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ABSTRACT

Resistance exercise using weights typically offers constant external load during
coupled shortening (concentric) and lengthening (eccentric) muscle actions in sets
of consecutive repetitions until failure. However, the constant external load and
the inherent capability of skeletal muscle to produce greater force in the eccentric
compared with the concentric action, would infer that most actions are executed
with incomplete motor unit involvement. In contrast, use of the inertia of flywheels
to generate resistance allows for maximal voluntary force to be produced
throughout the concentric action, and for brief episodes of greater eccentric than
concentric loading, i.e. “eccentric overload”. Thus, it was hypothesized that acute
flywheel resistance exercise would induce greater motor unit and muscle use, and
subsequent fatigue, compared with traditional weight stack/free weight resistance
exercise. Furthermore, it was hypothesized that flywheel training would induce
more robust neuromuscular adaptations compared with training using weights.

A total of 43 trained and untrained men were investigated in these studies.
Knee extensor muscle activation, fatigue response and muscle use were assessed
during exercises by recording electromyographic signals and by means of
functional magnetic resonance imaging, respectively. Flywheel resistance exercise
provoked maximal or near maximal muscle activation from the first repetition,
induced robust fatigue, and prompted more substantial motor unit and muscle use
than weight stack/free weight resistance exercise in both novice and resistance
trained men. Both prior to and following five weeks of unilateral knee extension
training, the eccentric muscle activation was greater with flywheel than weight
stack training. Furthermore, weight stack training generated greater increases of
dynamic strength and neural adaptations, while flywheel training generated more
prominent hypertrophy of individual quadriceps muscles and greater
improvement of maximal isometric strength.

Hence, due to the preferential metabolic cost of the concentric rather than
eccentric actions, the maximal activation through the entire range of the concentric
action within each repetition of a set during flywheel resistance exercise probably
evoked the marked fatigue, and prompted more substantial muscle use than
resistance exercise using weights. Furthermore, while any cause-effect relationship
remains to be determined, results of the present study suggest that brief episodes
of “eccentric overload” amplify muscular adaptations following concentric-
eccentric resistance training.

Keywords: electromyography, flywheel, magnetic resonance imaging, resistance exercise
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SAMMANDRAG

Traditionell styrketraning med vikter innebar upprepat muskelarbete till
uttrottning under konstant yttre belastning. Den konstanta yttre belastningen
tillsammans med skelettmuskelns inneboende formaga att skapa storre kraft under
forlangning (excentriskt) jamfort med forkortning (koncentriskt), gor att
styrketraning med vikter medfor ofullstandig aktiveringen av motorenheter under
de flesta aktionerna i ett set. En svanghjulsergometer ddremot, skapar motstand
genom att anvianda det inre troghetsmomentet i ett svinghjul, och dérigenom
mojliggérs maximal belastning genom hela den koncentriska aktionen och
dessutom kortvariga moment av hogre belastning excentriskt jamfort med
koncentriskt, s.k. “eccentric overload”. Foljaktligen skulle traning med svanghjul
potentiellt kunna framkalla hogre akut muskelaktivering och muskelanvandning,
samt stor uttrottning, jamfort med traditionell styrketrdning. Dessutom skulle
traning med svanghjul mojligen kunna resultera i storre neuromuskuldr
anpassning jamfort med traditionell styrketraning.

Sammanlagt 43 tranade eller tidigare otranade man undersoktes i dessa studier.
For att utvardera akut muskelaktivering, trotthetssymtom och muskelanvandning
hos kndextensorerna vid upprepat koncentriskt-excentriskt arbete registrerades
elektromyografiska signaler och funktionell magnetresonanstomografi. Hos bade
nyborjare och styrketrdanade main, sa framkallade trdaning med svanghjulsergo-
meter maximal eller ndra maximal muskelaktivering fran fOrsta repetitionen, och
darmed stor uttréttning, samt en hogre muskelaktivering och muskelanvéndning
jamfort med traning i kndsparksmaskin med viktmagasin/fria vikter. I synnerhet
var det en hogre excentrisk muskelaktivering vid traning med svanghjul jamfort
med vikter. Fem veckors traning i knasparksmaskin med viktmagasin genererade
storre Okning av dynamisk styrka och neuronal adaptation, medan
svanghjulstraningen resulterade i storre muskular anpassning, d.v.s. 6kad volym
hos individuella kndextensorer och férbattrad maximal isometrisk styrka.

Pa grund av det hogre metabola kravet under de koncentriska jamfort med
excentriska aktionerna, var det troligen den ndra maximala aktiveringen genom
hela den koncentriska aktionen med svianghjulstraning som framkallade den stora
uttrottningen och hogre muskelanvandningen jamfért med traditionell
styrketraning. Trots att orsakssambandet &terstar att bevisa, sa stoder denna studie
att styrketraning med kortvariga moment av ”eccentric overload” forstdarker den
muskuldra anpassningen till f5ljd av koncentrisk-excentrisk styrketraning.

Nyckelord: elektromyografi, magnetresonanstomografi, styrketraning, svanghjul
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1. INTRODUCTION

1.1. Background of resistance exercise

Chronic resistance exercise, sometimes referred to as strength training or
weight training, promotes increases in muscle strength, power and size [1-4], and
is employed to enhance athletic performance [5-7]. Typically, resistance exercise is
performed with coupled shortening (concentric) and lengthening (eccentric)
muscle actions, whiles the number of sets and repetitions vary depending on the
specific aim of the training. Thus, resistance exercises for athletes vary from
ballistic exercises [8] to improve explosive strength for e.g. track and field athletes,
to the extremely heavy loading often used by power lifters [9]. In the past decades
weight training has shown remarkable gain in popularity among the general
population, by improving functional strength and benefiting health in
recreationally active for general fitness and health promotion [10, 11], sedentary
people [12, 13], and elderly [14-16], and as an adjunct in injury prevention and
rehabilitation programs [17, 18].

Resistance exercise has been practiced for centuries [19], and despite the
pioneer scientific work by DeLorme and Watkins more than 60 years ago [20, 21],
controversy still prevails regarding e.g. training loads, number of sets and
repetitions, rest periods etc, to achieve an optimized training response [2]. It is
generally held that neural adaptations prevail during the first weeks of resistance
training programs [22-24] with hypertrophy evident after a few weeks of training
[25-28], gradually contributing to improved strength and performance [24].
Cellular signalling resulting in increased protein synthesis may however occur
after a single bout of resistance exercise [29-31], inferring that the hypertrophic
process could be initiated in response to the very first training session. It therefore
appears likely, that if muscles are exposed to an optimized training stimulus,
hypertrophy may contribute more to the gain of strength than what is generally
held.

1.2. Concentric and eccentric actions

Inherently skeletal muscle possesses the capability to produce greater force in
eccentric (ECC) than concentric (CON) actions [32-34]. This is in part due to
utilization of elastic energy stored in the cross-bridges formed by actin and myosin
filaments of active muscle fibers during stretch [34, 35]. As a result the metabolic
cost is lower [36-38], and thus mechanical efficiency higher [36, 37, 39] during ECC
than CON actions. Because ECC and CON actions potentially offers diverse
stimulus dictating hypertrophy, neural drive and protein metabolism (see below),
it is generally agreed that resistance exercise should comprise both CON and ECC
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actions [40]. It should also be recalled that most daily activities and motions, e.g.,
walking, climbing and lifting, are carried out using coupled CON and ECC muscle
actions.

1.3. Acute responses to resistance exercise

1.3.1. Motor unit recruitment and muscle use assessed by EMG and
functional MRI

According to the size principle [41], smaller/slower motor units (MUs) with
lower twitch force are recruited before larger/faster MUs in response to increased
force demand. Hence, any increase in voluntary force is brought about by
recruiting additional MUs and/or increasing discharge rate of already recruited
MUs [24, 42]. However, exceptions to this general “rule” have been proposed [43],
suggesting that performance of ECC actions may call for a unique recruitment
strategy [44-47]. Thus, while remaining a controversial issue, reports suggest that
there is selective recruitment of, and greater reliance upon large/fast MUs
innervating Type II fibers, during ECC actions [44, 46-48].

The combined result of recruitment and discharge rate of MUs can be assessed
by electromyography (EMG), such that transmission of the action potential
travelling along the muscle fiber membrane could be recorded. When
progressively increasing force, any increases in discharge rate and/or MU
recruitment appear as augmented EMG amplitude [24, 42] and frequency [49].
These signals are typically recorded by means of bipolar electrodes applied on the
surface of the muscle belly. Novel multichannel electrode EMG technique in
addition [50], allows for the delay of signals between electrodes to be determined,
such that action potential propagation along the fiber membrane and conduction
velocity can be assessed. Intense exercise induces intramuscular metabolic changes
[51, 52] as well as changes in muscle activation [53-55], impacting amplitude,
frequency and conduction velocity of the EMG signals [56]. Thus, the multichannel
EMG technique is suitable for studies of muscular fatigue phenomena [50].

When assessing muscle involvement by means of functional magnetic
resonance imaging (MRI), the accumulation of metabolic by-products initiates
osmotically driven fluid shifts within the muscle. This effect is believed to cause
the acute increase in contrast shift, signal intensity and transverse relaxation time
(T2) in exercising muscles [57-59]. Due to the low energy cost of ECC actions [36-
38], any exercise-induced increase in T2 appears to correlate mainly with the
intensity of the CON actions [60, 61]. Functional MRI therefore allows for
evaluation of individual muscle involvement [57-59, 62]. Similarly, the EMG
amplitude correlates with the intensity of the exercise [46, 60], and is typically
higher during CON than ECC actions [36, 38, 44, 46, 63-65], inferring greater MU
involvement during shortening than lengthening actions [36, 44, 65].



From the above, it should be evident that EMG and functional MRI could serve
as complementary methodologies to assess muscle involvement during contractile
activity. Whereas EMG allows to distinguish between CON and ECC actions as
well as differences in muscle involvement throughout the range of the action,
functional MRI measures overall muscle use, and, unlike the surface EMG
technique, involvement of deep, not only superficial muscles. Functional MRI
however shows variability between subjects, and is therefore only suitable for
intra-subject comparisons [58]. In addition to inter-subject variability, surface EMG
also involves some critical methodological concerns to be controlled for e.g. proper
adhesion and contact, positioning with regard to the innervation zone, and
repositioning of electrodes between sessions [53, 66]. Given these limitations, EMG
amplitude is typically normalized to the EMG amplitude evoked by a standardized
maximal isometric task.

1.3.2. Neuromuscular fatigue

Neuromuscular fatigue appears to be of either central or peripheral origin, and
depending on e.g. type of action, duration and force level, the mechanisms
responsible for fatigue may vary [52, 67]. Among candidate mechanisms to explain
central fatigue mechanisms are decreased neural drive [67, 68] and motor neuron
inhibition [67]. Peripheral mechanisms explaining fatigue include, e.g., increased
concentration of inorganic phosphate, and decreased calcium ion sensitivity and
release [51, 52], while impaired transmission of the action potential along the
membrane [69] is due to accumulation of extracellular potassium [51, 70].

While performing a sustained submaximal isometric action, decreases in
conduction velocity and EMG frequency spectrum correlate [71, 72], and it appears
the reduced conduction velocity attenuates EMG frequency spectrum [72-74].
Whereas a myriad of studies have reported EMG responses during fatiguing
sustained isometric actions [72-79], few investigations have explored
neuromuscular fatigue by means of EMG during dynamic actions [54, 55, 80, 81].
Since trains of maximal CON actions evoke markedly greater force decline and
changes in EMG indices of fatigue than ECC actions [81], the fatigue response
during coupled CON-ECC actions appears to be induced preferentially by the
CON actions. Thus, the fatigue response during maximal coupled CON-ECC
actions, and particularly the relationship between EMG frequency spectrum and
conduction velocity, remains to be studied.

1.3.3. Cellular signalling for muscle hypertrophy

The net increase in contractile protein content following chronic resistance
exercise is modulated through increased protein synthesis and reduced protein
degradation [82]. Cellular signalling for hypertrophy has been reported after a
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single bout of resistance exercise [29-31], and protein synthesis increases multi-fold
within hours following a resistance exercise bout [29, 30].

Forceful ECC actions may cause damage to the structural integrity of muscle
fibers. For example, ECC actions provoke Z-line streaming [83-85], and greater rate
of myofibril disruption compared with CON actions [83, 86, 87]. This
ultrastructural damage following ECC actions appears to be part of the
remodelling process of the muscle fibril [88]. In fact, human and rat muscles
subjected to ECC exercise exhibited both a greater rate of myofibril protein
synthesis and amplified cellular signalling for protein synthesis than muscles
which had performed CON actions [30, 89, 90]. Collectively these results suggest
that the ECC action plays a more significant role than the CON action as a stimulus
for muscle hypertrophy.

1.4. Early chronic responses to resistance training

1.4.1. Strength and neural adaptations

Following strength training programs, the increase in maximal strength
typically exceeds the accompanied rate of hypertrophy [25, 26, 91]. This response
has been attributed to neural adaptations, i.e. enhanced ability to coordinate
muscle agonists [42, 92, 93], reduced inhibition [63], and/or increased ability for
recruitment [25, 26, 42, 92, 94] of high threshold fast/large MUs [24]. According to
the concept of specificity [42, 95], strength increases are most evident in the
particular training mode. For example, dynamic strength increases more compared
with isometric strength after dynamic resistance exercise [93, 96, 97]. Similarly,
changes in strength are most apparent at the specific joint angle used during
training [98]. As a result of neural adaptations a given force could be produced
with less muscle involvement [23, 92, 96, 99, 100].

The greater capability to produce force during the ECC action allows for greater
loading during ECC than CON actions [44, 81, 101] in a given exercise mode. While
this knowledge has been applied as a part of training by athletes for decades, only
a few studies have assessed the efficacy of chronic training using ECC overload.
Results show that training-specific strength [101-104], isometric strength [101], and
jump height [105] increase more after ECC overload compared with constant load
during coupled CON-ECC actions [102, 104-106] or CON actions only [101, 103].
Altogether, this would suggest that neural adaptations might be more augmented
with chronic ECC overload training than training using a constant load.

1.4.2. Hypertrophy

Hypertrophy evident after resistance training [104, 107] is reflected in an
increased cross-sectional area (CSA) of whole muscle or individual muscle fibers.



The number of sarcomeres in parallel and in series increases [108, 109], an effect
which appears to improve both force production and ability to withstand stress
[108]. Moreover, the subsequent increase in fiber pennation angle [110] may
contribute to improved neuromuscular efficiency [96].

High mechanical loading and the performance of ECC actions are considered
crucial features for optimizing exercise induced hypertrophy [27, 111, 112].
Although some contradictory data have been reported [113, 114], several studies
have shown that ECC training induces a greater rate of hypertrophy than CON
training in humans [101, 115], and rats [89, 90]. Typically, the CSA of particularly
the Type II fibers increase following resistance training [27, 99, 107, 115-119], and
hypertrophy of Type II fibers appear to be preferentially enhanced by ECC actions
[27, 115]. Indications of selective recruitment of Type II fibers during ECC actions
[44, 46-48], along with recent findings of selective cellular signalling for
hypertrophy in Type 1II fibers following an acute bout of maximal ECC actions
[120], may explain the more substantial hypertrophy noted following ECC
resistance training. The reports on hypertrophy following ECC overload and
constant load resistance training are scarce and inconclusive [102, 105, 121].
However, the more substantial cellular signalling, myofibrillar disruption, and
hypertrophy with ECC than CON actions, would infer that, by employing ECC
overload processes stimulating protein synthesis are augmented.

1.5. Loading during resistance exercise

1.5.1. Loading during weight training

Traditional weight training, using coupled CON and ECC actions, employ
constant external load, i.e. isotonic loading. Thus, with increasing exertion
throughout each set, maximal loading is only offered in the very last repetition,
resulting in failure to raise the load. In addition, mainly due to variations in the
lever during movement about the joint, the ability to lift a weight in the CON
action is limited by the weakest position within the CON range of motion (ROM),
i.e. “sticking-point”. Given that failure is joint angle specific, and that greater force
can be produced in the ECC action, these infer that all ECC actions and the major
portion of almost all CON actions are executed with a load that is far from
maximal.

1.5.1. Loading during flywheel training

The concept of using the inertia of spinning flywheels to generate resistance,
used by A.W. Hill in the early 20’s [122], was introduced to offer exercise for space
travellers [123, 124], subjected to 0g environment. In contrast to isotonic loading,
isoinertial loading offers maximal voluntary force to be produced from the first
repetition and force decay throughout the set [124]. The flywheel device allows for
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maximal CON force throughout the ROM, and brief episodes of greater ECC than
CON force, i.e. ECC overload. The more kinetic energy that is imparted in the
flywheel(s) during the CON action, the more force must be applied in the ECC
action to bring the flywheel(s) to a stop. Hence, while total work for the CON and
ECC actions are the same, the peak force of the ECC actions might exceed that of
CON actions depending on the strategy to apply force throughout the ROM.

Thus, in traditional weight training most CON and all ECC actions within a set,
does not require maximal effort, inferring that MU recruitment and muscle use
may not be complete. In contrast, because flywheel exercise allows for maximal
force throughout the CON action and brief episodes of ECC overload, this
particular loading feature may potentially call for near maximal motor unit
recruitment and muscle use. Hence, isoinertial resistance exercise may induce
more manifest fatigue response during acute resistance exercise, and more
significant training adaptations.



3. AIMS AND HYPOTHESES
3.1. Aims

With use of flywheel loading, the overall aim of this thesis was to explore acute
effects and early training adaptations of resistance exercise using maximal effort
from the first repetition of a set, and using greater loading in the ECC than CON
action. Because this unique loading feature potentially has an additional effect on
the training response, results were compared with adaptations following
traditional weight training. Thus, acute responses and chronic training adaptations
were compared between the two loading paradigms in the knee extension (Study I,
II, II) and squat (Study IV) exercises.

More specifically the aims of this thesis were threefold:

(i) To describe the fatigue response during dynamic actions performed with
isoinertial and isotonic loading (Study L, IIl and IV).

(i) To compare muscle involvement between the isoinertial and isotonic loading
during acute resistance exercise (Study III and IV).

(iii) To compare training adaptations with regard to performance, neuromuscular
function and muscle size, following 5 weeks of resistance exercise, employing

either isoinertial or isotonic loading (Study II and III).

3.2. Hypotheses

Given that flywheel resistance exercise allows for maximal voluntary force to
be produced throughout any CON action, and brief episodes of ECC overload, it
was hypothesized that:

(i) Isoinertial loading would promote more substantial MU recruitment and
muscle use compared with isotonic loading using weights, and as a result,
also induce manifest fatigue during acute resistance exercise.

(if) Isoinertial training would generate more robust neuromuscular adaptations
compared with isotonic training.



4, METHODS
4.1. Subjects

Forty-three men, with no previous history of lower limb pathology, or known
neuromuscular or cardiovascular disease, volunteered for these studies (Table 1).
Participants in Study I-III had none or limited experience of lower limb resistance
training. Subjects in Study IV were resistance trained with a 10 repetition
maximum (RM) in the barbell squat of 138+28 kg. Grp FW (Study II) was a
subgroup from an earlier reported study [125]. Subjects of Grp WS were examined
in both Study II and III. Subjects received information about the study protocol
before written informed consent was obtained. The study protocols were approved
by the Ethics Committee at the Karolinska Institutet, Stockholm (Study I-IV) and
the Institutional Review Board at the University of Arkansas for Medical Sciences,
Little Rock, AR (Study II).

Table 1. Age, height, body mass and training background of subjects participating in Study
I-IV.

n Age Height Body mass Training background
(yrs) (cm) (kg)
I FW 9  30(21-35) 182+4  84+10 Not resistance trained
I GrpWS 8 39(32-54) 187+7  95+16 Not resistance trained
GrpFW 7 39 (29-53) 178+6 868
I GrpWS # ¢ # # Not resistance trained
GrpFW 9 39 (30-46) 184+9  85+14
Subgroup 6  38(33-50) 188+8  99+17
IV FS/BS 10 31 (24-34) 17948  88+14 >10 yrs of resistance
Subgroup 4 29 (24-34) 179+7 8448 training

Values are meantSD or range. FW: flywheel knee extension; WS: weight stack knee
extension; FS: flywheel squat; BS: barbell squat. Subgroups performed acute tests using both
the flywheel device and weight stack machine/free weights. # Results from the same subjects
are reported in Study II and III.

4.2. Study design, test and training protocol

Knee extension exercise was performed in Study I-III. Subjects executed the
squat exercise in Study IV. Exercise and test protocols for Study I-IV are
summarized in Table 2 (for details see below). Prior to any test, familiarization
sessions with the equipment and test procedures were executed. No subject failed
to comply with the prescribed tests and training sessions. A standardized warm-up
up with progressively increased effort was carried out prior to any test or training



session. Verbal encouragement was given to ensure maximal effort and proper
technique during testing and training.

4.2.1.1. Maximal voluntary contraction (MVC)

To assess non training-specific maximal strength and maximal muscle activity,
maximal voluntary isometric knee extensor force (maximal voluntary contraction;
MVC) along with EMG (maximal EMG amplitude; see below) was determined.
With hip angle at ~90° the lever arm was fixed at either 90 or 120° knee angle in the
FW knee extension device (Study I-III, Fig. 1). While grasping the handlebars at
least 2 maximal isometric actions, intervened by 1 min rest, were performed to
assess MVC. If there was >5% difference in maximal force across the two trials, the
subject was asked to perform additional attempt(s). In Study I-1II, the highest force,
averaged over a one sec window, showing a steady force level was considered
MVC and used to define maximal EMG. In Study IV, the MVC'’s were performed
in the YoYo Multi Gym, at 90° knee angle. The highest EMG amplitude, averaged
over a 3 sec window, was used to determine maximal EMG.



Table 2. Test and training protocols, including outcome parameters, of Study I-IV.

2 x 10 R with FS and BS

Study Time of test  Test protocol Variables
I FW Testland2  MVC EMG
1 x 30 R with FW Force
Knee joint angle
I GrpFW 5 wk training 12 sessions, 4 x 7 R with Force/Training load
Grp WS#  program FW or WS Knee joint angle
Pre and post MRI Muscle volume
training MVC Force/Training load
4 x 7 R with FW or WS Knee joint angle
r GrpFW 5 wk training 12 sessions, 4 x 7 R with Force/Training load
Grp WS#  program FW or WS Knee joint angle
Pre and post MVC EMG
training 4 x 7 repetitions with Force/Training load
FW or WS Knee joint angle
Subgroup  Acute test MVC EMG
2 x7 Rwith FWand WS Force/Training load
Knee joint angle
IV FS/BS Testl1and2  Functional MRI Signal intensity / T2
MVC EMG
5 x 10 repetitions with Force
FS/BS Knee joint angle
Subgroup  Acute test MVC EMG

Force
Knee joint angle

BS: barbell squat; CON: concentric; ECC: eccentric; EMG; electromyography; FS: flywheel
squat; FW: flywheel knee extension; MRI: Magnetic Resonance Imaging; MVC: maximal
voluntary contraction; R: repetitions; T2: transverse relaxation time; WS: weight stack knee
extension. # Results from the same subjects are reported in Study II and III.

4.2.1.2. Studyl

Nine healthy men performed 30 unilateral CON-ECC actions, while seated in
the FW knee extension device. To assess the fatigue response, multichannel surface
EMG signals (see below) were recorded from mm. vastus lateralis (VL) and vastus
medialis (VM). The average rectified value (ARV), instantaneous mean power
spectral frequency (iMNF), and conduction velocity (CV) were estimated from the
sampled 8 channel EMG signals. The same experimental protocol was repeated on
two non-consecutive days.
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4.2.1.3. Study Il

Two groups of men with comparable physical characteristics and training
history were subjected to almost identical resistance exercise protocols (e.g.,
duration, frequency, sets and repetitions) isolating and targeting the quadriceps
muscle group. The 5-wk training protocol comprised unilateral CON-ECC knee
extensions using either a flywheel device (grp FW, n=7, Fig. 1) or a weight stack
machine (grp WS, n=8, Fig. 3). Training was performed two (wk 1, 3 and 5) or three
(wk 2 and 4) times weekly. Each session consisted of or aimed at four sets of seven
maximal, CON-ECC knee extensions using the left limb. In grp FW, coupled
actions were performed with a repetition cycle of about 3 s, with the CON and
ECC action each lasting about 1.5 s. Similarly, in grp WS, the repetition cycle was
about 3 s; and the CON and ECC actions were about 1 and 2 s, respectively.
Individual weights were chosen to result in failure to lift and control lowering the
weight with seven repetitions. In order to control for ROM, the ECC-CON turning
point for grp WS was set to the same angle as used for grp FW. Sets were
interspersed by 2 min rest periods. Training load/force production was measured
during every training session. Prior to and at completion of the training period,
quadriceps muscle volume was assessed by means of MRI (see below), and MVC
at 90 and 120° knee joint angle were tested. In addition, training specific strength
was tested, i.e. grp WS performed 4 x 7 RM in the WS device, and grp FW executed
4 x 7 maximal repetitions in the FW device. In grp FW, CON and ECC force was
averaged over a 30° window (5° above the ECC-CON transition angle). Both limbs
were tested in a revised randomized order across the subjects.

4.2.1.4. Study II1

This study had a similar design and training protocol as Study II (see above).
Prior to and at completion of the training period, grp FW (n=9) and grp WS (n=8)
completed tests for knee extensor MVC at 120° knee joint angle, and training
specific strength in either the FW device or the WS device. CON and ECC force
was averaged over the entire ROM. Root mean square EMG (EMGrums) was
assessed by multichannel EMG (described below) from the trained limb during
MVC’s and training specific actions. To validate EMG data from the two training
groups, bipolar EMG (described below) was assessed from six subjects, who
executed an additional test on a separate day prior to the training period,
performing MVC's at 120° knee joint angle and two maximal sets in either exercise
device. The set with the greatest overall normalized EMG was chosen for
comparison between exercise modes.

4.2.1.5. Study IV
Ten resistance trained subjects performed three MVC'’s followed by 5 sets of 10
RM of squat exercises using either a flywheel device (FS, Fig. 2) or a traditional
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barbell (BS, Fig. 4) with weights on separate days one week apart, starting with
either the flywheel or the free weight exercises in a randomized order. Following a
warm-up consisting of two sets of moderate intensity squats, subjects performed
three MVC’s at 90° knee angle in a YoYo Multi Gym (see below). This was
followed by 5 sets of 10 RM of either FS or BS with 3 min rest between sets.
Quadriceps muscle use was assessed by means of functional MRI scans, acquiring
a dual echo sequence prior to and after finishing the exercise (see below). Images
obtained were analyzed by measuring average signal intensity and calculating To.
Force, knee joint angle, linear displacement and EMGrus from the three superficial
quadriceps muscles were recorded during exercises. Force was averaged over the
entire CON and ECC ROM. To validate EMG data, a subsample of four subjects
executed an additional test on a separate day, performing warm-up, MVC’s and
two maximal sets in both exercise devices.

12



4.3. Resistance exercise devices, force and knee joint angle

4.3.1. Flywheel training devices

Tests and FW training in Study I, II and III were performed in a seated knee
extension flywheel device (YoYo® Technology Inc., Stockholm, Sweden), equipped
with a 4.2 kg (moment inertia 0.11 kg:m?) flywheel (Fig. 1). While seated and
slightly reclined and using back support (hip angle 90°) and restraint, the trainee
pushes against a cross-bar mounted at the distal end of a pivoting moment arm,
which rotation axis is aligned with the knee joint. From a starting position of about
80° knee angle (180°=full knee extension), flywheel rotation is initiated through the
pull of a strap anchored to the flywheel shaft and the distal part of the lever arm
and looping around its curved cam. The strap unwinds off the shaft and energy is
imparted to the flywheel in the CON action. Once the pushing concentric phase is
completed at about 165° knee angle, the strap rewinds by virtue of the kinetic
energy of the flywheel and thus, pulls the lever arm back, and the trainee then
executes an ECC action while trying to resist. The FW device is equipped with a
force sensor (Model 276A, K Toyo, Seoul, Korea) to measure the force developed
by the subject. A potentiometer mounted on the lever arm measures the knee joint
angle (Study I and II). In Study III, knee joint angle was measured using an
electrogoniometer [124] fixed about the knee joint.

Figure 1. Unilateral knee extension performed using flywheel device.
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In Study IV the squat was performed using a YoYo Multi Gym (YoYo®
Technology Inc., Stockholm, Sweden) equipped with two 2.7 kg flywheels with a
moment inertia of 0.07 kg'm? each (Fig. 2). This particular configuration allows for
multiple exercises involving upper- and lower-body as well as back muscles [126].
Using a harness connected through a strap to the flywheel axle, the seat slides back
and forth on a rail in the coupled CON-ECC action. With feet placed on the foot
stance and knees flexed (~70° knee angle), the trainee initiates flywheel rotation
through the pull of the strap. The strap unwinds off the shaft while the trainee
pushes back. Once the CON phase has been completed (~ 160° knee angle), the
ECC muscle action is executed by aiming at resisting the pull of the flywheel(s),
which recoils the strap onto the axle again [126]. A force strain gauge (Model 333A,
K Toyo, Seul, Korea) placed in between the harness and the pulley was used to
measure force during FS. Knee joint angle was measured in a select sample (n=5)
using an electrogoniometer fixed about the knee joint (see above).

Figure 2. Squat exercise using flywheel device.
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4.3.2. Weight training devices

In Study II and III grp WS used a seated knee extension weight stack machine
(World Class®, Stockholm, Sweden), equipped with a cam system accommodating
external torque through the ROM (Fig. 3). Similar to the flywheel device, it has a
lever arm, which rotational axis is aligned with the knee joint. While seated (90°
hip angle, 80° knee angle) and grasping the handlebars, the trainee pushes against
a perpendicular shin-padded, adjustable lever crossbar and executes the CON
action to ~165° knee joint angle. The weight is then lowered in a controlled manner
and brought to a stop at 80° knee angle before being raised again. A wire mounted
onto the distal part of the lever arm and passing round the cam system and two
pulley wheels is attached to the weight stack. Weight plates of 5.0, 2.5 and 1.25 kg
were used to set and adjust load. Force production was calculated from training
load lifted and the velocity of the vertical displacement. Thus, configuration and
mass of the cam and lever arm were not taken into account when calculating
training load. Because force measurements performed in the FW and WS devices
are not compatible, there were no comparisons of force production between
groups. An electrogoniometer was used to measure ROM (see above).

Figure 3. Unilateral knee extension performed using weight stack device.
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In Study IV back barbell half squats (BS) were performed in coupled ECC-CON
actions using a 20 kg Olympic barbell (Eleiko Inc., Halmstad, Sweden) with
additional weights (Fig. 4). With the bar centered across the upper back, the subject
descend in a continuous motion by flexing the knees, ankles and hip until the
posterior surface of the thighs are parallel to the floor (until ~90° knee angle), and
then ascend to the upright position. For force measurements during BS, the weight
of the bar and added load together with recordings from a linear encoder (Ergotest
AS, Langesund, Norway), measuring vertical displacement, were used. In five of
the subjects, knee joint angle was measured using an electrogoniometer (see
above).

All signals (force, angle, and vertical displacement) were sampled using a
Windows™ based data acquisition system (MuscleLab™, Ergotest AS, Langesund,
Norway).

Figure 4. Barbell squat exercise.
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4.4. Electromyography
4.4.1. Multichannel EMG

Multichannel surface EMG signals were used for assessment of ARV and iMNF,
and for the estimation of CV by using detection systems [79]. Using two 8-
electrode, 5-mm interelectrode distance adhesive arrays (SPES Medica, Salerno,
Italy), multichannel surface EMG signals were acquired from the VL and VM
muscles (Fig. 5). After detection of the innervation zone and the tendon regions,
the arrays were placed along the fiber direction between the innervation zone and

the proximal or distal tendon regions. Before array placement, the skin was
shaved, rubbed with abrasive paste, and cleaned with a paper towel
Electromyographic electrode location was marked with an ink pen after the first
experimental session, ensuring similar electrode positioning. Surface EMG signals
were amplified with a multichannel amplifier [79], sampled at 2048 samples/s per
channel, and recorded on a computer equipped with EMG acquisition software
described elsewhere [127].

e Time (ms)

Figure 5. Schematic showing multichannel EMG detection using arrays.

4.4.1.1. Studyl

Values of iMNF were computed from the central bipolar signal of the two
arrays on VM and VL of the dominant limb. In order to reduce estimation variance,
each value of iMNF was calculated from 30 consecutive values corresponding to
14.6 ms. The same bipolar signal was chosen to calculate ARV values in 250 ms
time intervals (8192 consecutive values). Short signal epochs [79] estimated muscle
fiber CV with use of an algorithm described elsewhere [54]. During the dynamic
task, CV, iMNF, ARV and force were estimated for each repetition of CON and
ECC actions, at time instants corresponding to a joint angle of 120°. The first value
of CV, iMNF, ARV and force obtained during the dynamic exercise were
considered as initial value (and 100 %), and further were trend lines, i.e. slopes,
over repetitions were calculated. To allow for comparisons, the slopes were
normalized to the initial values and expressed in percentage.
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4.4.1.2. Study II1

Equipment and procedures for electrode placement and repositioning described
in Study I were used. For grp FW and grp WS, the central bipolar signal of the VM
and VL array were used to compute EMGrums values for MVC and dynamic actions.
Maximal EMGrus was computed from the 1-s window that was chosen to
determine MVC. For the dynamic actions, EMGrus was assessed from the entire
CON and ECC ROM, and 150 ms windows at knee joint angles of 90, 120 and 150°
in the CON and ECC action, respectively. EMGrus at 90, 120 and 150° knee angles
were further averaged over repetitions and sets. Given the inherent
methodological problems with surface EMG recordings [53], EMGrms was
expressed relative to maximal EMG for each individual muscle, i.e. normalized
angle specific EMGcon and EMGecc. For evaluation of fatigue response, normalized
EMGcon and EMGtcc for each repetition was averaged over sets.

4.4.2. Bipolar EMG

Disposable bipolar Ag-Ag/Cl surface electrodes (Multi Bio Sensors Inc., El Paso,
TX, USA) with 25 mm inter-electrode distance were aligned longitudinally to the
fiber direction. Single differential surface EMG signals were amplified using
bipolar EMG probes (MuscleLab™). EMGrus of the raw signal was sampled using
the MuscleLab system (see above). The same procedures for electrode placement
and repositioning, as used in Study I (see above), were employed. EMGrus was
assessed from VM, VL and rectus femoris; RF.

4.4.2.1.  Study III-1V

In Study IV, EMGrums was assessed during MVC's and the following 5 sets of 10
RM in either exercise mode. The MVC trial with the greatest overall EMGrums was
considered as maximal EMG. EMGrus was measured over the CON and ECC
actions, averaged over repetitions and sets, and expressed relative to maximal
EMG for each specific muscle.

To validate EMG data from the two training groups (Study III) / test days
(Study 1V), EMGrums was assessed from the left limb (later used for training; Study
[II)/dominant limb (Study IV). During the Acute tests, EMGrus was assessed
during MVC’s and two maximal sets in either exercise device. The set with the
greatest overall normalized EMG was chosen for comparison between exercise
modes. For evaluation of fatigue response, normalized EMGcon and EMGecc for
each repetition was averaged across subjects.
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4.5. Magnetic Resonance Imaging

To minimize the potential influence of any fluid shift on muscle size [128]
subjects remained supine (Study II) or resting (Study IV) for 1 h prior to the start of
the resting MRI's. A custom made adjustable foot restraint device was used during
all scans to avoid compression of muscles during scanning and to keep the limbs in
a fixed position. The graded foot-brace and detailed description of placement
ensured accurate repositioning across sessions.

4.5.1. MRI for assessment of muscle volume

4.5.1.1.  StudyII

Individual quadriceps muscle volume was assessed by MRIL. For grp FW,a1.5T
MRI (Signa, General Electric, Milwaukee, WI, USA) machine was used. Grp WS
was examined with use of a 1.5 T MRI (Intera, Philips Medical Systems, Best, The
Netherlands) unit. For all subjects, fifty images with slice thickness 10 mm and no
spacing in between slices were obtained. Despite the use of two MRI facilities and
slightly different imaging sequences, analyses and procedures used have been
validated previously [125, 129, 130]. Anatomical intervals and strategy to choose
images for analyses were identical across the two study groups. Using
computerized planimetry (Intuos Graphic Tablet, Wacom Technology, Vancouver,
WA, USA), areas of interest were identified from the displayed images and
manually circumscribed and then automatically computed using public domain
software (Scion Image Beta 4.0.2 for Windows, Scion Corporation, Frederick, MD,
USA). The four quadriceps muscles (VL, VM, vastus intermedius; VI, and RF) were
encircled separately. The areas over the five circumscriptions, showing less than
2% difference between extreme values, were averaged. Anatomical landmarks
were used to ensure the same segment of the thigh was measured pre and post
training. From stacks of images beginning with the first not displaying m. gluteus
maximus and ending with the last image in which RF appears, all (FW) or every
third (WS) image was analyzed. This latter approach, which reduces the number of
images for analyses, is as reliable as measuring the entire stack of images [130].
Muscle volume of the selected stack was subsequently calculated from the areas
determined in individual images.

4.5.1. Functional MRI for assessment of muscle involvement

4.5.2.1. Study IV

A 1.5 T MRI (Intera, Philips Medical Systems, Best, The Netherlands) was used
to acquire spin-echo scans (double echo sequence, proton density with TR/TE:
1500/30 ms) prior to and within 2-3 minutes after completing the exercise.
Seventeen images with slice thickness 10 mm and 10 mm spacing in between slices
were obtained. Starting where m. gluteus maximus was not seen and then five
slices distally, quadriceps (RF, VI, VL, and VM) were analyzed. Average signal
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intensity (SI) in the regions of interest was measured using custom made software
(DimView, Nordic Ice Medical, Bergen, Norway). Average SI in each slice was
obtained and T2 was calculated (T2 = (ATE) / In (SItes0/ SltE60)), and further mean T2
over the 5 slices. Care was taken not to include non-muscular tissues such as fat
and blood vessels.

4.6. Statistics

4.6.1.1. Studyl

Data were analyzed with repeated measures ANOVA. When appropriate, the
Student-Newman-Keuls (SNK) post-hoc test was used for multiple pairwise
comparisons. Statistical significance was set to p<0.05. Data are presented as
meantstandard error (SE) of the mean.

4.6.1.2. Study II-1V

One-, two-, three-, or four-way repeated measures ANOVA were employed to
make comparisons within and between groups/exercises modes, e.g. over the 12
training sessions, over pre and post tests, over time for pre and post
measurements, (StatSoft, Inc., Tulsa, OK, USA). When an interaction or group
difference was found, planned comparisons were executed employing a Bonferroni
correction. Hence, any p value obtained was multiplied by the number of planned
comparisons, and considered significant if lower than 0.05. When applicable,
training induced changes within groups (e.g. mean and peak force) were
performed using a Student’s t-test. The significance level was set to p<0.05. Values
are presented as mean+standard deviation (SD).
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5. RESULTS
5.1. Studyl

5.1.1.1. Dynamic actions

During the 30 coupled CON-ECC actions, all parameters were analyzed at time
instants corresponding to 120° knee joint angle. At this knee joint angle, mean
CON force was greater (p<0.05) than mean ECC force, and CON force decreased
more (p<0.05) than ECC force. CV showed greater relative decrease than iMNF
(p<0.05) during both CON and ECC actions. Initial CV was higher (p<0.05) in CON
compared with ECC actions. Initial iMNF showed no difference (p>0.05) across
muscles, days, or type of action. ARV was greater (p<0.05) during CON than ECC
actions. However, the negative slope of ARV was similar (p>0.05) across actions.

5.2. Studyll

5.2.1.1.  Muscle volume

Both groups showed increased (p<0.05) quadriceps muscle volume in the
trained left limb. The change from pre to post training was not different across
groups. For individual muscles, there was a trend of a greater increase (p<0.10) of
VL in grp FW compared with grp WS (Fig. 6).

In grp FW, the trained quadriceps showed a 6.2 % increase (Pre: 1300+210 cm?,
Post: 13804235 cm?3; p<0.05), while the untrained right quadriceps showed no
change (Pre: 1276+204 cm? Post: 1263+205 cm?). Furthermore, all individual
muscles of the trained limb showed increased volume (Fig. 6; p<0.05). Neither
muscle of the untrained limb showed change over time. In grp WS, the trained
quadriceps increased by 3.0 % (Pre: 14304364 cm? Post: 1472+381 cm?; p<0.05),
while the untrained quadriceps was unchanged (Pre: 1373+309 cm?, Post: 1361+300
cm?). Only the trained RF showed increased volume (Fig. 6; p<0.05). Neither

muscle of the untrained limb showed altered volume.
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Figure 6. Relative change in volume of VL, m. vastus lateralis; VI, m. vastus intermedius;
VM, m. vastus medialis and RF, m. rectus femoris of the trained limb following in grp FW
(A) and grp WS (B). * Denotes significant increase from pre to post (p<0.05), T Denotes trend
to different response for VL in WS compared with FW (p<0.10).

21



5.2.1.2.  Maximal isometric strength

MVC at 90° of the trained limb increased (p<0.05) in grp FW, but not grp WS,
following training (Fig. 7). The trained limb showed an increase of MVC at 120° in
both groups (p<0.05), and no differences between groups.

Furthermore, when limbs were compared within groups, MVC at 90° showed
an interaction (p<0.05) across limbs and time in grp FW. Hence, the trained left
limb showed an 11.6 % increase, while the untrained right limb showed no change.
Grp FW showed no interaction across limbs and time with regard to MVC at 120°,
but there was a trend of an increase over time (p<0.10). In grp WS, there was no
interaction across limbs and time with regard to MVC at 90° or 120°.
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Figure 7. Maximal isometric force (MVC) at 90° (A) and 120° (B) knee angle of the trained
(TR) and untrained (UT) limb pre and post training in grp WS and grp FW. * Denotes
increase from pre to post (p<0.05); £ Denotes different response for the trained limb across
groups (p<0.05).

5.2.1.3.  Training load, and mean and peak force during dynamic actions

Because WS and FW training load were measured and calculated using
different methods, no direct group comparisons were performed.

In grp FW, CON (Session 1: 322467 N, Session 12: 338+42 N) and ECC (Session
1: 302+60 N, Session 12: 320+44 N) mean force was unchanged over the 12 sessions.
In grp WS, the training load increased 48 % (Session 1: 14.5£3.1 kg, Session 12:
21.4+3.2 kg; p<0.05).

In grp FW, ECC peak force was greater (p<0.05) than CON peak force both pre
and post training (Table 3). CON and ECC mean and peak force of grp FW was
unchanged from pre to post training. The CON and ECC mean and peak force of
grp WS increased (p<0.05) following training (Table 3).
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Table 3. Peak force (N) and knee joint angle (°) at peak force (A), and mean force (B), for the
concentric (CON) and eccentric (ECC) actions produced in the flywheel and weight stack
devices in Study II and III / free weights in Study IV.

A.
Peak force Pre /test 1 and 2 Post
ECC CON ECC CON
Study N ° N ° N ° N °
I GrpWS| # # # #
Grp FW| 489+86 87 | 447+75 89 526+106 83 |481+82 89
I GrpWS| 165+34 95 | 185+34 84 | 247+35* 110|258+£32* 96
Grp FW| 368+77 94 | 344472 89 432+78* 99 |378+64* 94
IV BS 1513+£265 90 | 1555292 96
FS 2135:277¢ 99 | 21712390 122
B.
Mean force Pre / test1 and 2 Post
Study ECC (N) CON (N) ECC (N) CON (N)
I GrpWS| # # # #
Grp FW| 401+83 390+73 425+120 407+83
I  Grp WS| 143+29 142429 207+31* 200+29*
Grp FW| 207+57 227+60 246+51* 262+57*
IV BS 1282+256 1261+261
FS 1316+183 1538+224%

FW: flywheel knee extension; WS: weight stack knee extension; FS: flywheel squat; BS:
barbell squat. The subgroups performed acute tests using both the flywheel device and
weight stack machine/free weights. # Results from the same subjects are reported in Study II
and III. In grp FW of Study II force was averaged over a 30° window, while force of grp WS
and grp FW (Study III) was averaged over the entire range of motion. Because force
measurements performed in the two knee extension devices are not compatible, no
comparisons between groups were performed. * Denotes increased force from pre to post
test (p<0.05). T Denotes greater force during flywheel squat compared with barbell squat
(p<0.05).
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5.3. Study lll

53.1.1. MVC

MVC at 120° knee angle increased (p<0.05) by 8.1% (Pre: 576+90, Post: 622+91)
in grp FW and by 4.8% (Pre: 594+113, post: 623+103) in grp WS in response to
training.

5.3.1.2.  Normalized angle specific EMG

Grp FW showed higher (p<0.05) overall normalized angle specific EMGecc for
both VL and VM compared with grp WS (Fig. 8). Thus, grp FW showed higher
normalized EMG at 90° pre and post training (p<0.05). Grp WS showed higher
normalized EMGecc for VL and VM at 150° post training (p<0.05). Normalized
angle specific EMGecc did not change with training. Overall normalized angle
specific EMGcon showed no differences between groups. Hence, following training
EMGcon of grp WS was not different from that of grp FW. Grp FW, however
showed higher normalized EMGtcc compared with grp WS after training.
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Figure 8. Normalized angle specific electromyographic (EMG) amplitude of mm. vastus
lateralis (VL) and medialis (VM) during concentric (CON; 90°, 120° and 150°) and eccentric
(ECG; -150°, -120° and -90°) actions of unilateral knee extension exercise in grp FW (panel A

and B) and grp WS (panel C and D) pre and post training. 1 Indicates trend to increase over
time with training (p<0.10).
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5.3.1.3. Mean and peak force of the dynamic actions

Mean and peak force of CON and ECC actions increased with training in both
groups (p<0.05; Table 3). Because force measurements employed for the two
different devices are not compatible, no comparisons between groups were
performed.

5.3.1.4. EMG fatigue response

Normalized EMG and mean force across sets and for each repetition are
displayed in Fig. 9 and Fig. 10. Both vastii muscles showed overall higher
normalized EMGecc (p<0.05), with a higher normalized EMGecc across reps 1-6
(p<0.05) for grp FW compared with grp WS. EMGcon showed no group differences
and there was no interaction over group and time, or differences over time for
either EMGcon or EMGecc.
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Figure 9. Normalized mean electromyographic (EMG) amplitude, and normalized EMG
amplitude of mm. vastus lateralis (VL) and medialis (VM) for each repetition (1-7) within
the eccentric (ECC, panel A-B) and concentric (CON, panel C-D) action during four sets of
unilateral knee extension exercise, performed by the grp FW and grp WS pre and post
training. * Indicates higher normalized mean EMG (p<0.05), and higher normalized EMG
within repetitions (p<0.05) compared with the other training mode.
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Figure 10. Mean force (N), and force for each repetition within the eccentric (ECC, panel A-
B) and concentric (CON, panel C-D) action during four sets of unilateral knee extension
exercise, performed by grp FW and grp WS pre and post training. * Indicates increased
mean force from pre to post (p<0.05), and increased force in individual repetitions force
from pre to post (p<0.05).
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5.3.1.5. Acute test

VM and VL showed greater overall normalized angle specific EMGcon (p<0.05)
and EMGecc (p<0.05) during FW compared with WS (Fig. 11). Overall normalized
angle specific EMGece (p<0.05), but not EMGceon, of RF was greater during FW
compared with WS (Fig. 11). Specifically, normalized EMGecc of all three muscles
was greater during FW compared with WS at -90° (p<0.05). Normalized EMGcon
for VL (90°) and VM (120°) was greater (p<0.05) during FW than WS.
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Figure 11. Normalized angle specific electromyographic (EMG) amplitude of mm. vastus
lateralis (VL; A), rectus femoris (RF; B) and vastus medialis (VM; C) during concentric
(CON, 90° to 150°) and eccentric (ECC, -150° to -90°) actions of unilateral knee extension
exercise, performed in the flywheel (FW) and weight stack (WS) devices prior to the training
period. * Denotes greater overall normalized angle specific EMG during flywheel than
weight stack training (p<0.05). £ Denotes greater normalized angle specific EMG during
flywheel than weight stack training (p<0.05).
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5.4. StudylV

5.4.1.1.  Functional Magnetic Resonance Imaging

T2 of the quadriceps muscles showed an overall increase following exercise
(p<0.05). The relative overall increase of T2 of the quadriceps was greater following
FS compared with BS (Fig. 12, p<0.05). There was an interaction over exercise mode
and muscle (p<0.05), such that the relative increase in T2 for RF was greater after FS
(+24£14%; p<0.05) compared with BS (+8+4%). VL, VM or VI showed no differences
across exercise modes. Similarly, there was an interaction over exercise mode and
time for absolute T2 values of the four quadriceps muscles (p<0.05), such that T2 of
RF increased more (p<0.05) with FS than with BS. There were no differences
between exercise modes for T2 of VL, VM or VI
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Figure 12. Relative T2 change for mm. rectus femoris (RF), vastus lateralis (VL), intermedius
(VI) and medialis (VM) with flywheel (FS) or barbell squat (BS). * Denotes greater T2
increase in FS compared with BS (p<0.05).
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5.4.1.2.  Electromyography

The overall normalized mean EMGcon of quadriceps (VM, VL and RF) was
higher than normalized mean EMGecc (p<0.05), but there was no general difference
between exercise modes. There was an interaction over exercise mode, action and

muscle (p<0.05), but planned comparisons revealed no significant differences
between exercise modes (Fig. 13).
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Figure 13. Normalized electromyography of mm. vastus medialis (VM), vastus lateralis
(VL), and rectus femoris (RF) for the concentric (CON; A) and eccentric (ECC; B) actions
during flywheel squat (FS) and barbell squat (BS) tests, respectively. § Denotes trend to
greater value with FS compared to BS (p<0.10).

5.4.1.3. Mean and peak force during dynamic actions

CON mean force was greater during FS compared with BS (p<0.05; Table 3).
There was no mode difference with respect to ECC mean force. Overall peak force
was greater during FS compared with BS (p<0.05), such that both CON (p<0.05)
and ECC (p<0.05) peak force were greater during FS than BS. Peak force showed no
difference across actions for either exercise mode.
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54.1.4. Acute test

A subsample of four subjects executed an additional test on a separate day; they
performed MVC’s and sets of 10 maximal repetitions in either exercise mode.
Normalized EMG for RF, VM and VL across a set and for each repetition are
displayed in Fig. 14. RF showed higher overall mean normalized EMG, and higher
normalized EMG of rep 1-10, with FS than BS (p<0.05). This was true for both
EMGece (p<0.05) and EMGceon (p<0.05). However, VM and VL showed similar
normalized EMGecc and EMGecon of rep 1 to 10 for both exercise modes. There was
overall higher mean and rep 1-10 force produced during FS than BS (p<0.05; Table
3); both CON (p<0.05) and ECC (p<0.05) force were greater with FS than BS.
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Figure 14. Normalized mean electromyographic (EMG) amplitude, and normalized EMG
amplitude for each repetition (1-10) of mm. rectus femoris (RF), vastus lateralis (VL) and
medialis (VM) within the eccentric (ECC, panel A-D) and concentric (CON, panel E-H)
action during flywheel (FS) and barbell squat (BS), recorded on a separate day in four
subjects. * Indicates greater (p<0.05) normalized mean EMGcon and EMGtcc, and greater

(p<0.05) normalized EMGcon and EMGecc for rep 1-10, compared with the other exercise
mode.
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6. DISCUSSION

It is generally held that resistance exercise programs aimed at promoting
muscle hypertrophy and increased muscle strength should comprise coupled CON
and ECC muscle actions. Given the inherently greater force that can be produced
during ECC actions, the athletic community for decades has also emphasized ECC
overload [131]. To some extent this concept has found support in the scientific
literature inferring that well-founded benefits from chronic resistance exercise may
be more prominent when ECC overload is employed. Thus, the current
investigation explored and compared acute and early chronic effects of exercise,
using either isoinertial flywheel resistance, allowing for brief episodes of ECC
overload, or isotonic resistance using traditional weights. Five wk isoinertial
resistance training induced more prominent muscular adaptations than isotonic
training using weights. Isoinertial resistance exercise offered high mean and in
particular, ECC peak forces, and more complete ECC muscle activation than
isotonic resistance exercise. Resulting from one of the characteristics of isoinertial
exercise, permitting each repetition of a set to be performed using maximal
activation and through the entire range of the CON action, such exercise induced
marked fatigue. In both novice and resistance trained men, isoinertial exercise
using flywheel prompted more substantial muscle use than isotonic resistance
exercise. While any cause-effect relationship remains to be determined, the present
study provides evidence to support that brief episodes of ECC overload reinforce
skeletal muscle adaptations resulting from CON-ECC resistance training.

It is generally agreed that high mechanical loading, particularly in the ECC
action, is a vital stimulus for inducing muscle hypertrophy [27, 111, 112, 115]. Thus,
it is tempting to suggest that the more marked increase in quadriceps volume in
response to FW over WS exercise could be attributed to the high ECC peak force
evoked in the low knee joint angle during flywheel deceleration, along with the
overall greater muscle activation during ECC actions.

The robust 6.2% hypertrophy shown after FW knee extension training conforms
with the ~7% increase in muscle cross-sectional area noted after 5 wk training
(there was a significant ~4% increase after 20 d) using identical protocol and
exercise hardware [132]. Because MU involvement appears to be lower in ECC
than CON actions [36, 38, 44, 64, 65] this would infer that the load placed on each
muscle fiber must be greater during ECC/lengthening than CON/shortening
actions. This may in part serve to explain the severe myofibrillar disruption
demonstrated following ECC actions [83, 86, 87]. Such muscle damage [87, 133]
may present the initial stimulus for subsequent remodelling leading to
hypertrophy [88, 134]. Given this, the greater ECC loading and ECC muscle
activation noted with FW exercise may potentially enhance protein synthesis,
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cellular signalling for protein synthesis, and ultrastructural changes [30, 83, 84, 86]
reported following ECC actions. Moreover, the suggested selective recruitment of
high threshold MUs during ECC actions [44, 46-48], may infer that the load placed
on Type II fibers may have been augmented during ECC actions. This indeed
corresponds with the notion of ultrastructural damage [83, 135], augmented
cellular signalling for protein synthesis [120], and glycogen depletion [136] of Type
IT fibers in response to intense ECC exercise. Moreover, the more substantial
hypertrophy of Type II fibers following resistance training using ECC or CON-
ECC actions, rather than CON actions only [27, 115] certainly corroborate with this
hypothesis. Whether there was more complete recruitment of Type II fibers with
FW than WS resistance exercise, explaining the robust hypertrophy in response to
FW training, however remains open for speculation.

Had the hypertrophic response been solely dependent on high mechanical
loading in the coupled CON-ECC actions, so-called isokinetic training, providing
accommodated maximal resistance throughout any action, would then be superior
to any other resistance training mode. This is obviously not the case since
isokinetic CON-ECC training performed at low velocity (relative to Vmax), results in
minute hypertrophy [103]. Isokinetic ECC training at modest speed did however
induce additional myofibrillar disruption and more hypertrophy than programs
employing low-speed ECC actions [85, 137]. Thus, dissimilarities in, e.g., velocity
and loading strategy and associated differences in ECC peak force [85, 137, 138],
may partly serve to explain the discrepant results reported following ECC
overload compared with constant load resistance training [102, 105, 121].

Although being a subject of controversy [139, 140], one proposed mechanism
contributing to the more substantial hypertrophy following ECC resistance
training, is the “popping” of overextended sarcomeres [141, 142] due to an
imbalance in length and velocity between adjacent sarcomeres during lengthening
[143]. In the flexed knee joint position, individual fibers and myofibrils of the
quadriceps muscle are somewhat stretched, such that more sarcomeres are at the
descending limb of the length-tension relationship, where the potential for
“popping” is greater [141, 142]. High muscle activation at a somewhat lengthened
position may imply significant sarcomere and myofibril disruption [141, 142], in
turn promoting skeletal muscle remodelling and hypertrophy. Accordingly, ECC
actions performed in a somewhat stretched position resulted in more muscle
damage [144, 145] and hypertrophy [146] than ECC actions performed at shorter
muscle lengths. Therefore, the more substantial hypertrophy noted following 5 wk
FW resistance exercise might be attributed to more complete ECC muscle
activation and high ECC peak force elicited during flywheel deceleration.
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Isoinertial resistance exercise also prompted near maximal muscle activity
throughout the CON action. Collectively, the force decline and changes in EMG
amplitude, conduction velocity and spectral indices during 30 consecutive FW
knee extensions reflect marked fatigue [55, 147, 148]. Since the energy cost of CON
actions are about fivefold greater for CON than ECC actions, mainly CON actions
are responsible for the enhanced energy demand and the subsequent changes
altering the intracellular milieu [36-38, 149]. Thus, accumulation of e.g. inorganic
phosphate, along with reduced calcium ion sensitivity and release, appears to
compromise contractile force [51, 52], and hence reduce force throughout an
exercise bout.

Further, and given that exercise induced contrast-shifts assessed by functional
MRI correlates with metabolic changes [58, 59, 150-152], and that CON actions
mainly cause such shift [60, 61], the overall greater T2 increase of quadriceps
muscles with FW than weight loading was likely attributed to greater CON muscle
use. Collectively, and by employing functional MRI and EMG techniques, it
appears isoinertial resistance exercise prompts greater muscle use in both CON
and ECC actions than weight exercise.

All in all, the differences in muscle activation between loading paradigms were
less obvious in the squat compared with the knee extension exercise. Coupled
ECC-CON actions were used in the squat, but not in knee extension exercises.
Thus, pre-stretch in the ECC actions [153] and hence utilization of the stretch-
shortening cycle, probably stored elastic energy in the contracting muscles [153-
155]. The stored elastic energy and associated reflex potentiation [156] may have
facilitated MU recruitment and force production in the subsequent CON action. In
the squat exercise, the so called “sticking-point” occurs at the onset of the CON
action, as reflected in the high EMG amplitude shown here and elsewhere [157,
158]. It is therefore possible that utilization of the stretch-shortening cycle could
have aided in overcoming the “sticking-point”, allowing for a somewhat heavier
weight to be used, and consequently augmented muscle use. In the flywheel
exercise, more kinetic energy was probably imparted in the flywheels throughout
the CON action, which had to be decelerated in the subsequent ECC action, hence
producing a positive high force loop.

Muscle activation during isoinertial exercise was maximal or near maximal
before training. In contrast, muscle activation was far from complete in most of the
ROM during isotonic knee extension, and maximal or near maximal only at the
“sticking-point” at completion of the CON action, as previously shown [157, 159].
This permitted an increase in muscle activation in response to WS but not FW
training. In support, there was unaltered EMG in grp FW, and enhanced EMG and
force production particularly in the CON acceleration phase in grp WS. Thus, grp
WS experienced a marked increase in training load, yet the increase in MVC was
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modest. In stark contrast, FW training increased MVC but produced only modest
changes in training specific strength.

Improved muscle strength following resistance training has, in part, been
attributed to an increase in neural drive [22, 23, 160]. While such an effect may be
reflected in a greater rate of force development (RFD) [160], neither training group
showed a significant increase in RFD. If anything, the increased MVC (grp WS:
+4.8%, grp FW: +8.1%) correlated with the associated hypertrophy (grp WS: +3.0%,
grp FW: +6.7%), which allows for almost no latitude of increased neural drive.

The increased mode specific strength, most evident following WS training, was
more likely attributed to improved coordination of agonist and stabilizing muscles
[53, 93], more efficient timing of individual MUs [161], and/or attenuated
antagonist co-activation [162]. The augmented EMG in the CON action following
WS training, accords with earlier reports suggesting such neural adaptations are
substantial in the first weeks of training [22, 93, 162]. Hence, muscle activation in
the CON action was comparable across groups after training. Yet, EMG in the ECC
actions remained higher in grp FW, inferring that a critical stimulus required to
optimize skeletal muscle adaptations to resistance exercise was still inadequate in
grp WS.

6.1. Practical implications

The enthusiasm of utilizing the inertia, produced by spinning flywheel(s) set in
motion by a trainee as means of resistance exercise, originally arose from a
challenge to design an apparatus that would allow for “weight lifting” in the Og
environment [124]. There is a consensus among life science space authorities [163,
164], that in-flight resistance training should be prescribed to space travellers to
combat muscle atrophy, and in particular for those postural muscles which are
most vulnerable to muscle loss and strength decrements during spaceflight [165-
169]. Indeed, resistance training using weights has proven efficacy as a
countermeasure to compromised protein metabolism, size and function of skeletal
muscle, resulting from bed rest [170-172] or unilateral lower limb unloading [173].

In addition to offering high loading, any resistance training equipment to be
used on a space craft must comply with various requirements critical to the 0g
environment. For example, the restricted power supply and limited space for
stowage does not allow for any bulky apparatuses [174]. Unfortunately, compact
and light elastic bungee cords and elastomeric or spring-loaded systems [164] do
not offer adequate resistance. Similarly, a device currently in use on the
International Space Station has failed to provide sufficient resistance, and in
particular ECC load [175].

Combined, the more robust hypertrophy noted after 5 wks FW compared with
WS training, and earlier reports of marked strength increases in individuals
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performing isoinertial training while being subjected to long-term confinement
[126], and blunted or counteracted muscle atrophy in men and women after bed
rest or unloading with concurrent isoinertial training [129, 176, 177], are
encouraging.

Thus, the current experiments provide further insight to support use of in-flight
isoinertial resistance exercise to combat the muscle atrophy and decreased strength
and power that occur during spaceflight. While it should be appreciated that
muscles or muscle groups, other than those examined here, show atrophy after
spaceflight, there are reasons to believe that the flywheel technology could be
employed in the design and engineering of any configuration aimed at 0g use, to
successfully replicate established resistance exercises used at 1g.

Also, previous research has convincingly shown that athletes [178, 179], older
individuals [180] and patients recovering from knee pathology [181] all benefit
from isoinertial resistance exercise paradigms using different configurations
engineered to engage various specific muscle groups. However, it remains to be
demonstrated whether the efficacy is superior to what can be produced in response
to training with weights.

6.2. Summary

In accordance to our hypothesis, high peak and mean forces were elicited
during isoinertial resistance exercise, by provoking greater MU and muscle
involvement compared with weight stack and free weight exercises (Study III-IV),
inducing a marked fatigue response (Study I, Il and IV). Furthermore, confirming
our hypothesis, isoinertial training generated more prominent hypertrophy of
individual quadriceps muscles and greater improvement of non-specific strength,
while, in contrast to our hypothesis, the isotonic training induced more prominent
improvement of training specific strength and indications of neural adaptations
(Study II and III). The robust hypertrophic response following isoinertial training
(Study II) appears to be mainly attributed to the high ECC peak force and greater
ECC muscle activation elicited with isoinertial than isotonic resistance exercise
(Study III).

While the particular features characteristic of isoinertial resistance exercise
appear to trigger unique responses leading to significant musculoskeletal
adaptations, it should be acknowledged that a sole cause-effect relationship has yet
to be discerned. Thus, it remains to be revealed whether the greater overall
load/work, the greater ECC/CON ratio (i.e., “ECC overload”), or the brief episodes
of very high ECC forces resulting in marked stretch prior to shortening, was
responsible for the more robust physiological responses elicited with isoinertial
compared with isotonic resistance exercise.
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