) variability thfe
aforementioned concentric evaluation following a familiarization ses§6®). Briefly,

intersession CV of concentric peak torque and total concentric impulse wagd%3and 6.4
8.1%,respectively The intersession CV of the nine aforementioned impulse bandsiéte:
7.5%, 7.8%, 8.1%, 9%, 9.1%, 12.8%, 11.3%, and 12%, resphctiv

Isometric dynamometry

Datawere analyzediia a customized MATLAB (MathWorks, Natick, MA) script.
Isometric torques over 200 Nm were identified to signify a full contraction and eliminate false
contractions(269). A peak detection algorithm was implemented to detect and identify the
instantaneous MVIT of each itvaction(269. The onset of effort was determined via visual
inspection and a manual section of each toftque curve(215 269. The same resecher
determined the onset of effort by visually detecting ltis¢ trough before torque deflected
above the range of the baseline nqBE5 269. Rate of torque development wealculated
for 0-200 ms (RT@.200), based on the manual onset of effort detedd, 269, 276). We had
previously determined intersession (one week apart) variability of the isometric evaluation
following familiarization(269). Chapter 7 determined thetérsession CV of MVIT at 40°, 70°
and 100° were 9.6%, 11.5%, and 8.5%, respectively. While intersession CV @fdadit0°,
70°, and 100° were 15.6%, 14.9%, and 13%.

Eccentric contractions

Datawereanalyzedsia a customized MATLAB (MathWorks, Natick, MA) script. Peak
and mean eccentric torque, and total and angle specific angular impulse throughout each
contraction and set were quantified. Changes in torque and impulse outputs throughout the

ECC probcol were also quantified.

Eccentric quasisometric contractions

Datawere analyzedia a customized MATLAB (MathWorks, Natick, MA) script. The
EQI contractions were quantified by calculating the mean velocity throughout the ROM and in
the ROM brackets of 380°, 4050°, 5060°, 6070°, 7080°, 8090°, 90100° and 10a.10°.

153



Chapter9

Statistical analysis

Raw data are presented as mean and standard deviation. For compeafsosisce
Bayesian inference with a uniform dispersed prior (magnibaded decisions, MBD) was
utiized(272. Bet ween conditidnushamggas pg@ptpaban alpy:
spreadshegf72). All variables were logransformed for analysis, then bat&nsformed to
express effects dactors, after adjustment for the modifying effects of the total impulse of each
exercise condition. Change scores of the ECC and EQI conditions were compared at POST, 24
h, 48 h, 72 h, and 7 d pesxkercise for all dependent variables. Uncertainty ireffexts was
expressed as 95% compatibility intervals (95%Cl). fdlmical MBD was used since neither
ECC nor EQI contractions can be regarded asfirestice training. Magnitudes of the changes
were assessed using s uefleadisize (£%$))zoe6d.20c0R@016Q e s ( C
0.60-1.20, 1.262.0 and 2.84.0 for small, moderate, large, very large and extremely large,
respectively(152). Effects with 95%3 overlapping both a substantial increase and decrease
were deemed unclear; for clear effects, the likelihood that the true effect was substantial and/or
trivial was indicated with the following scale: -2%%, possibly (*); 785%, likely (**); 95
99.5%, vey likely (***); > 99.5%, most likely (****) (152). Apart from group comparison at
baseline, only betweerondition differences where the 95%CI for the change score does not
cross zero are reportedtiext, due to the many gendent variables and time poirBgtween
condition % and ES differences with 95%Cls and the smallest important difference are

presented imppendices

Results
Thirteen participants completed all sessions, while two participants could not attend
testing at the 7B time point. Therefore, changes at 72 h included only individuals that were

present at all time points.

Exercise sessions

Nearly identicalES= 0.02) total impulses were observed for the ECC (32883987
Nm-s) and EQI (33222 17358 Nm-s) protocols, despite large irparticipant variability
(Figure2l).
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Figure 21. Individual participant total angular impulse for each exercise condition, and the
impulse difference between conditions

Eccentric protocol

Eachparticipant completed 1004854 eccentric contractions across #.8.5 (range=
2-10) sets. The mean set duration was 575 seconds. Including the 180 second Hs&tirest
periods, the ECC protocol lasted 1£6.3 (range= 5.2-31.3) minutes. Mean peak torque
through all contractions were 21%4 Nm. The total tim@indertension was 135 72 s. Mean

total angular impulse distribution across the ROM brackets is shown in Rigure
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Figure 22. Mean percentage of total angular impulse through eight range of motion brackets
during the eccentric (ECC) and eccentric qgussimetric (EQI) boutsError bars denote the
standard deviation.

Eccentric quasisometric protocol

Participantscompleted 3.8% 1.1 (range= 1-8) EQI contractions, isotonically loaded
to 172+ 41.5 Nm, with an average angular velocity of 1.28°%4ean contraction duration was
62.1+ 38 seconds with the longest and shortest contraction durations of 140 (theéivespec
participants' first contraction) and 5.5 seconds (the respective participants' eighth contraction),
respectively. Including 1868econd intraset rest periods, the EQI protocol lasted+19.5
(range= 3.5-28.2) minutes. EQI mean duration across RO&tkets were30-40°:8.9+ 10.8
S;40-50°:14.6+ 11.9 $50-60°:11.1+ 8.3 § 60-70°:9.3+ 7.1 5§ 70-80° 7.0+ 5.5 5 80-90°:
5.6+£4.5590-100°3.5+ 2.8 s;and 100110°2 £+ 2.4 s. The total tim@ndertension was 242
+ 132 s. Mean total angular impulse distribution across the ROM brackets is shown in Figure
22.

Acute effects and recovery
Pressurepain threshold

Six of 15 participants reported no pain at baseline with the maximum possible pressure.
Therefore, these six individuals were not included in the statistical analygisegsurepain
thresholdas no baseline values were present Betvoesmlition differeges in pressurpain

threshold with 95%Cls are presentedAppendix 9. Except for the middle rectus femoris,
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possibly, likely, or very likely substantial differences in presqai@ threshold were found at
all muscles and regions except for the mid redemoris, with ECC resulting in greater

reductions relative to EQI (Figure 23A).
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Figure 23. The regionspecific pressurpain threshold (PPT) of the vastus lateralis (panels A
C) and rectus femoris (panelsH), before and following eccentric or eccentric gqussimetric
exercise Likelihood of a substantial betweeondition difference is indated as *possibly;
**likely; ***very likely; ****most likely. Error bars represent standard deviations.

Relative to EQI, the ECC condition resulted in small reductions in prepaire
threshold for middle vastus lateralis at 24 h (*16.5%,=H%32) and 48 h (**17.7%, ES
0.33) (Figure23B); distal vastus lateralis at 24 h (**25.9%, E®.40) and 72 h (**15.8%, ES
= 0.26) (Figure23C); and distal rectus femoris at 24 h (***30.4%, £8.54) (Figure23F).

Muscle architecture
Betweencondition differences in vastus lateralis MT with 95%Cls are presented in
Appendix 10, and betweewondition differences in PA and FL with 95%ClIs presented in

Appendix 11.
There were no clear substantial betweendition differences in the midsllor distal

vastus lateralis, distal lateral vastus intermedius, rectus femoris, or anterior vastus intermedius

(Figure 24A-L). Relative to ECC, there were small increases in proximal lateral vastus
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intermedius MT with EQI at POST (**6.8%, ES0.28), 48 N**7.1%; ES= 0.29), and 72 h
(*5.1%, ES=0.22) (Figure24D).
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Figure24. Regionspecific muscle thickness (MT) of the vastus lateralis (pangl3,Aateral
vastus intermedius (panelsf), rectus femoris (panels-5 and anterior vastustermedius
(panels ), before and following eccentric or eccentric geiasimetric exercise.ikelihood
of a substantial betweaondition difference is indicated as *possibly; **likely; ***very

likely; ****most likely. Error bars represent standard owons.
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Relative to ECC, there was a small decrease in distal vastus lateralis PA with EQI at
POST (**8.7%, ES= 0.49). Relative to ECC, thengere small to moderate decreasén
proximal vastus lateralis fascicle length at POST (**6.2%=E&49) and 24 h (***8.3%, ES
= 0.66), respectively. Conversely, EQI led to an increase in proximal rectus femoris FL at
POST (***11%, ES=0.64) and 24 h (**6%, ES 0.36).

Echo intensity

Betweencondition differences in El with 95%Cls are presentedigpendix 12. There
were possible to very likely greater El increases following ECC versus EQI in 3/12 regions
with a very likely increase in distal rectus femoris El with ECC at POST (*$3BS=0.55).

Concentric performance
Betweencondition differences in peak concentric torque, total angular impulse, and

anglespecific torque with 95%Cls are presentedppendix 13.

Relative to EQI, the ECC condition resulted in small to modeeateations at POST
in: peak torque (**8.7%, ES 0.50) (Figure25A); total angular impulse (**8.3%, ES 0.45)
(Figure25B); and impulse 10®@0° (***19.7%, ES= 0.57) (Figure26C), 96-80° (***15.6%,
ES=0.60) (Figure26D), 80-70° (**11.7%, ES= 0.56) (Figure26E), 7060° (**10.7%, ES=
0.58) (Figure26F); and 6650° (**10.5%, ES=0.62) (Figure26G).
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Figure 25. Concentric peak torque (panel A) and total concentric impulse (panel B) before and
following eccentric or eccentric quasometric exercisd.ikelihood of a substantial between
condition difference is indicated as *possibly; **likely; ***very likely; **most likely. Error

bars represent standard deviations.
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Figure 26. Concentric anglspecific impulse before and following eccentric or eccentric
guastisometric exercisd.ikelihood of a substantial betweeondition difference is indicated

as *possibly; **likely; ***very likely; ****most likely. Error bars represent standard
deviationsPanels A, B, C, D, E, F, G, H and |, represent changes in concentric angular impulse
from 10390°, 9680°, 8670°, 76060°, 6650°, 5640°, 4030°, 3020°, and 2-10°,respectively

Isometric performance
Betweencondition differences in MVIT an&TDo-200 with 95%Cls are presented in

Appendix 14.

Relative to EQI, the ECC condition resulted in small reductions in MVIT at 70°
(**10.4%, ES= 0.35) (Figure27B) and 100° (**9.8%, ES= 0.39) (Figure27C) at POST.
Eccentric also resulted in small to moderate reductions inoRbBt 70° at POST (****32.3%,
ES=0.70) (Figure27E); and 100° at POST (**15.3%, ES0.42) (Figure27F), relative to

EQI.
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Figure 27. Jointangle specific maximal voluntary isometric torque (MVIT) (panel€)fand
rate of torque development (RTD200) (panels EF), before and following eccentric or
eccentric quasisometric exercise.ikelihood of a sibstantial betweenondition difference is
indicated as *possibly; **likely; ***very likely; ***most likely. Error bars represent standard
deviations.

-43

Discussion

The purposes of this investigation were to determine the kinetic characteristics of EQI
contractions, and if bouts of EQI and ECC exercise, equated by angular impulse, resulted in
different acute changes in pain, muscle architecture and morphology, aminoscular
performance. The main findings were: 1) the majority (56%) of the EQI contraction time and
impulse took place between-80°, as compared to the identical time spent at each ROM
bracket with the isokinetic eccentric condition; 2) DOMS and Elewsrbstantially greater
with the ECC condition, especially at the distal region of the rectus femoris; 3) muscle swelling
and architectural shifts were variable depending on the assessed muscle and region; and, 4)
while concentric and isometric torque @R@D decreased similarly at shorter muscle lengths,

decreases in voluntary outputs at long muscle lengths were greater following ECC.

Exercise conditions

Despite matched total angular impulse, EQIs distribute impulse quite differently to
widely utilizedisokinetic ECC contractions. While previous studies have compared the acute
effects of isotonic and isokinetic contractions, to our knowledge, all previous investigations

utilized isotonic loads that were more than 100% of maximal voluntary contrgtGp88,
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307). As such, thextremely lowvelocity (1.29°-3), submaximal (70% MVIT) EQI condition

has a unique impulse distribution (Figl#® making a direct comparison to other research
difficult. Alemany et al(10) and Doguet and colleagu8) comparedsokinetic and isotonic
contractiondoaded to 110% of MVIT and 150% of concentric maximum, respectively. While
Alemany et al(10) reportedgreater changes in markesE muscle damage (DOMS, MVIT,
creatine kinase) following the isotonic condition, Doguet et(&8) found no between
condition difference in DOI@, force output, creatine kinase, or invokedeflex and Mwave
characteristics. These dichotomous findings demonstrate that acute neuromuscular and damage
marker responses to different contraction modes are not simple to predict despite the efforts of

researchers to equate repetitions and velocity.

Eccentric resistance training is often employed as a-diffitdent means of exposing
the neuromuscular system to high quantities of mechanical loading, leading to substantial
morphological, architectural, and neuromuscular adaptations in healthy antamelt
populationg90). Relative to ECC, the EQI condition was stiglshorter in duration (13 9.5
and 17.6+ 8.3 minutes) with lower peak torques, demonstrating its practicality of imparting
total impulse in a relatively brief period. Tiruadertension was equal through the ROM in
the ECC condition with the majorityf dhe angular impulse being expressed at moderate
muscle lengths, whereas the majority of tiorelertension, and thus angular impulse (and
likely fatigue accumulation), was at short to moderate muscle lengths with the EQIs; with these
betweercondition dfferences likely effecting regional morpholod90, 322 and angle
specific neuromuscular performan@22, 363 365) at these lengths. It may also be speculated
that differences in velocity, impulse distribution, and possible load sharing by the series and
parallel elast component$125), could lead to dichotomous lotgrm adaptations in muscle
morphology, musculotendinous stiffness, and fascial strudtls& 171). Additionally,
fascicle mechags/dynamics of the EQI contraction were not determined. As such it is
impossible to know if true eccentric lengthening was occurring, or if there were brief periods

of little tension interspersed with isometric contractions.

Muscle soreness

The EQI condion was associated with lesser DOMS in the 48 h-pxstcise,
compared to the ECC condition, evidenced by small reductions in the PPT of some quadriceps
muscles with EQI at 24 hr (distal rectus femoris and vastus lateralis, middle vastus lateralis),
and72 hr (middle and distal vastus lateralis) of 3B (Figure23A-F). The aforementioned
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findings are not surprising given the literature on eccentric contraction velocity and muscle
soreness and damage markég). Chapman et a(65) examined the elbow flexors and found
that high velocity (120°% ECC led to greater nsgle soreness and creatine kinase
concentrations for up to 96 hours when compared to a slow BEGC protocol. In the
present study, mean velocities throughout the ROM were 68id1.29°-3 for ECC and EQI
groups, respectivelywVhile speculative, the lesser DOMS associated with the EQI condition
could suggest that EQIs are predominantly isometric with brief periods of low tension causing
small changes in joint angle, opposed to any true eccentric muscle @&i@06). Finally,

while differences in DOMS were consistent, betweendition differences were often smaller

than the intrasession CYplacing a degree of uncertairty our results.

Interestingly, there were no apparent betweendition differences in the pressure
pain threshold at the proximal vastus lateralis or the middle rectus femoris (though only nine
participants were included, limiting the ability to determine clear resilts3. suggests that
muscle damage may be most prevalent in the distal region of the quadriceps muscles, regardless
of contraction mode. Contrary to our findings, Baker, Kelly, and E&@found that DOMS
was greatest towards the myotendinous junction (proximal and distal) of the quadriceps.
However, it must be noted that they iatdd a dowrhill running protocol to induce soreness,
suggesting that compound movements, with a stgtontening cycle, may lead to different
patterns of DOMS when compared to singlmt isolation movements. Taken together with
the findings of Bakerteal. (29), it appears that multiple regions should be assessed when

determinirg the effects of an intervention on DOMS.

Muscle morphology and architecture

Changes in MT, PA, and FL are difficult to decipher due to differential findings
between the regions assessed. Firstly, while most betvogatition differences in MT
(swelling were minimal, the EQI condition resulted in substantially greater increases at POST,
24 h and 48 h at the proximal (478L%, ES= 0.200.29) and at POST and 48 h at the middle
(4.85.9%, ES= 0.21-:0.26) lateral vastus intermedius (Figu2dD-E). Interestingly, the
observation is not matched in the anterior portion of the vastus intermedius @Edueor
the vastus lateralis or rectus femoris. It might be speculated that EQI contractiomslutay
greater recruitment of the vastus intermedius muscle; however, this is unlikely as the femoral
nerve innervates all the knee extensor muscles, and several studies have demonstrated that

preferential recruitment of the quadriceps muscles is subbest(329. However, it should
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be noted that all studies in the aforementioned review utilized standard surface
electromyography329), while highdensity(334), or needle electromyograph{230 may
elucidate the possiity of preferential, or regional recruitment furtheinterestingly,
researchers have recently suggested that the vastus intermedius undergoes greater mechanical
strain and damage when compared to the vastus lateralis during ECC cont(d&id2s),

likely due to fascicles directly attaching to the bone, whereas the vastus lateralis fascicles attach
to the intermuscular aponeuroglsl). While purely speculative, the greater mechanical strain

of the vastus intermedius fascicles may be exacerbated with EQI contractions. Another possible
explanation for our findings is that the vastus intermedius has a substantially different fiber
type profle than the rectus femoris or vastus lateralis, as different fiber types are preferentially
activated based on contraction velocifyl). As a related possibility, sustained EQI
contractions are likely to induce substantial blood occlusive effédypotentially leading to
increased activation and swelling of type 1 fib@g). Regardless, intraontraction fascicle
tracking and needle electromyography ofvhstus intermedius are required to fully elucidate

the betweertondition differences.

Betweencondition differences in vastus lateralis PA exist depending on the assessed
region, with the EQI condition resulting in a substantial decrease in B#e atistal vastus
lateralis, whereas the opposite was found in the-negibn. However, all differences were
trivial or small (0.18.7%, ES= 0.0-0.49). Contrastingly, several likely and very likely
betweercondition differences were found when examirfihgof the proximal vastus lateralis
at POST and 24 h (62 3%, ES=0.490.66), and middle vastus lateralis at 24 h, 48 h and 72
h (45.6%, ES= 0.31-:0.43) vastus lateralis. ECC resulted in an acute increase in proximal
vastus lateralis FL, whilst EQI ineased FL in the middle portion. Alternatively, EQI led to
moderate and small FL increases at the proximal rectus fem&@3¥ (11%, ES 0.64) and
24 h (6%, ES-0.36), relative to ECCI hese differences in resting FL lendghk us to speculate
that difering magnitudes of fascicle strain/stretch were present between the proximal and
middle regions of the vastus lateralis and that the EQI condition preferentially strains the
fascicles of the rectus femoris. However, irtomtraction fascicle trackingould be needed
to confirm this theory. Comparing our findings to previous works is difficult as most previous
investigations utilize trigonometric equations to estimate FL, and/or only measure FL at a
single regionAlso, crosssectional area or thre#mensional imaging may have allowed for
additional clarity as changes in fluid distribution or muscle shape could have contributed to the

complex alterations in regional MT, PA, and As a final note, while the reported between
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condition changes were alwdgsger than the smallest important difference, the custom effects

for middle PA and FL were slightly smaller than previously reported intersession variabilities

(263.

The ECC condition resulted in greater increases in El at POST at the middle (5.5%, ES
= 0.21) and distal (11.9%, ES 0.54) rectus femoris and distal lateral vastus intermedius
(15.1%, ES= 0.26), relative to EQI. Additionally, El increased by the largest magnitude
following the ECC condition in 10 of the 12 assessed sites (though only three were possible or
very likely substantial), in line with the findings of Chapman et(@8). Furthermore,
researchers have determined that the distal rectus femoris is increasingly activated as the knee
angle increasg880), likely explaining the large betweawondition difference in echogenicity.
Except for the anterior vastus intermedius, El increased most noticeably in the distal region of
all muscles; which is supported by researchers citing that metabolic and hormonal markers
were acutely elevated predominantly at the distal portion with ECC exdidi®e 346).
Tabuchi et al(346) recently examined calpains and calcium ion accumulation throughout rat
muscle fibers following ECC contractions and found substantially greater accumulation at the
distal region of single muscle fibers-witro. Franchi et al(112) examined the acute and
chronic effects of ECC and concentric contractions on hormonal and metabolic markers with
morphological, architectural, and functional adaptetiin the vastus lateralis-invo. The
researchers determined that ECC training resulted in substantially greater phosphorylation of
focal adhesion kinase at the distal region of the vastus lat@rdBs which may be a factor in
the preferential increase in FL and distal MT following ECC resistance tra{iihd).
Interestingly, El nearly exclusively peaked at POST and returned to or near baseline by 24 h,
whereas other searchers have reported elevated EI up to five daysepestise(68, 287).
However, in contrast to the previous studi@8, 287), we utilized weltrained participants,

likely reducing muscle damage and metabolite accumulation.

Neuromuscular performance

Relative to EQI, the ECC condition resulted in similar or greater acute reductions in
concentric peakorque (8.7%, ES 0.50), total impulse (8.3%, E§0.45) (Figure25) and
impulse at most of the assessed jaimgles (Figure26). However, differences were largest at
the longest (1000°) muscle lengths (1110.7%, ES= 0.560.60), andbecame smaller
towards medium (740°) (810.7%, ES= 0.450.62) and short muscle lengths {40°) (4.7
7.5%, ES=0.250.32). While it is difficult to determine the underlying mechanisms, the ECC

165



Chapter9

condition involved a considerably greater percentage ¢f eaatraction at long muscle length
when compared to EQI. The differences in the percentage olutakertension and angular
impulse contributing to joir&ngle specific reductions in concentric torque are likely
neurological as all betweagroup differewes were unclear or trivial past 24 h. Based on
underlying fatigue mechanisn®0), it is plausible that the ECC contraction resulted in greater
central fatigue, while both ECC and EQI contractions led to similar levels of disruption distal
to the neuromuscular junction. For similar reasons, the largest decreases in torque and RTD
weretypically observed at POST following ECC, whereas reductions in performance were
often delayed to 24 h or 48 h in the EQI limb. This may be, in part, due to the-patticipant

design resulting in cumulative fatigue affecting the whole human. Whileegubat studies
employing techniques such as femoral nerve and transcranial magnetic stimulation would be
needed to determine exact mechanisms of fatigue, chronic ECC loading would likely result in
greater, and more uniform changes over the entire teaqule relationship, whereas EQI
loading would result in greater improvements at shorter muscle lef@@@s It is also
important to recognize that all participants performed both conditions in the same session and
that any esidual central fatigue would affect both limbs throughout tdeé&covery period.

Similar to the concentric assessment, trivial betwaedition differences in MVIT
were found at the short muscle length, whereas small reductions were observed wiah ECC
medium (POST; 10.4%, ES0.35; and 48 h; 7.9%, ES0.27) and long (POST; 9.8%, ES
0.39) muscle lengths, relative to EQI. The ECC condition also resulted in considerably larger
reductions in RTlR2o (6.3-38.6%, ES= 0.331.39) at medium antbng muscle lengths,
relative to EQI. Additionally, RTB200 remained depressed longer following the ECC
condition, aligning with the concentric performance reduction at POST with ECC, compared
to a delayed reduction at long muscle lengths following EQes€ findings areonsistent with
Peniaililloet al.(276), who found RTD to be a more sensitive metric to estimate muscle damage
and track recovery than MVITA potential explanation for greater torquesluctionsat larger
joint anglesmay be due to the greater intramuscular pressure synonymoustieiithed
muscles (114, 330. This greater pressure may have insegbthe sensation of DOMS, reducing
neural drive atlonger muscle lengthg114, 330. Interestingly, the betweetondition
differences in RTl200 mirror shifts in muscle architecture. Acute changes in FL following
contraction are due to an altered sarcomere resting length, which could increase or decrease
shortening velocity, and therefore alter RTI11). In the current investigation, it is plausible

that the relative increasn FL at the proximal vastus lateralis with a relative decrease in FL at
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the middle vastus lateralis contributed to the conflicting RbBalterations at 40°, 70°, and

100° of knee flexion.

Limitations and directions for future research

Although there have been several studies and reviews of-igoagetric and EQI
contractiong157, 262, 305, 333, this was the first to investigate the kinetic characteristics and
shortterm effects of EQI resistance exercise. While we determined thetshuareffects of
EQIs on regional musckoreness, morphology and architectural, and isometric and concentric
performance through the lenginsion relationships, there are several limitations and
directions for future research. Employing peripheral and central nervous system stimulation is
required to elucidate neuromuscular fatigue etiology. Similarly, more invasive methodologies
including blood analyses and muscle biopsies are required to directly evaluate the acute and
chronic hormonal and morphological alterations induced by EQI exeramsdyshs of intra
contraction electromyography and fascicle tracking are also required to understand contraction
dynamics. There were large betwgmrticipant differences in total impulse due to wide
spanning individual abilities to perform EQI and ECCtcactions. While this discrepancy was
factored into our statistical analysis as a modifying prior effect, future studies may consider
performing all EQI contractions before a contrasting contrackature analyses could also
examine the amount of time dumpulse accumulated isometrically and eccentrically during
EQI contractionsAdditionally, while within-participant parallel designs have many benefits
(212, crosseducation effects remain a valid methodological concern. Specifically, the
potential cros®ver effect may have contributed to comparatively smaller beteeedition
differences versus comparable study des{@0s88, 276), suggesting that the present study
was underpowered despite a sample size larger than the aforementioned works. Inline, it should
be noted that a few 6likelyd effects were
variabilities (seAppendiced0, 11andB) . Theref ore, readers may w
l i kel yd or Omost IASfitigue wad likelyuabcanmukated betaelenGd® f f e c t s
in the EQI condition, perhaps restricting the conditions to longer muscle lengths, equating by
mean velocity, or comparing EQIs with impulse distribution matched traditional isometrics
would have made for mme comparable conditions. Most importantly, practitioners need to
know how medium to longerm EQI training would translate to musculoskeletal health and
performance in a variety of populations; and if EQI may be superior to more traditional training

in specific contexts.
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As a brief aside, this study demonstrates the importance of assessing morphological and
architectural shifts in multiple muscles and regions and evaluating isokinetic and isometric
performance at multiple joint angl€460). We are one of the first to evaluate changes in El in
multiple regions(221, 337), while past studies have demonstrated the importance of- multi
angle isokinetic and isometric evaluatiof250, 322). Future resealc must determine the
potential relationship between acute shifts in the measured variables, anteriong

adaptations.

Practical applications

While suggesting applications based on a single gbort study is difficult, several
hypotheses can be madarsHy, EQIs resulted in less severe DOMS compared to ECC
exercise, a finding that may be important for practitioners aiming to optimize client adherence
and prescribe resistance training around other activitisle it should not be assumed that
shortterm responses will manifest into long term adaptatibased on the acute responses
observed in the present study, it may be hypothesised that EQI resistance training might
promote vastus intermediusiypertrophy whereas EQI and ECC training might promote
similar architectural adaptationk is likely that EQIs, as employed in this study, would
predominantly improve neuromuscular outputs at short to moderate muscle lengths due to most
of the impulse, and acute nf@mance reductions occurring between-689 of flexion.
Alternatively, the ECC condition appears more likely to lead to improved torque and RTD
throughout the ROM. Whileot measured in the present study, it could be hypothesized that
t he & hol dntractgrdocoud@é useaful for improving intermuscular coordination, and
result in larger cardiovascular responses (e.g., heart rate, blood pressure), due to greater agonist
and synergist muscle activati¢299, 305). Ultimately, EQI contractions might be best suited
to special or injured populations, or general preparatory, unloading, or transition phases of
athletic populations due to the relatively low number of joint movements, modest torglies, an
time-efficiency relative to ECC contractions. However, #pplication of EQI contractions
must be evaluated on a cdsecase basis due to large intedividual variabilities in duration,

total impulse, and impulse distribution.

Conclusions
While the shorterm effects of both conditions were mostly similar, ECC resulted in

relatively greater increases in DOMS, and larger reductions in concentric and isometric
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performance at medium and long muscle lengths. Eccentric-igoasetric training ray be a
viable alternative to traditional modes of resistance training in individuals suffering from, or
susceptible to musculoskeletal injury due to the relatively low peak torques and the total
number of repetitions required to achieve substantial newsomar overload. Further

comparisons and longitudinal interventions are required.
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Chapter 107 Kinetic and kinematic profile of eccentric quast

isometric loading

Reference
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Prelude

Chapter9 examined the shoterm effects ofeccentric quasisometric resistance
exercise and compared it to an impulse equated bout of eccentric contraatiersf.the key
findings was that eccentric quasometric contractions predominantly overloaded the initial
half of the range of motion; closely mirrored by acute simortterm reductions at short muscle
lengths when compared to isokinetic eccentvading However, wile providng a robust
evaluation of shosterm physiological effectdhe biomechanical profile of eccentric quasi
isometric loading of the knee eriors requires greater analysmeluding between contraction
joint-anglespecific changes in angular impulse, timaertension, and angular velocity.
Understandinghesekinetic and kinematigariables, and the between contraction performance
reductiors are key to planning and interpretirigture acute and shererm studies
Additionally, greater knowledge regarding the biomechaniascoéntric quasisometricand

how fatigue and learning affect the proigeequired to inforntraining prescrption.
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Introduction

Examining loading variables (e.g., intensity; contraction typ8® 268) and schemes
(e.g., failure, intesset co-contraction (105 311) have become increasingly common as
researchers and practitioners look to optimize resistaaceng induced adaptations. Among
the novel training modes, eccentric guigsimetric (EQI) contractions have gained recent
interest in the scientific literate248 262 264, 268 366). As discussed in Chapter @of
the reasons behind the surge in EQI interest is the proposed benefit and utility in rehabilitative
populations (due to slow contraction velociti¢4d, 174, 248 262, 366), andspecificity to
sports that require long contraction durations or gisasnetric muscle action, such as
sprinting, sailing, grappling, skiing or skati{@62, 306, 333 370).

While a modest number of studies have examined yielding/g@msetric contractions
(300, 305, one study has directly investigated the physiological effects of EQI exét6ée
Oranchuk et al(264) reported that a bout of EQI exercise resulted in less muscle soreness,
smallerincreases in echo intensity (a proposed measure of muscle damage and intra and
intercellular metabolite accumulation), and smaller reductions in isometric and concentric
torque at long muscle lengths, when compared to an impgisated bout of eccentric
contractiong264). Both conditions, however, resulted in a similar decrease in voluntary torque
at shorter muscle lengths, likely due to jeamiglespecific fatigug264). Whilst Oranchuk et
al. (264) presented an initial profile of the shderm physiological effects, the biomechanical
description of EQIs wasimpleand did not include contractidmy-contraction changes. By
comparison, th&inetic and kinematicharacteristicfand interset changesdf traditional
eccentric and concentric contractions have been regularly exans8d135 280).
Understanding these contraction dynamics, and the betsetarhanges is important for both
practitioners and researchers. For example, strength and conditioning, and rehabilitation
professionals need to understand the contraction characteristics, EQthatan be best used
to produce the desired musculotendinous adaptation. Likewise, researchers need to understand
the betweertontraction changes so that EQIs can be compared with other contraction types in
longitudinal examinations. Therefore, the pup®f this study was to describe the kinetics
and kinematics associated with a bout (four maximal repetitions) of EQI contra&ases]
on the existing literature, it was hypothesized that the majority of angular impulse (integral of
knee extension torguover time; Nm-s) would be distributed in the initial half of the range of
motion (ROM).
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Methods

Experimental design

A crosssectional design was implemented to determine the biomechanical
characteristics of EQI contractions via a single bout of foumtraotions. During a
familiarization session, each participant performed a single EQI knee extension on a single
randomly selected limb, to failure, following a detailed explanation and demonstration. Five to
seven days later, each participant performed EQI contractions to failure separated by 180
seconds of rest with the same limb as used in the familiarization sessionndrimalized
angletime characteristics, and absolute angular impulse, velocity, aneuhdertension,
were determined throughe entire ROM, and through eight ROM brackets. Changes in the

variables were compared across the four contractions (C1, C2, C3, C4) during the session.

Participants

A total of 14 healthy, resistantmined malegage: 27.9 + 5.1 years, height: 179.4 +
7.1 cm, mass: 80.5 £ 10.8 kg) volunteered for this study. All participants had at least six months
of resistance training experien(@42 + 3.96 range= 1.510 years)performing at least two
weekly sessions of lowdsody resistance trainin@.£8+ 0.82sessions-week range = 24
sessionsveek!) and werdree of any musculoskeletal injuries for at least three mdrefe
data collectionThe ethical committee ¢iie Auckland University of Technology (18/232) and
Victoria University (HRE19110) approved this studgndall participants provided informed
consent. All participants were instructed to refrain from strenuous physical activity, anti
inflammatory medication, recovery supplements, and practices such as foam rolling or heat or
cold application in the days between the familiarization and experihseistion. Additionally,
alcohol, caffeine, and other ergogenic aids were forbidden in the 48 hours leading up to each

session.

Testing procedures
Warmup and load determination

All warm-up and dynamometric procedures before the EQI contraction testing were
explained in detail by Oranchuk and colleag(284). In brief, after cycling at a lowo
moderate resistance for 5 minutesytgipants were positioned upright on the isokinetic
dynamomete(CSMi; Lumex, Ronkonkoma, NY, USA) at a hip angle of 85°, with shoulder,

waist, and thigh straps affixed to reduce body movement during contradinenshinpadwas
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positioned~5 cm superior to the medial malleoli of the ankle. Participants were required to
hold handles at the sides of the chair, while the-working limb was positionedehind a
restraining pad. The handles were held as pilot teftungd that the torso displaced upwards
(altering knee angles) when performing contractions while holding the straps or positioning the
hands across the chest. Knee alignment was determined by visual inspection, participant
feedback, and unloaded knee @&siens to ensure proper joint tracking, and dynamometer
settings were recorded and matched for the subsequent sEsstaipants underwent a series

of extensions and flexions of the knee to determine safety stop positions and calibrate gravity
correctia, followed by a standardized warmup of concentric contractions ranging from 30
100% of maximal perceived effort from 105° and 5° of kfiegion (260 264). Two minutes

after the completion of the concentric contractionsghsicipantsperformed two maximal
isometric contractions a04, 70°, and 100° of knee flexiofhe dynamometer was then set
isotonic mode, and per previous recommendat{@88 264), a load equivalent to 70% of each
participantds hi ghest max i mal voluntary i s

contractions.

Eccentric quasisometric contractions

Similar toChapter 9EQI contractions were initiated and terminated at 30° (Figure 28A)
and 100° (Figure 28B) of kndkexion, respectively. To allow for practivation, and thus
improve adaptive force/torqd06), the isotonic load was gradually applied from 35% to 70%
of maximal voluntary isometric contraction torque over two seconds. The load then remained
at 70% of maximal voluntary isometric contraction torque for the remainder of the contraction.
The partici@nts were instructed not to exert enough effort as to cause a concentric contraction,
but instead attempt to fibraceo anc@62éfai nt ai r
Once the load was reached, the participant held the initial position until isometric failure, at
which point, slow and brief changes in jeargle occurred with the participant maintaining
maximal effort throughout each contraction. While highly variablany participants had
several periods of neaero changes in knee flexion, followed by periods of joint angle changes
until the entire ROM was completed. As torque was held constant, the participants' ability to
maintain a constant torque output throughtthe ROM was the quality of interest. To avoid
pacing, participants were not told how many contractions/sets they would perform. Strong

verbal encouragement was provided during each set.
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Figur 28. Start (panel A) and end (panel B) position for theeetric quasisometric
contractions.

Like Chapter 9the participant rested for 180 secoafter each EQbefore performing
an unloaded concentric contraction to return to the 30° starting position and initiate the next
EQI (264). The exercise prescription was based lwa results of Oranchuk et a264) who
reported reductions in concentric and isometric performance following 3.85 + 1.1 EQI
contractions. The 180 second rest period was determined during piloting to be sufficient in
maintaining both performance and tweficiency. Additionally, Oranchuk teal. (264)
determined that the total angular impulse of ~four EQI contractions was equal to ~100 eccentric
contractions performed at 682 aloading scheme knowto result in substantial reductions in
neuromuscular outputs and increased markers of muscle d§232g264, 352). Due to their

non-ballistic nature, EQI data were collected at 100 Hz.

Data processing and analysis

Data were analyzed via a customized MATLAB (2020a, MathWorks, Natick, MA)
script. The MATLAB script processed the data at 100 Hz witkiltey. Position, torque, and
velocity data were taken from the raw dynamometer software, and angular impulse was
calculated using the trapezoidal method of the torque curve for each ROM band. Each EQI
contraction was analyzed by detecting and identiftliegminimum (30°) and maximum (100°)
angle that signified the start and end of each contraction. To quantify differences throughout
the ROM, angular impulse (Ng), angular velocity%s?), and timeundertension (sec) were
calculated for the entire ROMNd between eight bands (80°, 4850°, 5660°, 6670°, 70
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80°, 8390°, and 96100°) (264, 265). For this study, short, medium, and long musetgths
refer to 3650°, 5080°, and 8aL00° of flexion, respectively.

Statistical analysis
Timenormalized torqudime kinetics

Statistical parametric mappindSPM) was utilized to compare anglene
characteristics between contractions. One dimensional @BMises random field theory to
objectively identify field regions that eeary significantly with the experimental desi(v4).
Staistical parametric mappingnalysis was performed and tracings of the joint atigle
curves with 95% compatibility limits visually examined. If visual betweendition
differences were apparent, a ttaled, paireesample itest was performed on thamg
normalized data to determine the magnitude of precision of the betwedition differences.
The SPM analyses were implemented in MATLAB (MathWorks, Natick, MA) using the open
source package locatedhdtp://www.pmld.org(274).

Absolute torqueangle characteristics

Statistical analyses of the absolute torgangle characteristics were performed with
RStudio, version 1.4.869. ShapWdilk tests and visual assessments of normality probability
plots were conducted on kinetic and émmatic data The assumption for the equality of
variances was checked via Levérsts. Intercontraction differences were evaluated via-one
way analyses of variance (ANOVAS) with Bonferroni adjusted-postcontrasts for angular
impulse, timeundertension, and velocity, respectiveljhe initial strength levelas defined
by MVIT at 70°,was utilized as a betweembject factorAn alpha level of 0.05 was used to
determine statistical significance with Omega squated) ( [ 6f o(t18lwbed to2 6
characterize the effect size of each ANOVA. Due to the limited sample size, qualitative
descriptor s géffecpsiés(BESA92 Meralagsessddl as: trivial < 0.2, small =
0.2-0.49, moderate = 0:8.79, large > 0.§115. ESs are reported with 95% compatibility
limits to provde readers with the magnitudes of differenddile also providing statistical
significance with a cubff of p < 0.05(38, 292). All reportedp-values are Bonferroni adjusted.

Data are reported as mean * standard deviation unless otherwise stated.
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Results

Time-normalized angletime kinetics

cu

Compatibility limits overlapped throughout each contraction for the 4moemalized

rves; however, 95%Cls nearly delineated betweer30% of contraction duration when

comparing C1 and C4 (Figure 29). Betwammtraction differences increased throughout the

four EQI contractions (Figure 30). Most notably, the initial increase in the joint angle from
~30:50° (Figure 29) (~5%, Figure 30) tended to occur earlier as the loading protocol

progressed, while jointrggle changes from 5000° remained similar.

Knee joint angle (deg)

100 -
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Figure 29. Time normalized angléme curve comparison of eccentric quesimetric
contractions one, and foufhe knee angle is presented in degrees with 95% compatibility
limits. The grey box highlights a near lack of compatibility limit overlap.
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Figure 30. Mean difference in time normalized andime curves.The red dotted line
represents cut off for statistical significange= 0.05). The grey box highlights the time
normalized kinematic changes occurring during the first ~15% of each contraction.

Absolute torque-angle characteristics

All data were normally distributecp (> 0.05). There were no significar € 0.095
interaction effects between strong and weak participants (above and below the group mean for
MVIC at 70°, respectively); thereford| proceeding results are presented with all participants

pooled.

EQIs were isotonically loaded to 1881 Nm, with an average angular velocity of 1.34
+ 2.9°.s', Mean timeundertension was 53.7 + 26 (rangel16.1-140) seconds. EQI mean
contraction velocity and duration across ROM brackets v@érd0°: 4.35+ 4.2°.s! (2.3 +2.4
s); 40-50°: 1.03+ 1.1°-s' (9.7 + 9.1 5)50-60°: 0.70+ 1.0°-s' (14.3 + 10.2 5)60-70°: 0.78+
1.20-¢' (12.8 + 8.1 5)70-80°: 1.09+ 1.3°-8 (9.2 + 7.6 $)80-90%: 1.59+ 1.6°-s (6.3 + 6.4 S)
and 90100°: 3.85+ 3.9°9-s! (2.6 + 2.6 s).

There were significant main effects for total angular imputges§, 17.0~= 16.5,p <
0.001,6%=0.11), and angular impulse from-80° .0, 36.0= 3.18,p < 0.036,a6%= 0.04), and
40-50° .49, 17.9= 0.006,0%= 0.18). As they are derived from the same data, near identical
effects were found for total tiraendertension and mean velocity(= 12.712.8,pO 0. 00 3,
&%= 0.070.08), and timaindertension and velocity from 480° F = 8.128.16,p0O 0. 010,
&2=0.150.17). All other interactions were naignificant = 0.0570.830,42= 0.0%£0.04).
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Mean N SD d@ESs ietdlpe®3®% compatibility
impulse, timeundertension, and angular velocity is providedAppendices 15, 16, and 17
respectively. Briefly, betweeoontraction decreases in total angular impulse (Figtjend
time-undertension andncreases in velocity were observed (ES = 0.36 + 0.26, 22.2 + 10.9%)
(see Appendices). Furthermore, the largest reduction in angular impulse anghdiete
tension (increase in velocity) was nearly exclusively found bet®@&®° (ES = 0.35 + 0.26,

46.0 £ 42.1%), and 4B0° (ES = 0.63 = 0.27, 73.5 £ 58.1%), with smaller changes generally
found through the 5200° ROM brackets (ES = 0.10 = 0.26, 14.3 + 24.6%) (see Appendices).
The changes in total angular impulse and impdis&ibution over the four contractions are
illustrated in Figures 31 and 32, respectively. While varying in levels of significance (see
Appendix 15), increases in relative (% of total) angular impulse are apparent when examining
60-70° from C2 to C3 and 4; 7080° from C2 to C3, and in 880° from C3 to C4; resulting

in a shift in relative impulse from short towards medium to long muscle lengths (Figure 32).
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Figure 31. Change in total angular impulse between contractigns.0.05, **p < 0.01, ***p
< 0.001. Error bars denote the standard deviations.
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Figure 32. Angle-specific eccentric quassometric impulse from contractioone (C1),
contractiontwo (C2), contradgbn three(C3) and contraction four (C4rror bars denote the
standard deviations.

Discussion

The biomechanical characteristics of EQI kee¢ensions and the kinematic changes
throughout a bout of contractions were quantified. Our prirfiadings were that most of the
angular impulse and timendertension took place towards short to moderate muscle lengths,
consistent with our hypothesis. There was also a decrease in the angular impulsé&o~11
between contractions. We also determitieat the relative proportion of angular impulse and
time-undertension shifted towards moderate to long muscle lengths as the number of
contractions increased. The potential physiological and practical implications for practitioners
and researchers are cissed herewith.

It appears that EQkneeextensiongpredominantly load the first half of the ROM,
which corresponds to the fatigireduced decreases in concentric and isometric torque and rate
of torque development at shorter muscle lengths followinglas bouts of EQIS(264).
However, in this study, a shift iangular impulse and tirnendertension from short to
medium, to medium to long muscle lengths as repetition number increased was observed
(Figure 32). For example, from C1 to C4, angular impulse fror8BGhowed small to large
decreases (ES = 08090, 38.274.1%), whereas angular impulserfr 66100° (ES =0.19
0.41,-22.833.8%) remained relatively constant, and in some cases, increased through the
contractions (see Appendix 15). This finding is relevant as thegoigie specific effects of
resistanceexercise have been previously diset{135 195 322, 365 with multiple reviews

concluding that training through a full ROM or at longer muscle lengths isisupe short
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muscle length training when increases in muscle size and increased dynamic performance are
desired(268 310).

Other unique aspects of EQIs are the extremely slow velocities/long contraction
durations at modest external torques. When compared to maximal strength training, explosive
intent results in greater improvements in the rate of force/torque developmeatigcreases
in neural drive characteristi¢854), and adaptations to a plethora of tendon and aponeurosis
functional qualitieg32, 225). However, the isometric training literature suggests that training
induced improvements in muscle sizelanaximal strength are not differentially affected by
contraction inten{(32, 216, 225 268 354). Alternatively, the duration of contraction has
notable effects on trainingduced morphological adaptaris (262, 268, 314). For example,
Schott, McCully, and Rutherford (1995) compared tumelertension equated isometric
training utilizing contractions of 3 or 30 s. While both groups experienced similamalaxi
force increases, only the 3@cond contraction group increased quadriceps -sexgional
area, suggesting increased metabolite accumulation during the sustained contractions as a
plausible mechanisri(814). Indeed, several studies have demonstrated a reduction in blood
flow and muscle oxygenation during sustained contracti@ss 146, 261) with some
researchers suggesting that contractimluced muscle deoxygenation and metabolite
accumulation could promote muscle growth, primarily by alteringate activation, leading
to earlierrecruitment of typdl motor units(82). On a related note, it appears that substantial
blood flow restriction is possible with contractions as low as 25% of maximal voluntary
contraction(333), far below the 70% utilized in our study. Finally, as EQI loading includes an
eccentric portion through the ROM, the contractamuld be maintained for substantially
longer than a fatiguing isometric contraction in isolation. Therefore, an EQI may result in
greater metabolic signalling due to greater, or at least more sustained muscle deoxygenation

and metabolite accumulation wheosmpared to holding isometrics.

While contraction intensity (% of maximunig questionablyimportant for muscle
hypertrophy(268) so long as a minimum threshold is reacliEab), contractions
be necessary to increase tendon stiffness and-secsigsnal ared50, 268). However, the
literature also suggests thdbw, or sustained contractions are at least as beneficial to tendon

remodeling and function as higher velocity, or rapid contrac(é®sl 74, 262, 268).
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Slow contractions, synonymous with EQIs may be better tolerated by populations with
tendon pain(45, 174, 262), despite, toour bestknowledge, no studies confirming this
hypothesis, likely due to the difficulty in recruiting a meaningful sample of participants with
homogenous tendon issues/qualities. Therefore, EQI contractions would likely be valuable in
rehabilitative settingsaseat r acti on intensities O 70% can
contraction velocitief248 262, 366). While not completely elucidated, it is also likely that the
slow eccentric portion of EQIs is especially beneficial in the rehabilitation of tendinopathies
(137, 172. Of note, it is unlikely that moderatetensity contrattons taken to failure,
synonymous with EQIs, would be as effective as briefer, -imtgnsity contractions for
improving the rate ofmotor unit activation232). However, the study of Miller et al232)
included isometric contractions in isolation, dahd effects of including an eccentric phase (as
in EQIs) may result in alternative findin(®3). Also, the difference in the effectiveness of high
versus moderatmtensity contractions to longitudinally increase central nervous system

activation remains to be determined.

Limitations and directions for future research

While both the joirdanglespecific characteristics and betweeontraction changes
were determined there are several limitations and directions for future research. From a
biomechanical standpoint, intcntraction fascicle and tend@aponeuroses tracking are
required to better urdstand the contraction mechanics and the potential load sharing of active
and passive components through the RQNT, 286). Similarly, electromyography would be
required to elucidate the relative contribution of each quadriceps muscle and region over
different velocities and joint angled.ikewise, peripheral, and/or transcranial magnetic
stimulation would be required to determine the etiology of the observgddatAlso, the
variability and quantification of the individual isometric and eccentric phases were not
guantified in the present study. Thus, future research may wish to determine exactly what
proportion of the angular impulse was produced via statengthening contractions, perhaps
utilizing novel measuring syster{@04). Finally, while it is highly likely that substantial blood
flow restriction and muscle daxygenation occurred during the EQI contracti@®l, 333),
nearinfrared spectroscopy is required to confirm this and examine the effeetsidf snall
amplitudechanges in ROM that may allow for very brief periods of muscle relaxation and thus
increased substraexchangeand metaboliteclearanceg(305). Likewise, several researchers
have examined muscle oxygenation during fatiguing isometric contragffoi@8, 176, 261,

327), but none have determined the oxygenation kinetics of a subsequent eccentric phase.
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Researchers must also directly detieemthe tolerability of specific joint angles as well as
contraction velocity and intensity in participants with tendon or joint pain. Researchers may
wish to utilize SPM analyses to easily compare the kinematic qualities of contrasting

contraction typesrarelative intensities or velocities.

Conclusions

Total angular impulse and timendertension decreased by ~15% from contraction to
contraction. Additionally, most kinetic and kinematic betweentraction changes occurred
at short to moderate muscle lengths, effectively shifting the angular impulsbutish to
longer muscle lengths throughout the protoB@searchers must be mindful of the between
set dropoffs observed with EQI exercise and determine the same characteristics of a
comparative contraction type when attempting to match conditions aWeining study.
Additionally, researchers could employ SPM analysis to compare a plethora of loading
variables (e.g., isotonic vs isokinetic; high vs low intensity; eccentric vs concentric). As
training at longer muscle lengths is beneficial for hypgtly and strength throughout the
range of motion, it could be recommended that an EQI contraction be initiated at moderate to
long muscle lengths to avoid imparting a large proportion of the total angular impulse at shorter
muscle lengths. Practitionersutd alter the impulse distribution to longer muscle lengths by
prescribing a greater number of contractions, reducing rest periods, or implementing EQI
contractions towards the end of a traditional training session where fatigue may be present
(262). The large standard deviations armnpatibility limitsin cumulative loading and loading
distribution (see Appendices 15, 16 and 17) highlight the need to prescribe EQI contractions
on an individual basiBased on related findingsi# plausiblethat EQIscould be utilized to
load abnormal (e.g., damagedndinopathic) tendon, alter muscle morphology, or improve
performance in similar tasks, while other training methods are likely superior for reducing
electromechanical delay and explosive performance enhance®fenturse, longitudinal
examinations are qaired to confirm this line of thought.
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Chapter 1117 Summary, practical applications limitations, and

future research directions

Summary

The primary question of the ttdineeffecs ofwas A
eccentric quasi sometric ( EQI) |l oading on muscle for
overarching question was determined by reviewing ggasnetric and EQI contracts in the
literature, and recognizing a paucity of scientific evidence to support their use; despite
seemingly logical anecdotal evidence supporting EQI loading in rehabilitation and sport
performance contexts. To answer the overarching question, a siisteprées of literature
reviews, crossectional and intervention studies were performed. Thus, the following sections
form the thesis: Section 1) systematic and narrative reviews of literature; Section 2) several
methodsbased investigations; Section 8prrelational analysis of muscle structure and

function; Section 4) acute and shtatm investigations; and Section 5) summary.

Key findings
Section 1

As no literature directly examining EQI contractions existed, a systematic review of
isometric training interventions in humans was performed (Chapter 2), and a narrative review
of EQI adjacent biomechanical, physiological, biological, and practical literature was also
completed (Chapter 3). In Chapter 2 several important loading parametes identified,
including muscle length/joint angle, and contraction intensity, duration, and intent. Isometric
training at longer muscle lengths produced greater muscular hypertrophy and dynamic
performance improvements than equal volumes of shorteclmdength trainingwhile
ballistic intent resulted in greater neuromuscular activation and rapid force prod2&8n
Substantial improvements in mseular hypertrophy and maximal force productiere
possibleregardless of training intensity, howevertensities greater than 708tere required
for improving tendon structure and functi¢268). In Chapter 3 it was determined that EQIs
may provide a practical means of increasing total volume and metabolic and hormonal outputs
(262). At the same time, EQIs likely allow for a safe and tefigcient application of large
guantities of mechanical tensi@@62). However, in Chapter 3 it was alsoncluded that given
neuromuscular specificity it was unlikely that EQI adaptations were beneficial to power or
speedbased movemen{262).
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Section 2

Section 2 consisted of four chapters, each determining the variability of extensive
evaluations of regional quadriceps muscle morphology and architecture, anrdngimt
specific kneeextension performance that was partially identifiedSection 1. Chagr 4
determined that regional quadriceps muscle thickness was a highly reliable measure, whereas
greater caution was required when examining quadriceps pennation angle, or fascicle length,
especially in the rectus femor{263). Additionally, the extended fieldf-view technique
offered greater confidence than trigonometric estimations of vastus lateralis fascicle length
(263). Key findings from Chapter 5 were that echo intensity could be relied upon in all regions
of the quadriceps muscles, howeyintersession variability was reduced when utilizing a
mathematical correction for subcutaneous fat thick(@&3g. Furthermore, it was deternad
that fat corrected echo intensity increased towards the myotendinous juiizé@nhapter
6 examined the variability of concentric isokikenheasures of torque and impulse throughout
the range of motio265). Key findings were that the optimal angle was highly variable, and
that impulse brackets were the masiable means of determining the concentric torgogle
relationship(265). Finally, in Chapter 7 the variability of short, medium, and long quadriceps
muscle length isometric evaltions were examine(R69). Intersession variability of peak
torgue and rate of torque development fre@00 ms could be used with confidence, regardless
of joint angle(269). However, the rate of torque development and impulse in smaller time
frames should be utilized and interpreted with caufa®).

Section 3

Within Section 3 a single chapter was used to determine the relapobhstween
several of the most reliable measures foun8aation 2. These correlational analyses were
performed to better understand the relationship between form and function, and therefore
inform researchers to which measures should be focused on thingitydinal interventions.
In Chapter 8 it was determined that the middle and distal regions of the vastus lateralis and
lateral vastus intermedius were the best predictors of isometric torque production, regardless
of the joint anglg260). Additionally, correlations between muscle architecture and isometric

torque increased at longer muscle leng#&).

Section 4
Section 4 was comprised of two acute/slterin studies examining the biomechanical

profile and physiological effects of EQI loading. Cteap9 was a withifparticipant design
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exposing each quadriceps to impuisatched bouts of isotonic EQI or isokinetic eccentric
loading(264). Though several ahe outcome variables were similar betweenditions, the
eccentric limb experienced greater muscle soreness, and wdigtiiemuscle echo intensity,

with larger reductions in concentric and isometric performance throughout the-lengjiitn
relationshp (264). Conversely, greater vastus intermedius muscle swelling occurred in the EQI
limb with similar reductions in torque outputs at shorter muscle lerf@@%. While it was

found in Chapter 9 that the majority of angular impulse in the EQI contraction occurred at
shorter muscle length@264), Chapter 10 aimed to thoroughly define the kinetics and
kinematics of EQI loading over a series of contractions. Chapter 10 confirmed that most of the
angular impulse and timendertension occurred € in the range of motion, however, the
proportion of loading shifts from short to moderate muscle lengths as the number of

contractions increas€259).

Practical applications

Strength and conditioning, and rehabilitation practitioners are constantly searching for
safe, timeefficient, and effective means of imparting mechanical tension and improving
muscle size and function. Therefore, one of the aims of the thesis was to inform practitioners
of the potential benefits and drawbacks of EQI loading. Some of the main practioag$in
were:

1 Isometric resistance training can be utilized to induce morphological adaptations
including muscle hypertrophy and increased tendon stiff{2&83.

1 While isometric performance improvements are jainglespecific, practitioners
should prescribe isometric contractions at longer muscle lengths when increasing
muscle size, and improving performance through the range of motion is de@&i8ed

1 Practitioners aiming to improve tendon stiffness should prescribe contractions
exceeding 70% of maximal voluntary contract{(@689).

1 EQI loading is a timeefficient means of imparting high mechanical tension, with
minimal delayed onset muscle soreness or dbart performance deictions(262).

1 A high degree of inteparticipant variability exists, therefore, EQI loading should be
applied on a casky-case basif259, 264).

1 EQI training is likely a valuable tool for improving amaintaining muscle size and
joint-anglespecific strengtt{262, 264). However, EQI training is unlikely to lead to
improvements in ballistic movemen(62 264).
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EQIs may possiblybe bestimplemented near the end of a resistance training session
when overloading the entire range of motion is deg2é8, 262).
Training with EQIs is likely most beneficial in rehabilitation settings dsridge

between static and dynamic movemgRe?).

Additionally, our thesis findings can drive better methodological understanding and

practice in several areas:

T

Researchers can confidently evaluate mausigickness of all muscles and regions of

the quadriceps, however, pennation angle and calculated fascicle length should be
interpreted with caution, especially in the rectus fem@6s).

Researchers should utilize the extended {wdldiew technique to estimate vastus
lateralis fascicle lengt(263).

Echo intensity can be relied upon at all regions and muscles of the quadriceps; however,
subcutaneous fat correctianproves intersession reliabilitR67).

Impulse bracketare a more reliable means of evaluating the teaqnge relationship

of isokinetic concentric kneextensions than theptimal angle, or anglspecific
torque(265).

Isometric peak torquean be tested with high reliability across knee joint angles
however, earlystage rate of torque development and impulse should be interpreted with
caution(269).

Researchers may wish to focus on middle and distal lateral quadriceps architecture
when examining training or unloading induced adaptat{266).

Angular impulse distribution should be considered when comparing betoadition
loading(264).

Multiple points in the range of motioand regions of musclghould be evaluated to
thoroughly evaluate betwe@ondition changes in morphological and neuromuscular
variableq(259, 264).

Statistical parametric mapping may be a simple means of compaoimg-angle
specific loading duringinglejoint contractiong259).

Limitations and directions for future research

This thesis was the first to directly examine EQIs, however, two planned investigations

could not be completed due to the COVIB lockdowns particularly in Melbourne where |
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was collecting data. Complicating this was the fact that | was unable to eNewtZealand
as the borders were closed to all fwitizens or permanent residents. Thus, several limitations
and future research directions exist.

1 As kneeextension and the knee extensors were the examined movement and muscle
group of interest, future search could examine EQIs in other movements and muscle
groups.

1 Similarly, resistancérained males were the population of focus. Therefore, females
and rehabilitative populations should be examined.

1 While the kinetic and kinematic profile of EQI contracis were determined, intra
contraction fascicle tracking and region and musglecific electromyographical
measures are required to elucidate neural and contractile characteristics.

1 Peripheral nerve and transcranial magnetic stimulation techniques eatdgioyed
to delineate the sheterm performance reductions from EQI and comparative
contraction types.

1 A profile of metabolic and hormonal disruptions and muscle damage through blood and
biopsy analysis is required to understand the underlying meaiswoisthe shortor
long-term effects of EQI loading.

1 The largest limitation is the lack of any longitudinal investigation. Therefore, any
potential applications of EQI training ampeculative Longterm effects of EQI
resistance training must be detemed to understand the regional muscle and qoint

anglespecific adaptations possible in a variety of contexts.

Conclusions

This thesis was the first to perform academic research on EQI loading, with a focus on
morphologicalarchitectural, and contractile performance alterations in resisteained men.
While muscle physiologists and neuromuscular researchers can find points of value, the thesis
is most relevant to strength and conditioning and rehabilitation focusedipremst Although
extensive future research is required to understand underlying mechanisms atefnong
adaptations, the thesis provided novel and original information on the biomechanical profile
and acute and sheterm physiological effects of EQI losd). Ultimately, EQI training is
likely best applied to special or injured populations. EQI loading could play a role in general
preparatory, unloading, or transition phases of {uigiformance populations due to the low

number of joint movements, modestisele soreness, and high time efficiency.
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Appendices
Appendices

Appendix 1. Studyquality scoring system

No. Item Score
1 Inclusion criteria stated 0-2
2 Random allocation of subjects to groups 0-2
3 Independent and dependent variables were clearly stated 0-2
4 Groups were tested for simiigr at baseline 0-2
5 A control group was utilized 0-2
6 Interventions were volume equated 0-2
7 Assessments were practically useful 0-2
8 Intervention duration was practically useful 0-2
9 Statistical anlgsis was appropriate 0-2
10 Evaluation methods are valid and reliable 0-2

Adapted from Brughelli et a(56)
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Appendices

Appendix 2. Study quality ratings

Author N Mean age Training status Volume equated Non-exercise control Qs
Alegre et al(9) 29 19.3 Untrained Yes Yes 18/20
Bandy & Hanten(35) 107 23.9 Untrained Yes Yes 18/20
Massey et al(225) 42 25 Untrained No Yes 18/20
Maffiuleti & Martin (216) 21 Unknown Untrained No Yes 17/20
Noorkoiv et al.(250 16 23.7+4 Untrained Yes No 17/20
Noorkoiv et al.(251) 16 23.7+4 Untrained Yes No 17/20
Sterling(335* 120 Unknown Active Yes Yes 17/20
Balshaw et al(32) 48 Unknown Untrained No Yes 16/20
Kanesha et a(164) 12 27.5 Untrained Yes No 16/20
Ullrich et al.(362) 10 24.4+32 Active Yes No 16/20
Williams (389* 23 22.8 Active No Yes 16/20
Bogdanis et al(49) 15 215+21 Active Yes No 15/20
Arampatzis et al(21) 21 28 Untrained Yes No 14/20
Arampatzis et al(19) 11 23.9 Untrained Yes Yes 14/20
Kubo et al.(185 8 22.6 Untrained Yes No 14/20
Waugh et al(385 14 30 Active Yes No 14/20
Lindh (209 10 26.5 Active Yes No 13/20
Meyers (231) 29 Unknown Untrained No Yes 13/20
Rasch & Pierso(i289) 29 Unknown Untrained Yes No 13/20
Tillin & Folland (354) 19 20.5 Active No No 12/20
Young et al(396) 4 20.5 Active Yes No 12/20
Khouw & Herbert(169) 51 Unknown Untrained No No 11/20
Kubo et al.(188 9 24+1 Active Yes No 11/20
Szeto et al(344) 18 Unknown Active No No 11/20
ThepautMathieu et al(353) 24 31.8 Untrained Yes Yes 11/20
Schott et al(314) 7 22.7 Untrained No No 10/20

QS = quality score. *Unpublished doctoral dissertation
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Appendix 3. Isometrically trained joint angle and hypertrophic adaptatimsiltiple
comparisonsn = 9)
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Appendix 4. Isometrically trained joint angle and strength adaptatjondtiple comparison.
n=7)
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Appendix 5. Regional quadriceps architecture averaged over three sessions

Appendices

Muscle Measuremen  Limb Proximal Middle Distal
Vastus lateralis MT (cm) Dominant 254+0.36 281+0.43 2.21+0.34
Non-dominant 2.44 +0.33 2.74+0.41 2.20+0.37
PA (°) Dominant 171+3.2 20.6 £2.6 22.7+27
Non-dominant 16.3+2.7 20.2+2.1 225%+28
FL (cm) Dominant 7.73+0.68 8.18+0.83 7.16 £0.83
Non-dominant 7.70+0.73 8.16 £0.72 7.12 +0.90
Rectus femoris MT (cm) Dominant 2.80+0.26 2.69+0.33 1.96 £0.30
Non-dominant 2.76 +0.33 2.69+0.31 1.99+0.31
Lateral MT (cm) Dominant 202+0.44 2.04+0.54 193+0.44
vastus intermedius
Non-dominant 2.01 +0.51 2.03+0.53 1.84+0.42
Anterior MT (cm) Dominant 294 +0.46 2.24+0.47 1.88+0.42
vastus intermedius
Non-dominant 2.96 +0.47 2.36 £+ 0.49 1.78 +0.37

MT = muscle thickness. PA = pennation angle. FL = fascicle length. Data are mean + SI
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Appendix 6. Differences in adjusted simple correlatio@BdjR?), with compatibility
limits and magnitudéased decisions, betweemormalized maximal voluntar
isometric torque and regional quadriceps measures

Joint angle Region comparison opGadjR? (90%CL) Decision

Vastus lateralis muscle thickness

40° DistalProximal 0.43 (0.06, 0.65) Moderate**
DistaFMiddle 0.09(-0.12, 0.31) Trivial
Middle-Proximal 0.35 (0.03, 0.54) Moderate**

700 DistalProximal 0.35 (0.04, 0.80) Moderate**
DistatMiddle 0.02 ¢€0.17, 0.21) Trivial
Middle-Proximal 0.32 (0.09, 0.70) Moderate**

100° Distal-Proximal 0.29 (0.00, 0.78) Small**
DistaFMiddle -0.03 €0.22, 0.17) Trivial
Middle-Proximal 0.32 (0.13, 0.68) Moderate***

Vastus lateralis pennation angle

40° DistalProximal 0.25 ¢0.10, 0.63) Small
DistaFMiddle 0.23 €0.17, 0.60) Small
Middle-Proximal 0.02 ¢0.27, 0.38) Trivial

70° Distal-Proximal 0.20 €0.23, 0.60) Small
Dista-Middle 0.03 £0.52, 0.50) Trivial
Middle-Proximal 0.17 €0.18, 0.59) Small

100Q° DistalProximal 0.37 €0.06, 0.69) Moderate**
DistaFMiddle 0.22 €0.20, 0.60) Small
Middle-Proximal 0.15 €0.24, 0.54) Small

Vastus lateralis fascicle length

40° DistalProximal -0.11 €0.56, 0.28) Small
DistalMiddle -0.13 €0.52, 0.22) Small
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Middle-Proximal 0.03 €0.28, 0.32) Trivial
70° DistalProximal -0.22 €0.67, 0.10) Small
DistaFMiddle -0.13 €0.50, 0.23) Small
Middle-Proximal -0.09 €0.45, 0.18) Trivial
100° DistalProximal -0.31 €0.72, 0.01) Small**
DistaFMiddle -0.09 €0.45, 0.26) Trivial
Middle-Proximal -0.21 €0.59, 0.08) Small*
Rectus femoris muscle thickness
40° Distal-Proximal 0.28 €0.32, 0.67) Small
Dista-Middle -0.13 €0.51, 0.22) Small
Middle-Proximal 0.41 (0.00, 0.62) Moderate**
70° DistalProximal 0.31 €0.31, 0.65) Moderate
DistaFMiddle -0.11 €0.49, 0.23) Small
Middle-Proximal 0.41 (0.01, 0.59) Moderate**
100° Distal-Proximal 0.23 €0.35, 0.64) Small
DistaFMiddle -0.20 €0.59, 0.15) Small
Middle-Proximal 0.43 (0.08, 0.64) Moderate**
Lateral vastus intermedius muscle thickness
40° DistalProximal -0.02 €0.31, 0.21) Trivial
DistalMiddle 0.11 €0.08, 0.32) Small*
Middle-Proximal -0.13 €0.42, 0.10) Small*
70° Distal-Proximal 0.01 €0.22, 0.23) Trivial
DistalMiddle 0.13 ¢€0.01, 0.32) Small*
Middle-Proximal -0.11 €0.40, 0.09) Small*
100° Distal-Proximal 0.12 ¢€0.10, 0.40) Small*
DistaFMiddle 0.15 (0.05, 0.32) Small**
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Middle-Proximal -0.04 €0.26, 0.19) Trivial

Anterior vastus intermedius muscle thickness

40° DistalProximal 0.09 €0.20, 0.49) Trivial
DistalMiddle 0.06 €0.19, 0.36) Trivial
Middle-Proximal 0.03 €0.19, 0.34) Trivial
700 DistalProximal 0.08 €0.24, 0.55) Trivial
DistaFMiddle 0.02 ¢0.01, 0.26) Trivial
Middle-Proximal 0.06 €0.22, 0.35) Trivial
100° Distal-Proximal 0.16 €0.18, 0.56) Small
DistaFMiddle 0.08 €0.05, 0.36) Trivial
Middle-Proximal 0.03 €0.22, 0.37) Trivial

CL=compatibility limits.*=possibly. **=likely. ***=very likely substantial. Decision:
in bold have acceptable precision with 99% Cltalicizeddecisionsare unclear.
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Appendix 7. Differences in adjusted multiple correlatio@®djR?), with compatibility
limits and magnitudéased decisions, between normalized maximal voluntary ison
torque and regional quadriceps measures

Joint angle Region comparison opCadjR? (90%CL) Decision

VL MT + VL PA + VL FL

40° DistalProximal 0.25(0.00, 0.69) Small**
DistalMiddle 0.06 €0.17, 0.42) Trivial
Middle-Proximal 0.19 €0.06, 0.56) Small*

70° DistalProximal 0.18 €0.07, 0.57) Small*
DistaFMiddle 0.07 €0.16, 0.40) Trivial
Middle-Proximal 0.11(-0.10, 0.38) Small

100° DistalProximal 0.08 €0.11, 0.43) Trivial
DistaFMiddle 0.03 €0.11, 0.23) Trivial
Middle-Proximal 0.05 (0.16, 0.35) Trivial

VL MT + VL PA + VL FL + LVI MT

40° DistalProximal 0.25 (0.02, 0.73) Small**
DistakMiddle 0.07 €0.16, 0.47) Trivial
Middle-Proximal 0.18 €0.09, 0.62) Small*

70° DistalProximal 0.20 (0.00, 0.60) Small**
DistatMiddle 0.10 €0.10, 0.48) Small
Middle-Proximal 0.10 €0.15, 0.44) Small

100° DistalProximal 0.10 €0.04, 0.37) Small*
DistatMiddle 0.05 €0.07, 0.25) Trivial
Middle-Proximal 0.05 €0.16, 0.31) Trivial

VL MT + LVI MT

40° DistalProximal 0.23 (0.04, 0.53) SmalP*
DistaFMiddle 0.10 €0.11,0.38) Small
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Middle-Proximal

0.13 ¢0.09, 0.42)

Appendices

Small*

70°

DistalProximal

DistaFMiddle

Middle-Proximal

0.20 (0.04, 0.49)
0.04 ¢0.13, 0.22)

0.16 (0.02, 0.48)

Small**

Trivial

Small*

100°

DistalProximal

DistaFMiddle

Middle-Proximal

0.20 (0.000.54)
0.03 ¢0.13, 0.19)

0.17 (0.00, 0.47)

Small**

Trivial

Small*

RF MT + AVI MT

40°

DistalProximal

Distal-Middle

Middle-Proximal

0.38 (0.34, 0.74)
-0.18 ¢£0.61, 0.26)

0.56 €0.01, 0.69)

Moderate
Small

Large**

70°

DistalProximal

Distal-Middle

Middle-Proximal

0.34 ¢0.34, 0.72)
-0.12 €0.60, 0.28)

0.46 (0.02, 0.67)

Moderate

Small

Moderate**

100°

DistalProximal

Distal-Middle

Middle-Proximal

0.18 ¢0.32, 0.65)
-0.17 €0.61, 0.14)

0.35 (0.04, 0.71)

Small

Small

Moderate**

VL MT + VL PA + VL FL + RF MT + LVI MT + AVI MT

40°

DistalProximal

DistaFMiddle

Middle-Proximal

0.37 (0.02, 0.94)
0.11 ¢0.15, 0.69)

0.25 ¢0.18, 0.77)

Moderate**

Small

Small

70°

DistalProximal

Distal-Middle

Middle-Proximal

0.25 (0.01, 0.70)
0.13 €0.09, 0.61)

0.11 ¢0.31, 0.53)

Small**

Small*

Small

100°

DistalProximal

Distal-Middle

0.12 (0.07, 0.53)

0.05 ¢0.08, 0.33)

Small*

Trivial*
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Middle-Proximal 0.07 €0.22, 0.48) Trivial

CL=compatibility limits.VL=vastus lateralis. LVI=lateral vastus intermedius. RF=re«
femoris. AVI=anterior vastus intermedius. MT=muscle thickness. PA=pennation
FL=fascicle length. *=possibly. **=likely substantial. Decisionswld have acceptabl
precision with 99% Cs. Italicizeddecisionsare unclear.
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Appendix 8. Differences in adjusted multiple correlatiol@®gjR?), with compatibility
limits and magnitudéased decisions, between lateral (vastus lateralis + lateral \
intermedius) and anterior (rectus femoris + anterior vastus intermedius) quac
muscle thickness

Joint angle Region opCadjR? (90%CL) Decision
40° Proximal 0.57 €0.09, 0.79) Large**
Middle 0.14 ¢0.15, 0.64) Small
Distal 0.42(-0.01, 0.88) Moderate**
700 Proximal 0.47 €0.10, 0.70) Moderate**
Middle 0.17 €0.05, 0.56) Trivial*
Distal 0.33 €0.02, 0.88) Moderate**
100Q° Proximal 0.33 €0.13, 0.72) Moderate
Middle 0.15 ¢0.08, 0.48) Small*
Distal 0.35 (0.00, 0.87) Moderate**

CL=compatibility limits. *=possibly. **=likely substantial.ltalicized decisions are
unclear.

235



Appendix 9. Raw pressurpain threshold values at each tip@int with custorreffect of betweertondition deltas

Appendices

Condition PRE 24 hours 48 hours 72 hours 7 days
Vastus lateralis
Proximal
ECC 34+15 26+1.4 27+13 3.0+x14 34+13
EQI 32+1.4 2815 3.0x15 34+1.6 34+13
Custom effect (%) 12.9% (6.7, 36.3) 14.9% (6.9, 41.8) 14% ¢1.3, 31.8) 3.8% ¢11.6, 21.8)
Custom effect (ES) * ¢ 0-0.155.6€) *¢  0-0.1590.73) * ¢  0-0.888.5%) 0.08 ¢0.26, 0.41)
Middle
ECC 29+13 23+13 24+13 29+13 3.0+13
EQI 3.0+1.3 2916 3.0x15 33x14 31+13
Custom effect (%) 16.5% (3.7, 31.2) 17.7% (10.3, 25.5) 8.1% ¢1.2, 18.3) 1.9% ¢12.1, 18.1)
Custom effect (ES) *9 0.32 (0. **¢g 0.33 (O 0.16(-0.02, 0.34) 0.04 ¢0.26, 0.34)
Distal
ECC 29+1.6 2316 24+1.3 26+1.4 3.0+1.6
EQI 29+15 2715 2716 3.0+1.6 30+x1.4
Custom effect (%) 25.9% (8.6, 46) 10% ¢2.1, 23.6) 15.8% (9.2, 22.7) 7% (-15.5, 32.9)
Custom effect (ES) **g 0.40 (O * ¢ 0 .-10%, 0.87) **yg 0.26 (C 0.12 ¢0.39, 0.44)
Rectus femoris
Proximal
ECC 3.0+1.3 22+13 25+15 2815 3.2+13
EQI 32+1.4 26+1.4 2916 3216 34+1.4
Custom effect (%) 13.8% (4.8, 36) 9.9% ¢1.6, 22.9) 11.4% ¢3.9, 29.2) -1.2% €14.5, 14.2)
Custom effect (ES) * ¢ 0-0.2 7.65X *§  00.02 0.44) * ¥  0-0.0830.59) -0.03 €0.33, 0.28)
Middle
ECC 28+1.5 24+1.3 24+1.4 2715 29+1.1
EQI 3.3+1.6 2915 29+1.38 34+1.4 34+1.6
Custom effect (%) 4.9% (6.4, 17.6) -3.9% (26.5, 25.7) 14.8%, (4.4, 37.9) 0.05% ¢16.6, 21)
Custom effect (ES) 0.08 ¢0.12, 0.29) -0.07 €0.54, 0.4) 0.24 ¢0.08, 0.57) 0.01 ¢0.32, 0.34)
Distal
ECC 31+15 2315 22+1.2 2712 31+1.4
EQI 33+1.4 32+1.6 3.0+19 34+16 3415

Custom effect (%)
Custom effect (ES)

30.4% (6.8, 59.2)

***S‘/ 0.54 (‘

12.3% ¢18.5,54.6)
0.24 ¢0.41, 0.88)

16.9% (11.4, 54.2)
0.32 ¢0.25, 0.88)

1.6% ¢14.5, 20.7)
0.03 ¢0.32, 0.38)

ECC = Eccentric. EQI = Eccentric quasis o me t r i c .

with (95% Compatibility intevals). Asterisks indicate substantial effects with adequate precision as folfmgsibly ** likely, *** verylikely, **** mostlikely.
difference for proximal/middle/distal regions r@evastus lateralis = 5%/9.7%/11%; rectus femoris = 9.4%/11.1%/9.1%.

y

|l arger

ECC.
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Appendix 10. Raw muscle thickness values at each tpumt with custom effect of betweaondition deltas

Appendices

Condition PRE POST 24 hours 48 hours 72 hours 7 days
Vastuslateralis MT (cm)
Proximal
ECC 2.58+0.28 2.67+0.27 2.68 +0.29 2.60+0.26 2.59+0.26 2.59+0.25
EQI 2.53+0.31 2.56 +0.27 2.59+0.36 2.58+0.3 2.56 +0.28 2.52+0.27
Custom effect (%) -2.5% (7.1, 2.4) -1.9%(-6.8, 3.3) 1% (2.2, 4.2) -0.1% ¢4.7, 4.2) -0.9% ¢4, 2.2)
Custom effect (ES) * $0.21 ¢€0.61, 0.19) -0.16 €0.59, 0.27) 0.08 ¢0.18, 0.35) -0.01 ¢0.38, 0.36) -0.08 €0.34, 0.18)
Middle
ECC 2.83+0.34 2.91+0.35 2.86 +0.34 2.82+0.32 2.8+0.38 2.81+0.36
EQI 2.65+0.33 2.75+0.30 2.76 £0.32 2.71+0.32 2.7+0.31 2.66 +0.32
Custom effect (%) -0.4% 2.5, 3.4) 2.2% €1.2,5.6) 1.4% €2.7,5.7) 2.1% €0.01, 15.3) 1% (-1.4, 3.6)
Custom effect (ES) 0.03 ¢€0.19, 0.26) 0.16 ¢0.09, 0.42) 0.11 ¢€0.21, 0.42) 0.12 ¢0.1, 0.28) 0.09 ¢€0.26, 0.32)
Distal
ECC 2.17+0.44 2.28+0.46 2.23+0.43 2.22+0.44 2.22+0.43 2.20+0.41
EQI 2.09+0.42 2.16 +0.45 2.14+041 2.12+04 2.12+0.37 2.08+0.41
Custom effect (%) -1.6% ¢6.6, 3.3) -1% (4.8, 3) -1.1% ¢€4.9, 3) -1.3% ¢3.9, 1.4) -2.1% ¢4.9, 0.8)
Custom effect (ES) -0.08 ¢0.31, 0.15) -0.4 (0.23, 0.14) -0.05 €0.24, 0.19) -0.06 €0.19, 0.06) -0.1 (0.23, 0.04)
Lateral
vastus intermedius MT (cm)
Proximal
ECC 2.04 +0.46 2.00+0.43 2.02+0.40 2.00+0.39 2.02+0.43 2.01+0.44
EQI 1.95+0.40 2.05+0.39 2.06 +0.46 2.07+0.43 2.04+041 1.96 £ 0.40
Custom effect (%) 6.8%(3.4, 10.4) 4.8% (0.3, 10.1) 7.1% (3.2, 11.2) 5.1% (1.5, 8.9) 1.7% ¢0.4, 3.8)
Custom effect (ES) **7 0.28 ( * 7 .02 0.41) **7 0.29 ( *7Z 0.22 (0. 0.07¢0.02, 0.16)
Middle
ECC 2.34+0.50 2.31+0.46 2.37+0.52 2.32+0.50 2.35+0.48 2.35+0.49
EQI 2.26 +0.42 2.37+£0.40 2.38+0.52 2.37+0.48 2.33+0.44 2.24+0.43
Custom effect (%) 5.9% (1.5, 13.8) 3.4% (5.5, 13.1) 4.8% (2.6, 12.8) 1.8% ¢3.6, 7.6) -2% (5.8, 2.1)
Custom effect (ES) * 7  0-0.07,00.58%) 0.15 ¢0.26, 0.56) * 7 0-0.12]10.5%) 0.08 ¢0.17, 0.33) -0.09 €0.27, 0.09)
Distal
ECC 2.10+0.38 2.16+0.34 2.14+0.34 2.13+0.37 2.10+0.39 2.1+0.39
EQI 2.05+0.31 2.10 +0.29 2.08 +0.33 2.10+0.32 2.08 +0.32 2.03+0.30
Custom effect (%) -1% (-0.6, 0.43) -1.3% (7.7, 5.6) 0.5% ¢3.9,5.2) 1.9% ¢2.3, 6.3) -1.1% ¢4, 1.8)
Custom effect (ES) -0.05 €0.44, 0.3) -0.07 €0.56, 0.25) 0.03 ¢0.22, 0.28) 0.1(-0.13, 0.33) -0.06 €0.23, 0.1)
Rectus femoris MT (cm)
Proximal
ECC 2.58+0.45 2.71+0.44 2.73+0.42 2.68+0.46 2.63+0.41 2.59+0.42
EQI 2.61+0.51 2.79+0.55 2.69+0.49 2.67 £0.50 2.70+£0.49 2.61+0.52
Customeffect (%) 2.2% ¢2.6,7.2) -2.1% (5.6, 1.6) -0.9% 2.8, 1) 2% (1.5, 5.7) -0.3¢2.5,1.9)

Custom effect (ES)

0.11 ¢€0.13, 0.36)

-0.11 €0.30, 0.8)

-0.05 €0.15, 0.05)

0.1 (0.08, 0.29) -0.02 ¢€0.13,0.1)
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Middle
ECC 2.72 +0.34 2.96 £ 0.47 2.90+0.48 2.80+£0.41 2.81+0.35 2.76 £ 0.37
EQI 2.71 +0.46 2.91 +0.46 2.73+0.48 2.73+0.48 2.73+0.46 2.70 £ 0.46
Custom effect (%) 0.5% €2.7, 3.6) -4.9% €10.4, 1) -1.9% ¢5, 1.3) -2.8% (6.5, 1.2) -1.7% ¢4.3, 1)
Custom effect (ES) 0.03 ¢0.16, 0.23) * $0.31 ¢0.68, 0.06) -0.12 ¢0.32, 0.08) 0.15 ¢0.38, 0.11) -0.1 ¢0.27, 0.06)

Distal
ECC 2.07 £0.37 2.34+0.44 2.13+041 2.10+0.34 2.09+0.35 2.07 £0.36
EQI 2.02 +0.38 2.21 +0.42 2.08 +0.37 2.06 + 0.36 2.06 +0.37 2.02+£0.36
Custom effect (%) -3.2% ¢8, 1.8) 0.7% €2.9, 4.5) 0.5% ¢2, 3.1) 0.9% ¢1.7, 3.6) 0% (2.2, 2.4)
Custom effect (ES) -0.15 (€0.39, 0.09) 0.03 ¢0.14, 0.21) 0.02 €0.1, 0.15) 0.04 ¢0.08,0.17) 0(-0.11, 0.11)

Anterior
vastus intermedius MT (cm)

Proximal
ECC 3.37 £ 0.50 3.54+0.50 3.49+043 3.44 +0.47 3.41+0.48 3.33+0.45
EQI 3.23+0.46 3.33+041 3.31£0.47 3.3+0.44 3.31+£0.49 3.23+0.43
Custom effect (%) -2.4% (5, 0.3) -2.3% (6.4, 1.9) -0.4% (3.2, 2.6) 0.8% (2.5, 4.1) 0.8% (0.9, 2.6)
Custom effect (ES) -0.15 ¢0.32, 0.02) -0.15 €0.41, 0.12) -0.02 €0.21, 0.16) 0.05 ¢0.16, 0.25) 0.05 ¢0.06, 0.16)

Middle
ECC 2.72+0.38 2.79£0.37 2.80+£0.39 2.76 £0.37 2.74 £0.36 270+£0.34
EQI 2.68 £0.38 2.74 £0.37 273+04 2.74 £0.36 2.75+0.39 2.70+£0.35
Custom effect (%) -0.8% (5.6, 4.2) -1.2% (6.3, 4.1) 0.5% (3.6, 4.7) 1.3% (3.2, 5.9) 1.2%(-0.4, 2.9)
Custom effect (ES) -0.06 ¢0.4, 0.29) -0.09 €0.46, 0.29) 0.03 ¢0.26, 0.32) 0.09 ¢0.23, 0.41) 0.08 ¢0.03, 0.2)

Distal
ECC 2.33+0.34 2.30+£0.28 2.29+0.29 2.30+0.32 2.27£0.32 2.21+0.28
EQI 2.25+0.32 2.35+0.29 2.30+£0.31 2.31+0.32 2.29+0.32 2.24+£0.27
Custom effect (%) 1.1% 3.1, 5.4) -0.2% (4.2, 3.9) -0.4% (4.2, 3.6) 0% (3.1, 3.2) 0.9% (0.7, 2.4)
Custom effect (ES) 0.07 ¢0.1, 0.65) -0.02 ¢€0.29, 0.26) -0.03 ¢€0.29,0.24) 0(-0.21, 0.21) 0.06 ¢0.04, 0.16)

MT = muscle thickness. cmeentimeers. ECC = eccentric. EQI = eccentric quass o me t r i ¢ .
Data are mean * standard deviation or the effect with (@b#bpatibility intervals). Asterisks indicate substantial effects with adequate precision as foflossibty ** likely, *** verylikely, **** mostlikely.
/distahrégloms svere: vastys tateralia 1 2.4%(P 6%/4.350r |atarat vestus intermeuliuso=x4.6%1a 4%/ 3 18%; dedtlis demoriD %Al 69463

in ECC. Z = larger effect in
anterior vastus intermedius = 3.2%/2.9%/3%.

EQI .

Cust om ef f e d{ES)adjustad fof idividual tal impWse and PRE vallie ¢f thendéendent var

gy = 1l a
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Appendix 11. Raw vastus lateralis pennation angle and faslgolgth values at each tiapint with custom effect of betweaondition

Appendices

deltas
Condition PRE POST 24 hours 48 hours 72 hours 7 days
Vastus lateralis
pennation angle (°)
Proximal
ECC 17.9+£3.43 17.8+4.7 185+4.3 17.9+4.3 17.9+4.1 17.8+4.3
EQI 18.9+5.73 18.6 +5.0 18.8+5.2 18.0+4.6 17.9+4.6 17.2+4.2
Custom effect (%) 2.1% ¢12.5, 19.1) -2% (15.2, 13.2) -2.7¢0.14.1, 10.1) -2.8% (14.8, 10.8) -3% (12.5, 7.4)
Custom effect (ES) 0.07(-0.47, 0.61) -0.07 ¢0.58, 0.44) -0.1 ¢0.53, 0.34) -0.1 ¢0.56, 0.36) -0.12 ¢0.49, 0.25)
Middle
ECC 23.2+45 221+51 22.0+44 21.9+338 224+46 23.0+5.1
EQI 21+3.7 21.6+3.6 21.9+3.2 21.2+45 21.3+5.2 21.4+45
Custom effect (%) 7.3% (1, 16.2) 7.3% (4.5, 20.5) 2.9% ¢10.3, 18.1) 2.6% (11.6,19.1) 2.7% (7.8, 14.4)
Custom effect (ES) * % 7 00.0%8 @.72) 0.34 ¢0.22, 0.89) 0.14 ¢0.52, 0.8) 0.12 ¢0.59, 0.84) 0.13 ¢0.39, 0.65)
Distal
ECC 26.5+4.6 27.0+4.1 253+4.1 27.1+6.0 26.7+5.2 26.2+5.2
EQI 25.7+4.38 240+ 3.8 245+35 25.2+45 247+4.8 257+5.1
Custom effect (%) -8.7% (15.6,-1.4) -0.4% (7.4,7.1) -4.5% (15.7, 8.2) -4.5%(-11.1, 2.5) 1.1% ¢8, 11.1)
Custom effect (ES) * * {).49 ¢0.9,-0.07) -0.02 €0.41, 0.37) -0.24 €0.91, 0.42) * §0.25 ¢0.63, 0.13) 0.06 ¢0.45, 0.56)
Vastus lateralis
fascicle length (cm)
Proximal
ECC 7.22+1.04 7.35+0.81 7.57+0.83 7.26 +0.59 7.25+0.65 7.30+0.93
EQI 7.43 +0.85 7.03+0.73 7.13+0.90 7.38+0.71 7.22 +0.67 7.36 £0.93
Custom effect (%) -6.2% ¢11,-1.2) -8.3% (12.6,-3.7) -0.3% (4.1, 3.6) -2.4% (4.8, 0.1) -2.1% (5.7, 1.6)
Custom effect (ES) * * .49 (0.89,-0.09) * %0266 (1.04,-0.29) -0.17 €0.36, 0.04) -0.16 ¢0.33, 0.05) -0.16 €0.45, 0.12)
Middle
ECC 7.42 +0.62 7.33+0.75 7.32+0.74 7.33+0.70 7.43 +0.65 7.41+0.71
EQI 7.39 £1.15 7.29+1.08 7.51+1.02 7.65+0.95 7.73+0.95 754 +1.17
Custom effect (%) 0.1% ¢5, 5.4) 3.6% €1.9, 9.3) 4.8% (€0.83, 11.1) 4.5% (0.08, 9.4) 2.2% ¢3.4,8.1)
Custom effect (ES) 0(-0.4,0.41) * ¢  0-0.15,0.69) *x g 00.080082)( **y ©€0.08Ba69) 0.17 ¢0.27, 0.6)
Distal
ECC 6.95+0.74 6.89 +0.61 6.90 + 0.58 6.77 £ 0.61 6.89+0.71 6.99 +0.83
EQI 6.73 +0.82 6.68 + 0.65 6.79+0.79 6.74 +0.88 6.77 £ 0.61 6.80 £ 0.67

Custom effect (%)
Custom effect (ES)

-0.8% (5.6, 4.2)
-0.07 €0.5, 0.36)

0.7% (5.7, 7.6)
0.06 €0.51, 0.63)

1.7% ¢4.5, 8.6)
0.14 ¢0.4, 0.69)

0.9% (3.6, 5.8)
0.08 ¢£0.32, 0.48)

0.8% (2.8, 4.5)
0.07 ¢0.24, 0.38)

° = degrees. cm = centimeters. ECC = eccentric. EQI = eccentriciggasime t r i ¢ .

Custom ef f e d(ES)adjusted fof imividual otal impWse and PRE vallie df thendépendent variable. Data are
standard deviation or the eftewith (95% Compatibility intervals). Asterisks indicate substantial effects with adequate precision as faltmsily ** likely, *** verylikely, **** mostlikely. ¢
effect in EQI. Smallest important difference foopimal/middle/distal pennation angle were: 5.7%/4.2%/3.8%; fascicle length: 2.6%/2.6%/2.3%.

|l arger eff
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Appendix 12. Raw echo intensity values at each tipwnt with custom effect of betweaondition deltas

Appendices

Condition PRE POST 24 hours 48 hours 72 hours 7 days
Vastus lateralis El (a.u)
Proximal
ECC 70.6 +10.0 776+12.1 73.2+155 73.2+12.4 68.7 +10.0 715+11.9
EQI 70.5+14.2 73.7+14.8 71.2+12.0 71.6 +10.3 69.2+10.8 68.5+14.0
Custom effect (%) -4.7% €11, 2.1) -1.6% 9.3, 6.8) -1% (5.9, 4.2) 1.1% ¢3.9, 6.3) 1.1% ¢5.6, 8.2)
Custom effect (ES) -0.2(-0.62, 0.18) -0.08 €0.52, 0.35) -0.05 €0.32, 0.22) 0.06 ¢0.21, 0.32) 0.06 ¢0.3, 0.42)
Middle
ECC 590.5+7.9 65.9+11.6 64.6+12.4 62.9+8.5 60.8+7.9 61.2+7.4
EQI 61.4+9.1 66.4+9.1 63.2+84 62.6+7.4 59.8+9.8 59.9+8.7
Custom effect (%) -1.4% 9.3, 7.2) -4.4% €10.9, 2.7) -2.4% (7.2, 2.7) -4.4% €12.4, 4.3) 3% (10.1, 4.7)
Custom effect (ES) -0.1 (0.67, 0.48) -0.11 ¢0.59, 0.18) -0.14 ¢0.51, 0.18) -0.21 ¢0.71, 0.29) 0.21 ¢0.73, 0.32)
Distal
ECC 69.1+6.6 82.4+9.3 70.5+8.0 71.3+8.0 70.3+84 69.9+9.3
EQI 68.6 + 8.0 79.8+8.2 71.9+95 71.9+10.3 68.9+6.4 67.7+7.3
Custom effect (%) -2.5% 7.8, 3.1) 2.5% ¢2.8, 8.3) -0.2% ¢5.9, 5.8) -1.2% ¢6.3,4.3) 0.9% (5.3, 7.4)
Custom effect (ES) -0.22 €0.72, 0.28) 0.23 ¢0.26, 0.71) -0.02 €0.54, 0.5) -0.1 (0.58, 0.37) 0.08 ¢0.49, 0.64)
Lateral
vastus intermedius El (a.u)
Proximal
ECC 43.3+10.3 47.3+10.2 44.3+10.2 43.1+9.2 43.4+10.2 42.6 +9.7
EQI 41.9+11.6 449+11.2 419+10.1 426+9.4 40.5+9.9 41.3+10.9
Custom effect (%) -0.5% (6.3, 5.8) -0.4% ¢0.9, 8.9) 3.7% €1.7, 9.5) -1.1% ¢8.1, 6.4) 4.2% (4, 13.1)
Custom effect (ES) -0.02(-0.23, 0.20) -0.02 £0.34, 0.31) 0.13 ¢€0.06, 0.32) -0.04 (0.3, 0.22) 0.17 ¢1.2, 0.56)
Middle
ECC 28.6 +10.1 32.9+13.0 30.2+9.8 29.5+10.0 28.1+8.7 22.2+12.1
EQI 29.2+8.8 32.6+95 30.3+7.9 30.9+8.2 27.0+5.3 285+6.7
Custom effect (%) -2.1% €12.8, 10) -1.4% €12.4, 11) 3.7% ¢8.9, 17.9) -4% (9.3, 1.6) -3.5% €11.3, 5.1)
Custom effect (ES) -0.07 €0.46, 0.32) -0.05 €0.44, 0.35) 0.12 ¢0.31, 0.55) -0.14 ¢0.33, 0.05) -0.12 €0.4, 0.17)
Distal
ECC 31.2+11.6 36.5+8.6 32274 30.6 +8.0 30.6 +8.5 309+74
EQI 31.0+11.6 34.2+12.0 343+14.1 33.7+134 31.4+10.0 31.5+10.7
Custom effect (%) -7.9% €19.2,5.1) 2.5% ¢8.7, 15.1) 3.4% ¢12.7,19.8) 3.3%(-6.2, 13.8) 1.6% ¢6, 9.8)
Custom effect (ES) * §0.25 ¢0.65, 0.15) 0.07 ¢€0.28, 0.43) 0.09 ¢0.22, 0.28) 0.1 (0.2, 0.39) 0.05 ¢0.19, 0.28)
Rectus femoris El (a.u)
Proximal
ECC 74.1+20.6 78.2+17.8 74.3+18.5 75.6 + 16.3 74.6 +16.2 72.3+18.4
EQI 74.7+19.1 78.9+16.3 77.1+18.6 78.7+15.2 73.9+155 749+195
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Custom effect (%)
Custom effect (ES)

0.4% (4.7, 5.8)
-0.04(-0.3, 0.23)

3.1% (3, 9.6)
0.1 ¢0.11, 0.31)

4% (2.4, 10.8)
0.11 €0.1, 0.32)

-1.3% (6, 3.7)
0.4 (0.21, 0.12)

Appendices

-1.1¢8.5, 6.9)
-0.04 ¢0.3, 0.23)

Middle
ECC 709+11.4 85.6 +12.7 72.7+11.6 70.1+115 69.7£11.0 69+11.3
EQI 69.8 + 9.6 81.4+11.2 71.0+10.8 72.1+8.2 69.1 +12.7 68.8+8.3
Custom effect (%) -3.9% (9.1, 1.6) -1.1% €7.2,5.4) 3.2% €2.1, 8.7) 0.1% ¢8.6, 9.6) 1.3% ¢4.9, 8)
Custom effect (ES) * $0.25 ¢0.6, 0.1) -0.07 €0.47, 0.33) 0.16 ¢0.17, 0.49) 0.01 ¢0.57, 0.58) 0.08 ¢0.32, 0.49)

Distal
ECC 729+11.1 92+11.0 75.7+11.8 72.2+11.9 70.2+11.8 71.3+119
EQI 73.9+9.6 85.6 +12.2 76.9+7.8 74.0 +8.3 71.8+10.1 75.4+115
Custom effect (%) -8.3% (5.4,-7.9) 1% (5.4, 7.9) 2.4% (5.2, 10.5) 1.6%(-7.3, 11.4) -1.7% (8.5, 5.7)
Custom effect (ES) * * 2(P55 ¢€0.93,-0.17) 0.07 ¢0.36, 0.49) 0.15 ¢0.34, 0.64) 0.1 (0.49, 0.69) -0.11 ¢0.57, 0.35)

Anterior
vastus intermedius El (a.u)

Proximal
ECC 39.4+11.7 41.4+11.2 40.1+11.4 40.9+11.2 40.0+11.2 39.8+11.7
EQI 40.3+11.0 40.3+11.2 39.8+10.9 40.0+10.1 39.6+11.4 404 +£115
Custom effect (%) -4.3% (9.2,-1.3) -3.3% (6.9, 0.5) -4.1% 7.3, 0.8) -3.6% (6.6,-1) -2.9% (7.5, 1.9)
Customeffect (ES) -0.15 ¢€0.3,-0.06) -0.11 ¢0.23, 0.02) -0.14 ¢0.25,-0.02) -0.11 ¢0.23, 0.03) -0.1 ¢0.25, 0.06)

Middle
ECC 33.2+5.2 34.6+£6.9 345+6.3 34.0+4.7 326+4.1 33.0+7.0
EQI 31.8+4.8 34.1+£6.5 33.9+6.5 324+50 31.7+4.8 33.2+7.1
Custom effect (%) 3.2% (1.5, 8.2) 2.3% (6.1, 11.6) -2.1% (8.9, 5.2) -0.3% (6, 5.7) 2.2% (2.3, 6.9)
Custom effect (ES) 0.19 ¢0.09, 0.47) 0.14 ¢0.38, 0.65) -0.13 €0.56, 0.31) -0.02 ¢0.37, 0.33) 0.15(-0.12, 0.41)

Distal
ECC 38.0£85 40.4+7.0 39.0+74 37.9+6.3 38.0£7.3 38.7+9.3
EQI 36.5+7.0 36.7+4.8 38.3+7.6 38.0+8.0 35.9+6.7 36.7+6.9
Custom effect (%) -4.9% ¢10.7, 0.9) 0.9% ¢5.5, 7.8) 2%(-5.8, 10.4) -3.1% €11.9, 6.6) 3.3% (6.6, 14.1)
Custom effect (ES) -0.19 €0.57, 0.18) 0.04 ¢0.27, 0.35) 0.09 ¢0.28, 0.47) -0.15 ¢€0.6, 0.3) 0.15 ¢0.32, 0.62)

El = echo intensity. a.u = arbitrary units. ECC = eccentric. EQI = eccentriciquwasi me t r i ¢ .

Cust om ef f e di{ESrdjudtedffor iedividual dcotal infpitse anal RRE v&ue bf¢ha dependent var

Data are mean + standafeviation or the effect with (95% Compatibility intervals). Asterisks indicate substantial effects with adequate prefaitiorsa$possibly **likely, *** verylikely, *** mostlikely. § = 1 a

in ECC. Z =

I ar

ger

anterior vastus intermedius = 6.2%/3.4%/4.2%.

e dnf déference ifon prokir@el/middI&/distal régiers tvera: vagius fateralis = 3.8%/3.8%/2.3%; rectus femoris = 5.9%/3.28té3al ¥adtus intermedius = 5.6%/6.0%/6.5
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Appendix 13. Raw anglespecific concentric peak torque, total impulse, and angle specific impulse values at egudirttiméth custom effect of betweaondition deltas

Appendices

Condition PRE POST 24 hours 48 hours 72 hours 7 days
Peak concentric
torque (Nm)
ECC 2142 +32.2 189.7 +41.7 181.5+ 34.6 184.2 +35.8 196.4+32.4 2144+ 37.0
EQI 208.9 + 31.9 200.7 £179.2 179.2 £ 27.3 186.8 £ 33.3 191.0£28.9 205.9+31.0
Custom effect (%) 8.7% (0.4, 17.7) 1.5% (4.8, 8.2) 3.5% (8.7, 17.3) -0.7%(-8.8, 8) -1.9% (9.6, 6.4)
Custom effect (ES) **9g 0.5 (0. 0.09 ¢€0.30, 0.47) 0.2 ¢0.55, 0.96) -0.04 €0.55, 0.46) -0.12 ¢€0.6, 0.37)
Total concentric
impulse (Nm.s)
ECC 2454 +39.2 216.9+47.2 214.7+41.3 217.7 £39.0 226.8 +49.1 249.1 +41.2
EQI 239.5+37.3 229.6 £ 51 210.1+334 220.0 +39.3 222.5+38.3 239.7 +36.8
Custom effect (%) 8.3% (0.4, 0.16.9) 0.4% €5.7, 4) 2.8% (8.3, 15.2) -0.2% (8.4, 8.8) -1.9% 8.9, 5.7)
Custom effect (ES) * * 45 (0.02, 0.88) 0.02 ¢€0.33, 0.38) 0.15 ¢€0.49, 0.8) -0.01 ¢0.49, 0.47) -0.11 ¢0.52, 0.31)
Angle-specific
impulse (Nm.s)
100-90°
ECC 26.7+8.3 20.8+6.5 22.1+53 23455 23.0+5.7 252+5.9
EQI 26.1+5.6 24.7 +6.6 23.3+54 23.2+47 239+5.1 26.0+5.3
Custom effect (%) 19.7% (6.2, 34.8) 5.1% (3, 13.9) -1% (12, 11.5) 4.5% (5.6, 15.8) 3.8% (2.3, 10.4)
Custom effect (ES) **xxg 0.57 ( * g  0-0.1, ®41) -0.03 €0.41, 0.34) 0.14(-0.18, 0.46) 0.12 ¢0.07, 0.31)
90-80°
ECC 313+7.1 25.8+6.2 26.9+6.3 274+6.1 285+59 30.7+6.1
EQI 31.6+6.0 30.2+7.2 27.4+53 275+5.2 285+4.7 31.2+5.6
Custom effect (%) 15.6% ¢5.2, 26.9) 1.1%(-4.6, 7) -0.4% €11, 11.5) -0.7% ¢8, 7.3) 0.6% €7.3,9.2)
Custom effect (ES) **xg 0.6 (C 0.04 ¢€0.19, 0.28) -0.02 €0.48, 0.45) -0.3 (0.35, 0.29) 0.02 ¢0.32, 0.36)
80-70°
ECC 33.0+5.9 285+6.7 28.7+6.4 29.1+6.3 30.7+6.1 33.5+6.6
EQI 32.6+5.6 316+7.1 27.6+4.6 28.8+54 29.6+4.4 324+54
Custom effect (%) 11.7% (1.2, 23.2) -2.3% (9.2, 5.1) 0.4% ¢12.1, 14.6) -2.2% ¢10.5, 6.8) -1.9% ¢8.9, 5.7)
Custom effect (ES) * * ¢ (0.0651606) -0.12 ¢0.49, 0.25) 0.02 ¢0.66, 0.69) -0.11 ¢€0.56, 0.33) -0.1 (0.48, 0.28)
70-60°
ECC 30.8+5.6 208+7.2 29.0+5.8 29.4+59 30.9+5.7 34.4+6.5
EQI 322+51 31571 275142 29.1+53 29.6+4.3 326+5.2
Custom effect (%) 10.7% (0.5, 0.22) -0.07% (8, 7.2) 2.4% ¢12.1, 19.4) -0.7% ¢11.2, 11.1) -1.4% ¢11.5, 9.8)
Custom effect (ES) **g 0.58 (C -0.04 ¢€0.48, 0.4) 0.14 ¢0.74,1.01) -0.04 ¢0.68, 0.6) -0.08 ¢0.7, 0.53)
60-50°
ECC 32+4.6 28.4+6.3 27.8+5.3 28.4+5.6 299+57 335+6.2
EQI 3041438 29.7+6.6 26.4+3.9 285+55 26.6+5.1 30.8+4.9

Custom effect (%)

10.5% (0.5, 21.6)

-0.2% (8, 8.4)

3.8% ¢11.8, 22.1)

-0.4%(-12.5, 13.3)

-0.4% (12.5, 13.3)
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Custom effect (ES) *x9 0.62 ( -0.01 ¢0.52, 0.5) 0.23 (0.78, 1.23) -0.03 ¢0.82, 0.77) -0.03 ¢0.82, 0.77)

50-40°

ECC 28.7+4.0 25.8+5.8 25.7+5.2 25.9+4.8 27.1+5.1 30.5 $5.7

EQI 27.8+4.9 26.7 £6.6 24.1+4.0 26.4+5.8 26.5+6.1 28.0 5.2

Custom effect (%) 8% (2.2, 19.3) -2.3% ¢10.5, 6.7) 4.5% (9.9, 21.4) 0.1% ¢11.2, 12.9) -5.3% ¢13.8, 4.1)

Custom effect (ES) * % g 00.13) 5.03) -0.13 ¢0.65,0.38) 0.26 €0.61, 1.13) 0.01 €0.69, 0.71) -0.32 ¢0.87, 0.23)
40-30°

ECC 24.3+3.6 22.4+53 223+4.2 22.2+4.0 23.4+4.4 25.9+4.8

EQI 23.8+45 227+6.4 21.1+43 23.0+5.2 22.6+55 23.9+4.8

Customeffect (%) 4.3% (5.3, 14.7) -3.4% (11.2, 5) 4.7% (8.4, 19.7) -2.3% ¢11.8, 8.2) 6% (14, 2.6)

Custom effect (ES) 0.22 €0.29, 0.73) -0.19 ¢0.63, 0.26) 0.25 €0.46, 0.95) -0.12 ¢0.66, 0.42) * 20.33 (0.8, 0.14)
30-20°

ECC 20.2+3.6 18.5+ 4.8 18.2+3.6 17.9+3.0 19+ 3.4 21438

EQI 195+ 4.1 18.4+5.1 17.7+45 18.9+ 45 18.3+4.6 195+ 4.2

Custom effect (%) 4.2% (5.2, 14.5) -0.9% (9, 8) 7.3% (8.3, 19.6) 2% (10.3, 7.1) -4.4% €11.9, 3.6)

Custom effect (ES) 0.19 €0.25, 0.65) -0.4 (0.43, 0.35) * 9 0-0.18B20.82) -0.09 ¢0.5, 0.31) * 7 0-0.5810.1§)
20-10°

ECC 155+3.3 14.1+4.3 14.6 +3.2 13.8+2.5 14.6 £2.7 15.8+2.9

EQI 152 +3.4 14.0 + 4.0 13.8+3.7 14.7 +3.7 14.0+3.7 14.9+3.6

Custom effect (%)
Custom effect (ES)

3% (5.3, 12.1)
0.12 €0.21, 0.45)

-3.8% (11, 4.1)
-0.14 ¢0.44, 0.17)

7.5% (3.4, 19.6)
* 9 0-0.1B33.7X

-3.9% (11.5, 4.4)
-0.15 (0.48,0.17)

-4.9% (13.1, 4)

* Z0.2 (0.55, 0.15)

Nm =newtonrmeters. Nm.s ;newtonmeter seconds. ECC = Eccentric. EQI = Eccentricquasio me t r i c. Cust om ef f e di{ESyadjudtedffof iedividual total infplige anal RRE v&ue bf ¢ha dependent variable. Data are |
standard deviation or the effect with6f® Compatibility intervals). Asterisks indicate substantial effects with adequate precision as fqllosssbly ** likely, *** verylikely, **** mostlikely. § = |1 arger ef fect i n EsC
important difference were: peak tomg 3.4%; total impulse = 3.7%; impulse from 19 = 6.3%; 9B0° = 4.8%; 8070° = 4.0%; 7660° = 3.5%; 6660° = 3.3%; 5610° = 3.5%; 46B0° = 3.5%; 3R0° = 4.4%; 2aL0° = 5.2%.
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Appendices

Appendix 14. Raw angle specific maximal voluntaigometric torque and rate of torque development values at eachdinmtenith custom effect of betweeaondition

deltas
Condition PRE POST 24 hours 48 hours 72 hours 7 days
MVIT (Nm)
40°
ECC 198.6 £44.3 182.7 £50.1 177.0 £42.6 180.2£44.5 189.9+44.9 200.2 £ 37.6
EQI 196.8 £46.2 188.7 £ 54.2 173.1 + 38.6 184.8 £55.3 186.3 £55.8 194.1+42.1
Custom effect (%) 2.5% ¢6.3, 12.2) -0.9% ¢8.8, 7.7) 2.6% ¢6.9, 13.1) -2.2% €10.1, 6.4) -2.7% ¢9.2,4.2)
Custom effect (ES) 0.08 (0.28, 0.43) -0.03 ¢0.37, 0.3) 0.1 ¢0.29, 0.5) -0.09 ¢0.43, 0.25) -0.11 ¢0.39, 0.16)
70°
ECC 256.3 +68.2 209.9+54.5 210.7 +68.4 219.4 +64.7 229.0 +63.8 244.3 + 46.6
EQI 245.4 +59.3 226.7 £66.3 214.1 +63.7 228.2 +67.8 226.9+61.1 244.6 + 47.7
Custom effect (%) 10.4% (0, 21.9) 5.8% (6.8, 20.2) 7.9% €1.9, 18.7) 2.5% (5.3, 10.9) 2.4% 1.9, 6.9)
Custom effect (ES) **9g 0.35 ( 0.2 (0.25, 0.65) *y 0-007,0.6%) 0.09(-0.19, 0.37) 0.09 ¢€0.07, 0.24)
100°
ECC 208.1+44.4 175.1 £ 35.5 178.7 £ 45.3 184.1 +47.8 190.4 +43.7 203.6 +38.2
EQI 211.9+40.4 197.1+41.8 186.9 +£39.1 193.0+44.2 196.8 £ 34 207.8 £ 30.3
Custom effect (%) 9.8%(0.4, 20.1) 3.5% ¢5.1, 12.8) 3.7% 2.6, 10.5) 2.3% (4.3, 9.4) 1.3% ¢€1.7,4.4)
Custom effect (ES) **9g 0.39 (O 0.14 €0.22, 0.5) 0.15 ¢0.11, 0.42) 0.1 ¢0.18, 0.38) 0.05 ¢0.07, 0.18)
RTD 0-200 ms (Nm-3)
40°
ECC 679.8 +191 582.8 + 224 543.2 + 150 542.5 + 140 552.8 + 177 626.4 + 147
EQI 681.9 + 164 614.1 + 222 511.0+131 547.3+112 570.3 + 144 600.7 + 137
Custom effect (%) 5.4% (4.8, 16.7) -6.1% ¢18.7, 8.5) 1.8% (11.2, 16.8) 3.8% (3.1, 11.3) -1.1% ¢10.4, 9.2)
Custom effect (ES) * ¢  0-0.1780.5%) -0.21 €0.70, 0.27) 0.06 ¢0.40, 0.52) 0.13 ¢0.11, 0.36) -0.04 ¢0.37, 0.29)
70°
ECC 728.0 £ 254 561.3 + 240 548.3 + 167 568.5 + 180 588 + 211 687.6 + 212
EQI 675.2+211 632.3 + 224 480.4 + 180 554.8 + 167 557.4 + 157 584.0+172
Custom effect (%) 32.3% (15.3, 51.8) -4.8% €17.6, 10) 9.1% €2.5, 22) 7.2% €4.5, 20.2) 3.2% (9.5, 13.6)
Custom effect (ES) *ERxEx g 0.70 ( -0.12 ¢0.49, 0.24) * {0.22 ¢0.06, 0.50) * ¢ 0-0.111,70.48) 0.08 ¢€0.20, 0.35)
100°
ECC 608.5 + 182 461.7 + 140 498.2 + 140 480.2 + 146 572.0+176 606.7 = 180
EQI 624.3 +180 561.4 + 209 518.4 + 157 512.5 + 148 543.1+170 569.8 + 138

Custom effect (%)
Custom effect (ES)

15.3 % (0.9, 31.7)
*x9 0.42 (0

1.4% ¢9.8, 14.1)
0.04 €0.31, 0.39)

6.3% (4.8, 18.7)
* 0. 1081%, 0.61)

-7.4% ¢19.2, 6.1)

* 20.23 ¢0.63, 0.18)

-2.6% (14.2, 10.5)
-0.08 €0.46, 0.30)

Nm =newtonmeters. Nm-$= newtonmeters per second. MVIT = maximal voluntary isometric torque. RTD = rate of torque development. ECC = Eccentric. EQlic fmsints o me t r i ¢ .

Custom ef f e d{ES)adjustad

for individualtotal impulse and PRE value of the dependent variable. Data are mean + standard deviation or the effect with (95% Qdntpatiid). Asterisks indicate substantial effects with adequate precision as fopossity **likely, *** very

likely, **** mostlikely.

y =

|l arger

effect

in ECC. Z

|l arger

effect

i n E Q@%,.RTB08G0I=b.B/680%/6.8¥p.0r t ant

di fference at

400/ 70
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Appendix 15. Comparison of angular impulsiifrs?) between contractions

Appendices

Total impulse 30-40° 40-50° 50-60° 60-70° 70-80° 80-90° 90-100°
Comparison Mean Mean Mean Mean Mean Mean Mean Mean
P +SD *® +SD *® +SD ® +SD ® +SD *® +SD *® +SD *® +SD *®
c1 12267 gs=030 443 ES=-009 2925 ES=033 3073  Es=g20 2305 ES =0.03 1557 ES=016 1076 ES =0.09 356 ES =-0.18
5233 (0020500 *480 (056,039 *2615 (0060720 *2042 (013,053 *1810 (067,086 *1166 (038 070) *1634 (0.79,096) *384  (.0.80,0.44)
10623 485 2059 2658 2248 1367 959 432
c2 + 4238 13.4% 4450 -9.5% 1903 29.6% <1739 13.5% <1208 2.5% £ 1006 12.2% 4779 10.9% 4308 -21.%%
c1 12267 gs=0s51r 443 ES=017 2925  Es=0g2r 3073  Es=033 2305  Es=009 1557  Es=026 1076 Es=017 356 ES=0.15
+5233  (0.15,0.85) *480 (0.22,057) *2615 (011,1.53) *2042 (029 095 *+1810 (067,086 *1166 (g5 0.35 *1634 (065099 *384 (0.23 052
9517 360 1043 2403 2154 1935 857 299
c3 4 3592 22.4% 4303 18.7% £1113 64.3% 1716 21.8% 1117 6.6% 41565 -24.3% + 621 20.4% oo 16.0%
c1 12267 pg=q720+ 443 ES=030 2925 Es=0g90» 3073  Es=0e0 2305  Es=016 157  Es=041 1076 Es=go9 356 ES=-0.19
+5233  (0.40,1.04) *480  (0.01,060) *2615 (023 157) *2042 (002 121) *1810 (063,094) *1166 (008 0.74) *1634 (094 076) *384 (068, 0.31)
8119 221 757 1900 2041 1030 1220 437
C4 + 3415 33.8% + 145 50.1% + 774 74.1% + 1550 38.2% + 1330 11.5% + 674 33.8% +1336  134% +434 -22.86
c2 10623 Es=025 485 ES=025 2059  Es=053« 2658  Eg=013 2248 ES=008 1367  Es=037 959 ES=012 432 ES=0.35
+4237  (.0.02,0.47) *459  (.0.04,053) *1903 (010,096 *1739 (0.37,064) *1208 (024 039) *1096 (081,007) *779 (.0.14,0.39) *398 (021,092
9517 360 1043 2403 2154 1935 857 299
c3 +3502  116% 4303 347%  s1n13 498% 716 96% +1117 4.2% +1555 ~ 416% 4621 106% 1274 30.8%
c2 10623 pg=(g53~ 485 ES=052 2059  Eg=Qp@oxr 2658  pg-043 @ 2248 ES=015 1367 ES=034 999 ES =-0.16 432 ES =-0.01
4237 (0.32,074) *459  (007,097) 1903 (016 1.22) *1739 (004,090 *1208 (046,076) 1096 (028095 *779 (043,011) =398 (061,059
ca 8119 221 757 1900 2041 1030 1220 437
+ 3415 23.6% + 145 54.4% +774 632% 41550  285% 11330 9.2% + 674 247% 41336 212% +434 1.2%
c3 ol Es=oar 30 Es=oa3 M0 Es=02a 208 Es=o02 A2 Es=o0s [ Es=oer %7 Es=o018 20 Es=oz2
= (0.19,055) ~ (-0.02,0.85) (-0.06,0.54) (-0.01,0.54) * (-0.25,0.42) * (-0.05,1.40) ~ (-0.42,0.05) ~ (-0.75, 0.11)
8119 . 221 . 757 . 1900 . 2041 . 1030 ) 1220 1o a0 437 i
c4 +3415 14.7% +145 38.6% +774 27.4% + 1550 20.9% +1330 5.5% + 674 87.9% +1336 42.4% +434 46.26

o= decrease. C1 = contraction 1. C2 = contraction 2. C3 = contraction 3. C4 = contraction 4. SD = standard deviation.€E8 = pdig effgceszed Brackets show 95% compatibility limits of the BE&d = increase betweesets. H < 0.05.
**p < 0.01. **p < 0.001. p-values are Bonferroni corrected).

245



Appendix 16. Comparison of timaindertension (seconds) between contractions

Appendices

Total duration 30-40° 40-50° 50-60° 60-70° 70-80° 80-90° 90-100°
Comparison Mean Mean Mean Mean Mean Mean Mean Mean
+SD @ +SD @ +SD @ +SD @ +SD @ +SD @ +SD *® +SD @
c1 64.7 ES=022 283  Es=.007 16.1 ES=033 175 Es=018 136  Es=005 10.8 ES=029 642 ES=007 256  Es=.004
325 (001,045 *325 (061,047) *138 (009,074 *125 (017,052 *108 (0e1,070) *878 (025083 85 (0.77,0901) *299 (056 0.48)
57.1 3.08 11.6 15.3 13.2 8.32 5.92 2.67
c2 +2758 11.8%6 +3.48 -8.8% +10.6 8.0% +9.90 12.66 +8.10 2.9% +7.44 23.06 +4.55 7.8% +2.39 -4.3%
c1 64.7 ES=0.42 2.83 ES=0.24 161 gs=o078*+ 175  Es=036 136 EsS=006 108  Es=008 6.42 ES=0.14 2.56 ES=0.16
+325  (.0.10,075) *325 (021,068 *138 (013,142 *125 (0.20091) *108 (070,083 *878 (038,024 85 (064,094 *29  (.0.15 0.46)
50.3 2.07 6.40 13.3 13.1 11.6 5.36 2.06
c3 4236 22.3% 4708 26.%%6 Py 60.3% Yol 24.0% + 660 3.7% L1702 -7.41% a1s 16.5% + 300 19.%
c1 647 Es=o61» 283  Es=039r 161 Es=ogg* 175 Es=052 136 Es=o024 108 ES=058 642  Es=014 256  Es=012
+325  (0.31,092) *325 (0.02077) *138 (0.26,149) *125 (002 1020 *108 (054,101) *878 (005 1.11) *855 (096069 *299 (053, 0.29)
426 1.22 457 11.2 11.4 5.90 7.66 2.96
c4 so1a 34.2% 2058 56.%%6 +498 71.6% +9.4 36.0% +6.85 16.2%6 +383 45 5% +8.37 -19.3% +315 -15.6%
c2 571 Es=020 308  Es=028 116 Es=049r 153  Es=020 132 ES=001 832  Es=033 592 ES=012 267 ES=0.26
278 (005035 *348 (010,065 *106 (009,089 *99 (022062 *810 (046048 *744 (0770120 435  (0.16,040) *239 (0.25 0.76)
c3 50.3 2.07 6.40 13.3 . 13.1 11.6 5.36 2.06
+22.6 11.9%6 +1.98 32.8%6 +7.15 44.8% +9.11 13.1% +6.6 0.76% +10.2 39.4% +4.15 9.9% +2.00 22.9%
c2 571  Es=oa4= 308 Es=g49r 116 Eg=0g9r 153 Es=030 132 Es=023 832  Es=03 592  Es=o018 267  Es=0.10
278 (025 064) *348 (002096 *106 (016,121) *99 (004,074 *810 (035080 *74 (024,096 *455 (047,012) *239 (069,050
ca 426 1.22 457 11.2 11.4 5.90 . 7.66 2.96
+21.4 25.46 +0.98 60.4% +4.98 60.6% +9.24 26.8% +6.86 13.8% +3.83 29.1% +837 9% 4335 109
c3 50.3 ES = 0.32* 2.07 ES =0.38* 6.40 ES=0.23 133 ES=0.21 131 ES=0.24 116 ES=0.66 5.36 ES =-0.21 2.06 ES =-0.29
+226 (0.15,0.49) +198 (0.03,073) *7.15 (-0.03,0.49) *911 (-0.07,050) +6.60 (-0.01,047) *10.2 (-0.07,1.39) *4.15 (-0.47,0.06) *2.00 (-0.73,0.15)
426 1.22 ) 457 11.2 11.4 5.90 ) 7.66 ) 2.96 ]
c4 s oia 15.3% £ 008 41.1% Y408 28.6% ey 15.8% 686 13.0% 283 49.1% + pa7 42 Db 215 43. %

= decrease. C1 = contraction 1. C2 = contraction 2. C3 = contraction 3. C4 = contraction 4.
0.05. **p < 0.01. p-values are Bonferroni corrected).

SD = standard deviation. €8 = gdig efffgce sizé. Brackets show 95% compatibility limits of the B&ld = increase betweesets. p <
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Appendix 17. Comparison of velocity (degrees per second) between contractions

Appendices

Mean velocity 30-40° 40-50° 50-60° 60-70° 70-80° 80-90° 90-100°
- Mean Mean Mean Mean Mean Mean Mean Mean
Comparison gy P + SD P + SD P + SD P + SD P + SD P + SD P + SD P

c1 1.08 ES=016 353  Es=009 062 ES=029 057 ES=012 074 ES=004 093 ES=024 156 ES=008 391  ES=.004
+22  (.0.08,040) *31 (063,045 *073 (007,072 *080 (031,055 *093 (072077) *11 (033081 *12 (072088 =*34 (.058, 0.50)

co 1.23 3.25 0.86 0.65 0.76 1.20 1.69 3.75
+25 13.9% +29 -71.%% +0.94 38.%0 +1.0 14.0% +1.2 2. ™ +1.3 29.0% +22 8.3% +4.2 -3.8%

c1 1.08 ES=029 353 ES=029 062  Es=o0g0or 057 ES=022 074 ES=004 093  Es=006 156 ES=017 391 ES=0.19
+22 (024,068 *31 (027,073 *073 (0.10,150) *080 (038082 *093 (072080 *11 (034,022 *12 (0610095 *34  (.0.11,0.49)
1.39 483 1.56 0.75 0.76 0.86 1.87 485

C3 131 28.%% +51 36.8% 114 15%% +11 31.6% $15 2.7% +0.98 -7.5%% 124 19.9% +50 24.0%

c1 108 Es=048=* 353  Es=041r 062  Eg=gggm 057 ES=041 074 ES=019 093 ES=042 156  Es=018 391  Es=.014
+22 (018,078 *31  (0.04,079) *073 (048,148 *080 (005087 *09 (057,095 *11 (015099 *12 (097061 *34 (053 0.25
1.64 8.20 2.19 0.89 0.88 1.70 1.31 3.38

C4 133 51.9% £10.0 13%% £20 253% 11 56.1% +15 18.9% 196 82.8% +12 -16.0% 1392 -13.6%

c2 1.23 ES=0.16 329 EsS=032 086  Eg-qgs54r 065 Es=011 076 Es=000 120 Es=030 169 ES=009 375 ES=0.24
+25 (007,039 *29 (006070 *094 (01209 *10 (034,056 *12 (052052 *13 (080,020 *22 (032050 *42 (029 0.77)
1.39 4.83 1.56 0.75 0.76 0.86 1.87 4.85

C3 131 13.0% +51 48.6% 14 81.56 +11 15.%%6 +15 0.00% +0.98 -28.3% 104 10.%% +50 29.3%

c2 1.23 ES = 0.30* 3.25 ES = 0.55* 0.86 ES =0.76* 0.65 ES=0.28 0.76 ES=0.15 1.20 ES=0.29 1.69 ES =-0.20 3.75 ES =-0.11
+25 (0.02,058) 2.9 (0.07,1.04) +0.94  (0.04,1.48) +1.0 (-0.24,0.80) =12 (-0.48,0.78) *13  (-0.23,0.81) *2.2  (-0.50,0.10) *4.2  (-0.71,0.49)
1.64 8.20 2.19 0.89 0.88 1.70 1.31 3.38

C4 +33 33.M +10.0 152% +20 155% +11 36.9% +15 15.8% 126 41. %% +12 -22.%% +3.2 -9.9%

c3 1.39 ES=025*  4.83 ES=0.41 1.56 ES =0.30 0.75 ES=0.15 0.76 ES=0.14 0.86 ES =055 1.87 ES =-0.25 4.85 ES =-0.31
+31 (0.02,0.48) 51  (-0.01,0.74) +14  (-0.02,062) +11 (-0.17,047) *15 (-0.17,045) +098 (-0.18,1.28) +24  (-0.48,0.02) =50 (-0.78,0.16)

ca 1.64 8.20 2.19 0.89 0.88 1.70 1.31 3.38
+33 18.0% +10.0 69.8% +20 40.%% +11 18.%% +15 15.9% 126 97. %% +12 -30.0% +32 -30.3%

= increase. C1 = contraction 1. C2 = contraction 2. C3 = contraction 3. C4 = contraction 4. SD = standard deviation. ESI= phki g efffgce sizé. Brackets show 95% compatibility limits of the BQd = decrease betweeets. p <
0.05. **p < 0.01. p-values are Bonferroni corrected).
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Appendix 18. Ethical approval foChapters 410

AU

TE WANANGA ARONUI
0 TAMAKI MAKAU RAU

Auckland University of Technology Ethics Committee (AUTEC)

Auckland University of Technology

D-88, Private Bag 92006, Auckland 1142, NZ
T: +64 9921 9999 ext. 8316

E: ethics@aut.ac.nz

www.aut.ac.nz/researchethics

18 September 2018

John Cronin
Faculty of Health and Environmental Sciences

Dear John

Re Ethics Application: 18/232 The effect of eccentric quasi-isometric training on muscle morphology and
performance.

Thank you for providing evidence as requested, which satisfies the points raised by the Auckland University of
Technology Ethics Committee (AUTEC).

Your ethics application has been approved for three years until 18 September 2021.
Standard Conditions of Approval

1. A progress report is due annually on the anniversary of the approval date, using form EA2, which is available
online through http://www.aut.ac.nz/research/researchethics.

2. Afinal report is due at the expiration of the approval period, or, upon completion of project, using form EA3,
which is available online through http://www.aut.ac.nz/research/researchethics.

3. Any amendments to the project must be approved by AUTEC prior to being implemented. Amendments can
be requested using the EA2 form: http://www.aut.ac.nz/research/researchethics.

4. Any serious or unexpected adverse events must be reported to AUTEC Secretariat as a matter of priority.

5. Any unforeseen events that might affect continued ethical acceptability of the project should also be reported
to the AUTEC Secretariat as a matter of priority.

Please quote the application number and title on all future correspondence related to this project.

AUTEC grants ethical approval only. If you require management approval for access for your research from another
institution or organisation then you are responsible for obtaining it. You are reminded that it is your responsibility to
ensure that the spelling and grammar of documents being provided to participants or external organisations is of a high
standard.

For any enquiries, please contact ethics@aut.ac.nz

Yours sincerely,

o

Kate O'Connor
Executive Manager
Auckland University of Technology Ethics Committee

cc dustinoranchuk@gmail.com; Adam Storey
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