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T2 Mapping Of Muscle Activation During

Single-Leg Vertical Jumping Exercise

Abstract

by

WILLIAM KEVIN THOMPSON

This study investigated using elevation of the spin-spin relaxation time (T,) in
magnetic resonance imaging (MRI) to map recruitment differences in the thigh and calf
between two distinct populations during single-leg jumping. Twelve healthy subjects
formed two groups based on jumping ability. Subjects took a maximal exercise test
(MET) to determine aerobic fitness. Subjects performed 5x10 single-leg jumps at body
weight (Postl) and at body weight+33% (Post2) on a force platform while wearing a
weighted vest at Post2. Performance was determined as concentric jumping power
normalized to the subject’s maximum aerobic power. Spin echo MRI at Baseline, Postl
and Post2 determined muscle activation as the percentage of muscle pixels with elevated
T, after exercise. A novel metric based on the performance/activation ratio highlighted
recruitment efficiency differences between groups. Results suggest that recruitment
efficiency throughout the lower limb (especially suppression of co-activating antagonists)

was the dominant factor in enhancing jumping performance.
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Introduction

Long-duration space travel is known to induce losses in muscle mass, strength,
power, and endurance (Zamparo et al. 2002). Retaining astronaut muscular performance
has always had mission-critical implications, but the unique demands of the proposed
Vision for Space Exploration (VSE) missions, especially to Mars, require more specific
attention to maintaining muscle power, i.e., the ability to simultaneously generate both
force and velocity.

Muscle power is essential for the performance of functional tasks (Fatouros et al.
2000; Morissey et al. 1995), the maintenance of balance (Bruhn et al., 2004) and the
prevention of injuries during falls by quickly stiffening muscles around vulnerable joint
complexes (Alt et al. 1999). All three of these elements are critical to astronaut
performance in a Martian VSE scenario where weight-bearing activity (albeit at 0.4g)
must resume on an uninhabited world following an extremely long-duration period of
microgravity. Additionally, these astronauts will likely experience neurovestibular
symptoms, e.g., vertigo (Bacal et al. 2003), and decreased bone mineral density (Germain
et al. 1995), making them even more prone to falls and even more susceptible to injuries
from falls, respectively.

Resistance training (RT) programs have demonstrated partial success in reducing
the loss of muscular performance incurred during real and simulated periods of
microgravity. Adapted RT protocols will be used as in-flight countermeasures to
maintain muscular performance of astronauts on long-duration missions (Tesch et al.,
2004). However, there may be physical and logistical limitations on the effectiveness of

in-flight training programs to maintain muscle power.



Meanwhile, surprisingly little scientific attention has been paid to the role of pre-
conditioning as a countermeasure. The pre-flight fitness training of astronauts is a largely
self-directed process assisted by astronaut strength, conditioning and rehabilitation
specialists (ASCRS) who help astronauts plan, set and achieve their own fitness goals
(Jennings & Bagian, 1996). The goals of pre-flight conditioning would seem to be the
achievement of a high degree of overall fitness and the building of physiological reserves
to offset losses in physical performance expected during the flight. Yet, since there has
not been a controlled study of the effect of pre-flight RT on musculoskeletal losses seen
after space flight, its efficacy as a pre-flight countermeasure remains undetermined.

Moreover, a published model of the interplay among changes in muscle size,
strength and power under training or disuse conditions (Minetti, 2002; Zamparo et al.,
2002) has shown that spaceflight de-conditions muscle in a unique manner, and that
conventional strength training programs may not be the best strategy for pre-conditioning
the lower limbs. Explosive resistance training, featuring a combination of strength and
power movements and plyometrics, may be a better choice because of the added element
of motor learning of complex functional tasks. Two studies have examined quadriceps
performance after lengthy detraining that followed training periods where significant
gains in both strength and hypertrophy occurred. Although detraining eliminated any
significant gains from hypertrophy, the subjects still retained strength levels well above
baseline (Hakkinen et al., 2000; Ivey et al., 2000).

At the time of this writing, published studies have tested neither the efficacy of
pre-conditioning of the lower limbs prior to unloading nor investigated the use of Minetti

model to design a training program to directly counteract the effects of unloading. The



author and his faculty advisers have proposed a longitudinal study to determine the
efficacy of various types of pre-conditioning in enabling subjects to retain the benefits of
training following an extended unloading event. The pre-conditioning programs to be
investigated would include aerobic training, strength training and a combination of
strength and explosive training. The unloading intervention would be unilateral lower
limb suspension (ULLS), whereby the subjects would conduct all daily activities wearing
a single raised platform shoe and walking with crutches (Ploutz-Snyder et al. 1995).
Unloading from spaceflight microgravity conditions would be simulated locally in the
non-walking leg.

One aspect of this proposed study would be to investigate whether neural
adaptations to training, rather than myofibrillar adaptations, would enable subjects to
retain superior performance in an exercise requiring functional power after unloading.
Specific neural adaptations that might persist include the more efficient recruitment of
agonist and synergist muscles, the more effective suppression of the proprioceptive co-
activation of antagonist muscles and the ability to quickly stiffen joint complexes through
optimal timing of pre-activation of synergist muscles (Chimera et al., 2004). The
functional MRI technique of measuring the increase in the spin-spin relaxation time (T»)
in response to exercise provides a whole-muscle and non-invasive way to detect either
type of neural adaptation (reviews: Bendahan et al., 2004; Patten et al., 2003).

A pilot study has also been proposed that would provide preliminary data to
bolster the case for the feasibility of the longitudinal study. Since T, elevation with
exercise has been studied only sparingly in the context of power production, it is

necessary to characterize the technique in terms of activation versus performance (i.e.,



power production). Vertical jumping is a highly valid measure of lower limb explosive
power (Markovic et al., 2003). Since ULLS would be the intended unloading technique,
single-leg vertical jumping is an attractive candidate for the exercise protocol.

Several objectives of this pilot study are critical to the longitudinal study: 1) to
map the T2 response of the lower limb muscles on an individual muscle basis for the
jumping exercise selected, 2) to collect data at two levels of power production to
determine if there is a corresponding scaling in the measured T, response, and 3) to
determine whether populations of differing jumping ability demonstrate significant
differences in muscle activation during maximal effort jumping. This paper contains the

rationale, methods, results and conclusions of that pilot study.



Review of the Literature

This literature review explores two separate areas, both relevant to this pilot
study. The first section examines neuromuscular adaptations to training and unloading,
with specific emphasis on the Minetti model. Although not directly applied in the pilot
study itself, which lacks both training and unloading interventions, this material justifies
the objectives and methods of the proposed targeted pre-conditioning study from which
the pilot study was derived. The second section explores the phenomenon of T, elevation
with exercise and its applications to exercise physiology.

The Minetti model of adaptation to training and unloading: Any period of altered
physical activity can result in changes in muscle size, strength, and power. Chronic
application of an overload stimulus (i.e., training) will produce net gains in these
quantities; whereas sufficient reduction in the stimulus intensity (detraining) or
elimination of the load imposed on major muscle groups (e.g., space flight, bed rest, limb
suspension or immobilization) for long periods will produce losses in these quantities.
Minetti (Minetti, 2002) has derived a useful mathematical model of the quadriceps for
describing the interplay among changes in muscle size (measured by cross sectional area,
CSA), strength (measured by maximal isometric force, F)), and maximal power (measured
from a vertical jump test, w). These measurements (CS4, F, w) constitute the model
input and are acquired before (CSA4pre, Fpre, Wpre) and after (CSAposi, Fposi, Wposy) an
adaptation process (e.g., space flight, resistance training). From these measurements, the
ratio changes of muscle CSA (CSA.), strength (F.;), and maximal power (P,.;) are

calculated as follows:



s,
( 1 ) CSALh - p%SApre

F t
@  F,- %
pre
— w 0st
(3 ) Wch =7 Apre

The model produces two output parameters (k, cn, kc.») Which describe the level
(local vs. central) at which physiological adaptations have taken place. The first

parameter is defined as the ratio of muscle strength changes to muscle CSA changes, or

_
(4) ka,c'h - %SAch

and the second is the ratio of muscle power changes to muscle strength changes, or

(5) kC,Ch a /E:h

The first k-parameter, &, ., has been used to determine whether local neuro-
mechanical/neuro-muscular factors are involved in the training/detraining process. A kg cx
value of 1 indicates that all observed changes in strength are due to changes in CSA. If
the value of &, .4 1s not unity, then other local factors must have contributed to the
observed changes in strength. These factors include non-hypertrophic muscle
adaptations, as well as local neural factors. As examples of non-hypertrophic local
adaptations following resistance training programs, muscle fibers have demonstrated
altered myosin heavy chain (MHC) protein expression from type 1IB toward type IIA
(Adams et al. 1994, Staron et al. 1991), increases in pennation angle (Kawakami et al.
2002), partial reversal of suppressed Ca2+ kinetics (Hunter et al. 1999), altered aerobic

and anaerobic enzyme activity (Costill et al. 1979, Fleck & Kraemer 2004, Green et al.



1999), and more favorable bioenergetic profiles in terms of increased resting [ATP],
[PCr] and [Glycogen] (MacDougall et al. 1977). Fleck & Kraemer note that these
myofibrillar adaptations depend on the subjects’ initial training status, the muscle group
examined, and the type of training conducted (Fleck & Kraemer 2004). The neural
effects seen locally in individual muscles following resistance training include: a)
decreased neural drive at submaximal loads, suggesting greater efficiency in motor unit
recruitment (Hakkinen et al. 1985, Ploutz et al. 1994), b) increased neural drive at
maximal loads, suggesting the learned ability to activate a greater percentage of motor
units when needed (Hakkinen et al. 1985), ¢) synchronization of motor units (Felici et al.
2001), d) increased firing frequency of motor units, €) increased time of tonic activity
(Grimby et al. 1981), f) expansion of the neuromuscular junction with concomitant
increases in neurotransmitters and receptors (Deschenes et al. 2000) and g) disinhibition
due to the learned overriding of protective reflexes (Fleck & Kraemer 2004).
Unfortunately, Minetti’s model (nor any other model yet published) cannot isolate the
contributions of individual local factors; it merely describes whether their net aggregate
effect is to further facilitate (k,.,>1) or inhibit (k,.,<1) the production of force for a
given change in CSA. Of the items on this list, detection of neural drive at submaximal
loads lends itself most readily to the functional MRI technique used in this pilot study.
The Minetti model also describes changes in peak power (w,) observed after an
adaptation with a second parameter, k. .,. Power is the product of force and velocity, but
the takeoff velocity itself is a non-linear function of force (Minetti 2002). The useful
force available to perform the jump is not necessarily the isometric force determined

above, but its post/pre change ratio is assumed to be related to the change ratio of



isometric force by k., such that Fis cn = ke.cnFisocn. The model quantifies two non-linear
relationships: one between change ratios in measured power to isometric force, another to
change ratios in jump height (/4. 1) to isometric force. Using either relationship, one
may solve for k..;. The significance of k. . is to account for changes in peak power that
occur beyond the measured change in force production. When £, >1, then central
neural factors must be present to account for the discrepancy. Examples of central neural
adaptation include a) multiple-joint coordination (Bawa 2002), b) the suppression of
activation of antagonist muscles, (Hakkinen & Komi 1985), c) enhanced processing of
proprioceptive afferents (Aagard 2003), and d) motor learning of a complex functional
movement (Bawa 2002). Of the items on this list, detection of the suppression of
antagonist muscle activity lends itself most readily to the functional MRI technique used
in this pilot study. Again, the individual contributions of these various central neural
factors cannot be isolated; the model only explains whether their net aggregate effect is to
facilitate (k..» >1) or inhibit (k. ., <1) the production of functional power given that a
change in isometric force has occurred.

Summarizing, the Minetti model’s two k-values do not necessarily indicate
whether force or power have increased or decreased in magnitude: they merely indicate
whether factors other than a change in quadriceps CSA have facilitated the production of
force (or power) or whether they have inhibited it.

Application of the Minetti model: Zamparo (Zamparo et al. 2002) applied the
Minetti model to published data in the literature from longitudinal studies where an
adaptation event had taken place and where all three input parameters required for the

model (CSA4cn, Fiso,cn and wey (OF Amaycn)) Were available, and produced an X-Y plot of the



output parameter values determined for each study. The positive adaptations included
three types of exercise training: strength training (ST) (Hakkinen et al. 1998, Hakkinen et
al. 2000, Hakkinen et al. 1981), plyometric and strength training (PL+ST) (Paavolainen et
al. 1991) and general fitness training (GT) (DeVito et al. 1999). The negative adaptations
included space flight (SF) (Antonutto 2002, Antonutto et al. 1998, Antonutto 1999), bed
rest (BR) (Ferretti et al. 2001) and detraining from strength training (DT) (Hakkinen et al.
2000, Hakkinen et al. 1981). Zamparo’s plot has been modified here by including only
the studies measuring lower body function, and by adding results from additional studies
of bed rest (Funato et al. 1997), strength training (Ferri et al. 2003, Gorostiaga et al. 1999,
Kraemer et al. 2004) and combined plyometric and strength training (Kraemer et al.
2000, Thortenssen 1977). Also considered are additional cases of a sequential strength
training program followed by detraining (ST+DT) as a single adaptation event (Ferri et
al. 2003, Hakkinen et al. 2000, Hakkinen et al. 1981, Thortenssen 1977). These results

are shown in Figure 1.
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Figure 1 - Analysis of studies of adaptations to training using the Minetti model (GT = general training, PL =
plyometrics, ST = strength training) and disuse (BR = bed rest, DT = detraining from ST, SF = space flight). The
hyperbolae are contours of constant product of the two output parameters, kac,ch =ka,ch ¢ ke,ch. No studies of
muscle power adaptations to ULLS were available, so only the location of the ka,ch parameter for this intervention is
indicated at the upper left.

* ke, ch. Modified from Zamparo et al. (145).

There are two trends of interest evident in the figure. First, conventional strength
training falls exclusively within the lower right quadrant of the graph (higher 4, ., lower
k..cn), indicating the facilitation of local factors and the inhibition of central factors. This
is true even for programs where some lighter repetitions are performed in an “explosive
manner (e.g., Hakkinen et al. 2000, Hakkinen et al. 1981). Second, only in programs
where the explosive squat repetitions continue to include takeoff and landing (i.e.,
ballistic training) do we see values of k. .»>1 and both local and central factors are
facilitated. This has been explained by the large percentage of the work cycle spent

decelerating in a light explosive exercise that avoids takeoff (Fleck & Kraemer 2004).
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The net result is to inhibit the ability to generate power through the whole jumping
motion due to activation of antagonists to stop the motion. Training programs with net
gains in central factors (k. .,>1) are those which emphasize the velocity side of the power
equation or the performance of the functional power movement itself (Kraemer et al.
2000, Paavolainen et al. 1991, Thortenssen 1977). There are other studies lacking CSA
data (to compute k, ;) for which one could still calculate a k. .,>1 (Kraemer et al. 2003,
Wilson et al. 1996).

An important metric is the distance of the various data points from the “origin”
where both k-values are equal to 1. Analysis of the data from strength training,
plyometrics plus strength training and general fitness training training programs as an
aggregate shows a positive correlation (=0.686, p=0.002) between program duration
and the magnitude of the distance from the “origin” in the Minetti k-space up to 24
weeks. However, when a similar analysis is performed on the de-conditioning studies
(space flight, de-training or bed rest) no such correlation exists (+=-0.046). This may be
due to the relatively low statistical power of the space flight data, the much longer
duration of these flights (54 weeks) and the fewer number of de-training and bed rest
studies for which model-appropriate data are available.

Zamparo (Zamparo et al. 2002) has observed the difference between bed rest
(lower k, ., and higher k.., ) and space flight (lower k, ., and lower k. ;). In the context of
the Minetti model, bed rest appears to resemble de-training more than space flight. Even
though all three input parameters (CS4, F and w) are certainly reduced in magnitude after
a period of bed rest, the reduction in functional power is less than predicted by the

reductions in muscle CSA and force. This suggests the central factors contributing to
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jump performance have been retained better than local factors and muscle size after this
type of unloading.

Meanwhile, the apparent “triple whammy” of space flight is elucidated by Figure
2. Space flight produces a loss of muscle mass, a further loss of strength beyond that
predicted by the loss of mass, and a further loss of functional power even beyond that
predicted by the loss of strength. The explanation offered by Zamparo for the difference
between space flight and bed rest was due to differing effects on central neural factors
(Zamparo et al. 2002), but one may also attribute part of it to the different effects of bed
rest and space flight on the force-velocity curve. Bed rest studies consistently show
greater percentage drops in isometric and slow velocity concentric strength than those
seen at higher concentric velocities (Bamman & Caruso 2000, Berg et al. 1997, Dudley et
al. 1989, Germain et al. 1995). Force-velocity effects on muscle groups from space flight
are poorly studied, and no relevant data exist for the quadriceps (Adams 2003); however,
one study of the plantar flexors after 175 days of space flight found higher percentage
losses at higher concentric velocities than at isometric or slow concentric velocities
(Koslovskaya et al. 1981). Assuming that similar results occur in the quadriceps, then the
findings of the Minetti model make sense. At a given power, a disproportionate loss in
isometric force will tend to elevate k.., all other factors being equal (Minetti 2002).
Disproportionate losses in peak force at higher velocities would be expected to produce
the opposite effect. To aid further analysis, Figure 2 shows only the central averages of
the groups from in Figure 1. Figure 2 identifies the four quadrants of the Minetti k-value
space and the location of the various adaptation events described. Note that the “origin”

is actually the point k, o= kecn=1.
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Figure 2 - Loci of central averages of adaptation events. Centroids are derived from Figure 1 and plotted within
the four quadrants in the Minetti k-value space. An estimated location for the ULLS centroid in the parameter space is
indicated by the box in the left half of the graph.

Figure 2 shows that strength training and de-training lie in opposite quadrants in
Minetti k-space. Strength training facilitates local adaptations beyond hypertrophy that
contribute to strength gains, but these gains come with the inhibition of central factors,
such that not all of the newly-gained strength can be utilized to produce functional power.
De-training tends to reverse both of these processes, as expected. Strength training plus
de-training, treated as a single adaptation event, lies between strength training and de-
training in the Minetti k-space, and the point averages of strength training, de-training
and strength training plus de-training are nearly collinear. The fact that strength training
plus de-training and strength training lie in the same quadrant indicates that strength
training plus de-training is a net training adaptation (over the time studied), and it is
testimony to the persistence of adaptations gained from strength training throughout

periods of lengthy de-training. Strength training and bed rest appear also to be nearly
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opposite adaptations in the context of this model. Unfortunately, there are no published
studies of the effects of bed rest on resistance trained individuals that included the input
data required for analysis with the Minetti model. As stated previously, studies of
training prior to unloading are surprisingly scarce, so this area is currently poorly
understood. Such a scenario would likely include both a de-training component as well
as an unloading component from bed rest. It is reasonable to assume that the sequential
events of strength training + (bed rest with de-training), treated as a single adaptation,
would fall somewhere on the line connecting the strength training and bed rest averages.
Its exact location would depend on the type of strength training program employed, the
duration of strength training and the duration of bed rest/de-training. It appears that
conventional strength training prior to bed rest is a valid pre-conditioning strategy.
Strength training develops the appropriately targeted adaptations that enable subjects to
retain strength and power in a potentially optimal manner based on the predictions of the
Minetti model.

Targeted pre-conditioning: Extension of this reasoning led to the proposal of
targeted pre-conditioning for space flight. Because of the unique location of space flight
in Minetti k-space, an effect-opposing pre-conditioning program would optimally
produce both &, .»>1 and k..,>1. On a practical level, this means developing both local
adaptations for increased strength and central adaptations for functional power to extend
performance beyond that attributable to hypertrophy alone. The targeted training
program should include training components that: 1) produce strength gains over a wide
range of velocities to boost both 4, ., and k. ., , 2) increase strength more so than

hypertrophy to boost &, .1, 3) increase the muscle power, rate of force development (RFD)
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and functional performance to boost k.., Such a training program could be described as
a combination of conventional and explosive resistance training with a goal of producing
net gains in muscle strength and power simultaneously, without necessarily seeking to
produce hypertrophy.

* k osk ko3

12 elevation with exercise: Since Fleckenstein’s original demonstration of acute
elevation in both the spin-lattice relaxation time (T;) and the spin-spin relaxation of time
(T») of recently exercised human muscles (Fleckenstein 1988) this phenomenon has been
utilized in a functional MRI technique that has received both considerable study and
clinical usage (reviews: Bendahan et al. 2004, Meyer & Prior 2000, Patten et al. 2003).
The particular elevation of T, with exercise has received the bulk of the attention, since
the same amount of exercise produces greater changes in the signal amplitude of T»-
weighted scans than T-weighted scans (Fleckenstein 1988).

At present, T, elevation with exercise is recognized as a quantitative indicator of
activity-induced patterns of muscle activation, as well as a tool for the diagnosis of
muscle injuries and various myopathies (Patten et al. 2003). This review will explore the
quantitative behavior of T, elevation after exercise, the underlying physiological
mechanisms, the correlation of T, elevation with exercise intensity, and the practical
applications of the phenomenon, especially regarding the study of training and unloading
adaptations.

Acute vs. delayed-onset T2 elevation: Two distinct phases of T, elevation (acute
and delayed-onset) have been observed following strenuous exercise. Acute T, elevation

usually follows a somewhat consistent time course whereby it reaches a peak value
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within 1-2 minutes following the cessation of exercise, and then decays back to baseline
with a half-life of anywhere from 5 to 10 minutes (Kennan et al. 1995, Disler et al. 1995,
Ploutz-Snyder et al. 1995) or a time constant of 0.114 min”' (Archer et al. 1992).
Conversely, the time course of delayed onset T, elevation is much more variable.
Delayed-onset T, elevation begins anywhere from 36-48 hours after exercise and peaks at
anywhere from 72-168 after exercise (Foley et al. 1999, Jayaraman et al. 2004, Mair et al.
1992, Prior et al. 2001). There appears to be no relationship between the magnitudes of
acute versus delayed-onset T, elevation in the thigh (Prior et al. 2001). Acute T,
elevation has become an accepted indicator of activation during exercise, whereas
delayed onset T, elevation has become an accepted indicator of post-exercise micro-
injury that is related to the phenomenon of delayed-onset muscle soreness (Yanigasawa et
al. 2003a). Since this pilot study is exclusively concerned with acute T, elevation, the
term “T, elevation” will refer only to the acute phenomenon from this point forward in
this paper.

Quantitative behavior of T2 elevation: Resting muscle typically has a measured
T, of 24-35 msec (Patten et al. 2003). Following intense exercise, the value can elevate
as high as 38% above baseline (de Kerviler et al. 1991, Richardson et al. 1998) and the
peak value occurs roughly 1 minute after the cessation of exercise (Kennan et al. 1995).
Within a given muscle, the factors known to determine the amount of T, elevation
include work rate (i.e., power) (Cheng et al. 1995, Fisher et al. 1990), the intensity of
exercise relative to maximum voluntary contraction (MVC) (Adams et al. 1992), and
intensity relative to maximum aerobic power (Reid et al. 2001). The number of muscular

contractions at a given intensity level has a minimum threshold value which must be
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crossed before an effect may be observed (Yue et al. 1994), but T, elevation will
typically saturate as more contractions at this same intensity level occur (Fleckenstein et
al. 1993, Yue et al. 1994). Only an increase in intensity will further increase muscle T,
from this saturation value. Neither the total energy expenditure nor the duration of an
exercise session determine the amount of observed T, elevation per se (Jenner et al.
1994). Several authors have concluded that a linear dependence exists between T,
elevation and intensity of exercise (Adams et al. 1993, Fisher et al. 1990, Jenner et al.
1994); however, these studies appear to have under-sampled the full range of exercise
intensity over which muscles may operate. When more thorough attention is paid to the
extremes of the exercise intensity range, this relationship reveals itself to be sigmoidal in
nature (Cheng et al. 1995, Fleckenstein 1988, Fleckenstein et al. 1993, Ogino et al. 2002)
as shown in Figure 3.

This implies that for a given metabolic energy expenditure during exercise, a
minimum “threshold intensity” must be achieved in order to detect any change in T».
There is also a “saturation intensity” beyond which any additional changes in T, are
minimal. However, since most exercise training and submaximal testing occurs within
these two extremes, there exists a practical range of exercise intensity over which a linear

dependence will be a valid approximation (Yue et al. 1994).
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Figure 3 - Sigmoidal dependence of T2 elevation upon exercise intensity. The curve is unique to each subject and
depends on training status. Most practical exercise testing and training occur within the approximately linear range
between the threshold intensity value and the saturation value.

Another scenario for quantifying T, elevation is to fix the exercise intensity and
vary the number of muscular contractions or repetitions performed at that intensity. One
study determined the minimum number of contractions required to produce a statistically
significant rise in T, in the elbow flexors at two intensities (Yue et al. 1994), expressed as
25% and 80% of the subject’s one-repetition maximum (% 1RM) for an arm curl. The
authors found that five repetitions were required to detect T, elevation at 25% 1RM, but
only two were required at 80% 1RM. The same study also noted that no saturation
behavior in T, elevation occurred at 25% 1RM up to 40 repetitions, but at 80% 1RM the
T, elevation started saturating after 10 repetitions, i.e., additional repetitions beyond 10
produced less elevation in T,. Sprint bicycling for 6 second bursts with 30 seconds rest
between bursts produced a similar effect in all thigh muscles except m. gracilis (Akima et
al. 2005). Collectively, these results also imply a plateau relation between number of
repetitions (or total work) and T, elevation at a fixed intensity level of exercise. An echo

planar imaging (EPI) study of m. tibialis anterior where the subjects dorsiflexed in the
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magnet with a fixed load (35% 1RM) at contraction rates of 10/min, 20/min and 30/min
produced a plateau behavior in T, over time (Jenner et al. 1991). In this case, the plateau
value of T, changed according to the rate of contractions (i.e., power). In another study,
calf raises produced greater elevation in T, going from body weight (BW) to 115% of
BW than the increase from 50% BW to BW (Kinugasa et al. 2005). These results imply
sigmoidal behavior for T, elevation versus number of contractions at a fixed level of
intensity, as well as a direct dependence of the plateau value on the intensity level. This
is depicted qualitatively in Figure 4.

Figure 4 - Plateau behavior of T2 elevation versus the number of contractions at a given intensity. The family of
curves shows that as intensity rises, the number of contractions required to produce a response and the number required
to reach the plateau value both decrease.

One study used a dynamic single-shot echo-planar imaging technique to record T,
measurements in the anterior calf while subjects dorsiflexed in the magnet at four
intensity levels, 20%, 40%, 60% and 80% of 1RM (Disler et al. 1995). The resulting data
resemble Figure 4. These authors are alone in the literature in concluding that total work
did contribute to T, elevation, however, they did not vary the frequency of contractions in
order to isolate work rate effects. The key consensus of the studies cited in this section is

that the degree of T, elevation depends on the intensity (force) or work rate (power) of
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exercise rather than the total caloric expenditure, the time spent exercising or the time
under load. During sprint cycling, T2 elevation and power output are in fact well-
correlated (> 0.75, p<0.0001), particularly in the VM and VL (Akima et al. 2005).

The sensitivity of T elevation is such that detectable response occurs after 5
contractions at 25% of 1RM and after only two contractions at 80% of 1RM (Yue et al.
1994). There is also a high correlation (» ~ 0.9) between force exerted and T, increase
following resistance exercises (Adams et al. 1992, Fisher et al. 1990).

Axial spatial dependence: Since individual skeletal muscle fibers typically span
the entire length of a muscle, one would expect little axial variation of T, elevation
following exercise. Indeed, many studies have used a single axial slice at the belly of the
target muscle to determine mean intramuscular T, (Price et al. 1995, Price et al. 1998,
Yanagisawa et al. 2003a, Yanagisawa et al. 2003b, Yanagisawa et al. 2003c, Yanagisawa
et al. 2003d ) based on this operating assumption. There have been studies which have
specifically investigated the axial dependence of T, elevation with exercise, but not
always with the same outcome variables. In one study, isokinetic knee extensions
produced T, elevation with no significant differences in the percentage of pixels with
elevated T, values along seven axial slices of the QF (Akima et al. 1999). A resistance
training intervention did not alter this observation. However, the same author later
published a study where a similar exercise protocol induced a pattern of preferential
mean T, elevation (a different outcome variable) in the distal slices of m. rectus femoris,
while the three vasti QF muscles did not exhibit this behavior (Akima et al. 2003).

Transverse spatial dependence: The intra-slice spatial dependence of T, elevation

is more controversial and it requires careful interpretation. Some researchers have used
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the percentage of cross-sectional area that exhibits elevated T> (%CSA 12+) as an outcome
variable (Adams et al. 1993, Akima et al. 1999, Akima et al. 2000, Ploutz-Snyder et al.
1995a, Ploutz-Snyder et al. 1995b, Prior et al. 1999, Ray & Dudley 1998), although most
others have used mean intramuscular T, (ur2). Furthermore, T, images pre- and post-
exercise have been used to generate “T, maps” whereby elevated pixels, defined to be >1
SD above the baseline values of pit,, are identified in the post-exercise images as
indicators of spatially localized regions containing activated muscle fibers. While one
researcher has argued that these T, maps indicate cross-sectional muscle utilization
patterns (Warfield et al. 2000), another researcher has convincingly argued that this
technique is invalid in normal muscle tissue due to the heterogeneous contents of the
tissue enclosed within an MRI voxel, the inherently random distribution and voluntary
recruitment of motor units in the body, the similar magnitude of the variance in T
measurement and T, elevation, and the notable absence of a bimodal distribution of
muscle pixels following submaximal exercise (Prior et al. 1999). This last point is
critical, since if spatially localized T, mapping has validity, then preferential recruitment
of “smaller motor units first, then larger ones” in performing submaximal tasks (Guyton
& Hall, 10" ed.) should produce localized areas of T, elevation. This should in turn split
the normal distribution of T, pixels into a bimodal distribution, which no study has
demonstrated. Indeed, identical bouts of exercise can induce a wide variety of T, maps
among healthy subjects (Prior et al. 1999), but the single-mode normal distribution of
pixels remains. Even during electromyostimulation (EMS) which tends to recruit the
same motor units with each contraction much more so that voluntary contractions, the T,

maps among subjects are highly variable and quite sensitive to electrode placement
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(Adams et al. 1993). The value of cross-sectional T, pixel-mapping of muscle seems to
lie in the study of myopathologies or motor neuron disease, where localized areas of
damaged or non-recruitable muscle may present themselves after exercise with no
significant T, rise above baseline (Patten et al. 2003).

Physiological basis: Despite considerable investigation, the exact physiological
mechanism for T, elevation with exercise remains elusive. This is largely due to the
complexity of the phenomenon and its apparent dependence on a multiplicity of factors.
The consensus of the scientific literature would attribute exercise-induced T, elevation to
osmotically-driven shifts in intracellular water and the accumulation of osmotic
metabolites and the by-products of anaerobic metabolism with some contribution from
the aerobic metabolic pathway as well (Bendahan et al. 2004).

When edema alone is induced by lower-body negative pressure (LNP) it produces
less T, elevation and a distinct shift from monoexponential to biexponential behavior in
transverse relaxation (Ploutz-Snyder et al. 1997), an effect not seen after exercise.
Conversely, head-down tilt (HDT) for 24 hours produced significant edema in neck
muscles but no significant change in T, (Conley et al. 1996). These authors have
concluded that while intracellular fluid shifts certainly contribute to increases in signal
intensity of T,-weighted images, they cannot fully explain the phenomenon (Fisher et al.
1990).

Several researchers report that pH is negatively correlated with T, during the
positive phase of exercise-induced T, elevation (Cheng et al. 1995, Damon et al. 2002, de
Keviler et al. 1991, Jehenson et al. 1993, Morvan et al. 1992, Weidman et al. 1991), but

not necessarily so during the recovery phase (Cheng et al. 1995, Morvan et al. 1992).
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Additionally, T, elevation precedes acidosis during incrementally graded exercise (Cheng
et al. 1995). These observations suggest a contribution for acidosis in T, elevation, but
that acidosis alone cannot fully explain the phenomenon.

Muscle glycogen concentration as determined by MRS does not correlate per se
with T, elevation (Price et al. 1998). However, patients with pathologies in the
glycogenolytic pathway display little or no T, elevation post-exercise (de Kerviler et al.
1991, Fleckenstein et al. 1991, Jehenson et al. 1993). This suggests that the products of
glycogenolysis are more strongly related to T, elevation than the amount of stored muscle
glycogen.

Lactate buildup may drive the osmotic fluid shifts that in turn drive T, elevation
with intense exercise. The role of muscle glycogen appears to be more indirect, only to
the extent that it is the reactant that produces lactate in anaerobic metabolism. No study
could be found that correlated lactate concentration with T, elevation per se.

Conflicting data exist for the effect of metabolic phosphate concentrations. One
MRI/MRS study reports a strong correlation between the ratio of inorganic phosphate to
phosphocreatine (Pi/PCr) and T, elevation, with no such dependence reported for ATP
(Weidman et al. 1991). This implies that the PCr metabolic pathway, which is utilized to
a higher degree in more intense exercise than less intense exercise, has a key role in T,
elevation. This is consistent with the previously cited observations of T, elevation
scaling with exercise intensity. However, another MRS study reports no such correlation
with PCr, but rather a correlation with glucose 6-phosphate (Price et al. 1998). These

authors concluded that glucose transport into exercising muscle also plays a role. The
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body of evidence would seem to suggest that the various metabolites have a synergistic
effect that produces the water shifts that drive T, elevation.

Vascular occlusion has a positive reinforcing effect on T, elevation with exercise,
yet occlusion alone produces only minimal changes in T, (Fisher et al. 1990). This
concept may be exploited in clinical practice to detect occlusive disease in muscles that
exhibit localized areas of excessive T, elevation following exercise (Yoshioka et al.
1995). One may therefore reason that occlusion elevates T, due to the buildup of
metabolic byproducts accompanying decreased perfusion and the resulting osmotic fluid
shifts that arise from this buildup.

Perfusion itself has been studied in conjunction with T, elevation. By occluding
vascular flow during exercise and allowing intermittent periods of reperfusion, Archer
demonstrated that reperfusion initially augments the T, elevation, but continuous
reperfusion eventually drives the decrease in T, during recovery (Archer et al. 1992).
However, Fleckenstein, noting a lack of T, elevation in McArdle’s patients even under
vascular occlusion, concluded that perfusion per se is not the primary factor in T,
elevation with exercise (Fleckenstein et al. 1991).

Although PCr/ATP, Pi/ATP and (PCr + Pi)/ATP ratios correlate with the
percentage of type II fibers, no such correlation exists for resting values of T, (Takahashi
et al. 1994). However, Prior demonstrated that localized areas of greater type I1
(anaerobic) fiber density in a given muscle show greater T, elevation than areas with

greater type I (aerobic) density (Prior et al. 2001).
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Despite the lack of a conclusive physiological explanation for T, elevation with
exercise, the phenomenon remains widely accepted as a quantitative indicator of exertion,
although the results often require careful interpretation (Patten et al. 2003).

Dependence on training status: Numerous studies have examined T, elevation
among groups of individuals with widely varied training status. For traditional strength
exercises, the intensity expressed as a percentage of the subject’s n-repetition maximum
(% of nRM) appears to be the key variable for producing T, elevation in isolated muscles
(Adams et al. 1992). This is true both for cases where two muscles in the same
individual are investigated or where the same muscle group is investigated across a
population. For example, although the plantar flexors and dorsiflexors have a relative
strength ratio of seven, when subjects exercised each muscle group at 25% of its 1RM,
the measured T, increase in each muscle group was statistically the same (Price et al.
1995).

For more continuous exercises, the work rate expressed as a power appears to
drive T, elevation, which is dependent on the subject’s aerobic training status. A study of
trained versus untrained cyclists found that at work rates of 50% and 90% of the subjects’
maximum aerobic power, there were no significant differences in T, despite a 72% and
60% difference, respectively, in the absolute value of the power production between the
two groups (Reid et al. 2001). When comparing work rates producing T, elevation across
a population, the comparison must therefore be standardized relative to each subject’s
maximum aerobic power, and not absolute work rate (Bendahan et al. 2004). These
results significantly impact the choice of methods used in both this pilot study and the

proposed targeted pre-conditioning study. It is also possible to perform classification
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analyses that identify the training class of specific individuals based on their location in a
parameter space spanned by performance versus T, elevation (Le Rumeur et al. 1994).
Training adaptations and T2: The use of T, elevation in detecting adaptations to
resistance training is best exemplified in two key studies. One study of the calf muscles
noted strength gains early in a resistance training program accompanied by an increase in
T,, but not in muscle CSA. Based on this, the authors concluded that early strength gains
in a resistance training program come primarily from increases in neural drive rather than
hypertrophy (Akima et al. 1999). Another study of unilateral training in the quadriceps
found that resistance training moved the T, elevation versus load curve of the trained
limb down and to the right, so that less activation is seen post-training to lift the same
load compared to the pre-training state (Ploutz et al. 1994). Refer to Figure 5. Even
more interesting, the study found that the same effect (to a lesser degree) occurred in the
untrained limb as well. This study documented the detection of an adaptation to
resistance training that is purely resident in the central nervous system via functional

MRI.
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Figure 5 - Effect of resistance training on area of muscle showing elevated T2 after exercise. Average cross-
sectional area (cm?) of right untrained (A) and left trained (B) quadriceps femoris muscles (QF) showing MRI contrast
shift, and thereby use, plotted as a function of load lifted during exercise pre- (0) and post-training (e).

Unloading interventions and T>: The typical effect of unloading is not to change
resting T, values, but rather to increase the amount of elevation seen during the
performance of the same submaximal exercise performed both before and after the
unloading event. Two bed rest studies have reached this conclusion (Akima et al. 2003,

Conley et al. 1996), as have two studies involving ULLS (Ploutz-Snyder et al. 1995,
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Ploutz-Snyder et al. 1996). Unloading therefore shifts the load to T2 elevation curve up

and to the left as shown in Figure 6.
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Figure 6 — Effect of unloading on area of muscle showing elevated T2 after exercise. Average cross-sectional area
(CSA) of right weight-bearing (A) and left unweighted (B) quadriceps femoris muscle group (QF) with an elevated T2
and thereby suggested to have recently performed contractile activity, plotted as a function of absolute load lifted for 5
sets of 10 unilateral concentric repetitions before (0) and after (®) 5 wk of unweighting of left QF. Point 0 for load is

pre-exercise. Values are means + SE for group; n=7 subjects.

T, elevation versus iEMG for measuring activation: There is no direct
measurement of neural activation in in vivo muscle. T, elevation and integrated
electromyography (iEMGQG) are the two dominant methods for obtaining quantitative data

that relates to muscle activation. These two methods offer different but complementary
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means of evaluating neuromuscular activation. Surface iEMG directly measures the
electrical activity of muscles in real time. But its use is limited to larger and more
superficial muscles. Signal interpretation from iEMG can be difficult, as it may be
confounded by skin cleaning, electrode placement, cross talk among muscles, and
changes in the size of the muscle or fat layer over time when making longitudinal
measurements.

Conversely, the challenge to the interpretation of elevated T, values is that the
mechanism of the T, increase seems to be metabolic in origin, as we have seen. So in
cases where muscle metabolism does not adapt (acute studies) T, can be used as a
reliable indicator of muscle recruitment patterns. However, this may be complicated
under conditions where muscle metabolism is likely to change (unloading, training,
disease, etc). Therefore, longitudinal studies with either training or unloading
interventions are advised to interpret data from both techniques. One author has found
that EMG and T elevation correlated (r=0.99) and scaled with intensity over the limited
range of exercise intensity (5x10 reps at 40%, 60%, 80% and 100% of 10RM) that was

studied (Adams et al. 1992).

29



Problem Statement

This main purpose of this study was to use T,-relaxation time elevation to
determine activation and recruitment (i.e., efferent neural drive) differences in the thigh
and calf muscles of two distinct populations during single-leg jumping exercise. One
population consisted of high performing jumpers, and the other consisted of otherwise
healthy, but low-performing jumpers. Several hypotheses were quantitatively tested. For
given muscles m/ and m2:

HT1) T2 elevation (AT2) will vary between specific leg muscles, e.g., 4721 # AT2y,2
H2) AT2 for primary agonist muscles will depend on the jumping power (Pjymp )
relative to aerobic fitness expressed as Maximum Aerobic Power (MAP), i.e., 472y,
=f(Pjump/MAP)

H3) AT2 will increase with an increase in the measured intensity of the jumping

exercise (not necessarily linear), e.g., [f P2 > PJ, then AT2y | p2 > AT2,,1 pj
H4) Within a given population there will be heterogeneity in the activation pattern of
specific muscles in the leg, i.e., AT2,, ;D + AT2,,72)

HS5) High-performing jumpers (J) exhibit more efficient muscle recruitment than low
performing jumpers (C) based on a metric (M) that rewards power production and

penalizes higher T, elevation, i.e., M; > M.

There were also two secondary objectives of the study, namely 1) to determine the
effectiveness and feasibility of the intended exercise protocol and scan procedures for use

in the proposed pre-conditioning study, as previously described, and 2) to demonstrate
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and validate the data gathering and analysis methods of the proposed study, including the
exercise protocol, the MRI scans, the jump performance measurement and the image

processing techniques for analysis of MRI images.

31



Subjects and Methods

Initial screening: After the Institutional Review Board approved this study for
human experimentation, twelve healthy volunteers, 21-48 yr old, were recruited from the
University and the surrounding metro area. All subjects gave informed written consent
before participating. Subjects completed both a medical history questionnaire to identify
any risks that might preclude their participation and an activity questionnaire (Baecke et
al., 1982) to quantify their relative levels of activity. Subjects were excluded based on
recent or chronic joint injury in the legs, heart conditions, pregnancy, or current treatment
with prescription medications. Three potential subjects were excluded for medical
reasons.

Jump performance testing: The subjects were then screened into two experimental
groups based on their performance in a two-leg jump and reach test conducted on a jump
platform. A certified exercise physiologist explained the test procedure to each subject,
who was then given 3-5 half-effort warm-up attempts to practice. Following two minutes
of rest, the subject then performed 5 individual maximal-effort jumps separated by rest
intervals of one minute between each jump. The best jump height of the five determined
the raw score. This value was compared to published normative data (Payne et al., 2000)
to obtain a percentile score based on the age and gender of the subject. The percentile
score became the screening criterion. Subjects with a percentile score of 75 or higher
were accepted into the accomplished jumpers (J) group while subjects with a percentile
score of 50 or less were accepted into the control (C) group. Subjects falling in the 51°-

74™ percentile were not accepted for the study.
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Maximal Exercise Test (MET): Each subject performed a maximal exercise test
on a cycle ergometer under the close supervision of a certified exercise physiologist. The
subjects executed the ACSM standard ramp protocol at a pedaling cadence of 60 rpm
(ACSM, 1995). An initial warm-up period of two minutes at 25 Watts of pedaling power
was followed by incremental increases of 5 Watts every ten seconds until fatigue
prevented the subject from maintaining with the pedaling cadence at which point the test
was terminated. During the entire test the subjects’ oxygen uptake and carbon dioxide
output were recorded. Heart rate and EKG were monitored for indications of distress,
which would be cause to immediately terminate the test. This did not occur in any of the
subjects. The key measurements from the MET were the subjects’ power at anaerobic
threshold (P47, Watts), maximum aerobic power (P4, Watts) and maximal oxygen
uptake (Vo2, max, mL/min).

Exercise protocol: Five sets of ten (5 x 10) single-leg vertical jumps (sometimes
referred to as “hops”) on a force platform constituted the exercise protocol for inducing
T, elevation in the thigh and calf muscles. A certified exercise physiologist instructed
each subject to maintain their hands on their hips, take off on their dominant leg and land
on two legs. Landing criteria were generally observed, but were not always strictly
enforced. Two levels of intensity were employed: at body weight (Postl) and at body
weight + 33% (Post2). For the Post2 sets, the subject donned a weighted vest commonly
used for hands-free training. Each subject was given a 60-90 second window to perform
each set of ten jumps at their own pace. Rest periods were one minute between sets.
Immediately following the completion of the last set of jumps, the subject was quickly

assisted into the magnet (after expediently removing the vest at Post2) for the start of
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MRI scanning. The force platform and the magnet were in adjacent rooms to ensure the
subjects’ safety. One hour separated the Postl and Post2 exercise bouts. This is
adequate time for acute T2 elevation to abate in the lower limbs (Kennan et al. 1995,
Disler et al. 1995, Ploutz-Snyder et al. 1995). Appendix B explains the technical aspects
of the force platform and Appendix D explains the rationale for this selection of exercise
protocol.

Jumping performance measurements: The force platform (Kistler Quattro-Jump,
Tonawanda, NY) recorded the subjects jumping weight, jump time in-flight and force
production vs. time, f(?), at a sampling rate of 500 Hz. From these measurements, the
accompanying software computed the height (4;, cm), instantaneous concentric power
(Pj(t), Watts), average concentric power (P; .,, Watts) and peak concentric power (P; yeak,
Watts) for each jump. From these, the peak (Ppeqr, Watts) and average (Pgyg, Watts)
jumping power for the entire exercise set were computed as

©) £

peak

=Max(Pj) peak)
1 N jups =1
(7) f)av = P av,
¢ Njumps JZO i

The force-time integral (FTI) was computed during the concentric phase of each jump as

(8) FTI =NLNZI ()AL

s 1=0
where N is the number of samples collected during the jump and At is the sampling
period, 20 msec. Landing forces were considered to be absorbed primarily by the bones
and connective tissue with a small amount of eccentric energy expenditure in the

quadriceps and plantar flexors. This eccentric power production was assumed to
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contribute much less to the elevation of T, in all leg muscles than the concentric
component at takeoft.

MR imaging techniques: Thirty (30) axial slice images each of the thigh muscles
along the femoral length, from the greater trochanter to the adductor tubercle, and of the
calf muscles along the entire tibial length were obtained using a 1.5 Tesla Siemens
Symphony clinical MR scanner. T»-weighted spin-echo sequences were 2,000/30,60
msec (repetition time / echo time 1, echo time 2). Each slice image represents 1 cm of
axial thickness and a 500mm x 250mm field of view (FOV) on a 256 x 128 pixel grid.
The gap between each slice was 1 cm. Appendix C contains the details of the MRI scan
used for this study.

Image processing techniques: MRI image processing techniques were
implemented using a combination of resident features and programmed macros in
Optimas 6.5 (Media Cybernetics; Bothel, WA). Macros were written in the Analytical
Language for Imaging (ALI), and are explained in Appendix A. For the thigh, the
muscles of interest were m. vastus lateralis (VL), m. vastus medialis (VM), m. vastus
intermedius (VI), m. rectus femoris (RF), m. sartorious (Sar), m. adductor longus (AL),
m. adductor magnus (AM), m. gracilis (Gr), m. semimembranosus (SM), m.
semitendonosus (ST) and m. biceps femoris (BF). Additionally, the m. quadriceps
femoris (QF) muscle group (i.e., VL+VM+VI+RF) was considered as an aggregate for
analysis. For the calf, the muscles of interest were m. gastrocnemius lateralis (GL), m.
gastrocnemius medialis (GM), m. soleus (Sol), m. flexor digitorum longus (FDL), m.
flexor hallucis longus (FHL), m. tibialis posterior (TP), m. peroneus longus (PL), m.

tibialis anterior (TA), m. extensor digitorum longus (EDL), and m. extensor hallucis
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longus (EHL). Additionally, the major plantar flexors (PF) (i.e., GL+GM+Sol) and
dorsiflexors (DF) (i.e., TA+EDL+EHL) were analyzed as aggregate muscle groups. For
each muscle or aggregate group, the region of interest (ROI) for T, analysis was drawn
manually on three (larger muscles) or four (smaller muscles) adjacent slices located on
the mid-belly of the muscle or group. Previous studies have shown that muscular Ty is
relatively insensitive to axial position, even after exercise (Akima et al. 2004; Akima et
al. 1999; Richardson et al. 1998). Care was taken to exclude from the ROIs any visible

non-muscle tissue, such as blood vessels, fat, bone or connective tissue. Any blood flow
artifacts were also excluded from the T, ROI. Pixel T, values, YA"Z , were estimated from

the two spin echo images using

. (TEZ_TEI)
© L=t
ln(%z)

where Tg; and T, are the two echo times and 11 and 12 are the pixel intensity values in
each image. The output of this process is a T, map image, whereby each pixel in the
image bears a gray scale value equal to its locally computed T, value in milliseconds.
Muscle volumes were computed by tracing the visible external boundary of each
muscle as another ROI on a spatially calibrated image for each slice in which the target
muscle appears over either the femoral or tibial length. An atlas of skeletal muscle on
MRI images provided guidance for this process (Berquist, 1995). The muscle volume, V,

was computed using the truncated cone formula between slices (Ross et al. 1996):

(10) V=>4t +%Z WA+ A, +A44.,)
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where A is the area in the ith slice, ¢ is the slice thickness and /4 is the distance between
slices. The mean muscular T value ( 4, ), the number of pixels with elevated T»

) were computed for each

(NT2 e ) @nd the total number of pixels in the ROI (N,
muscle.

Performance to activation ratios: For this study two metrics were designed to
detect output power with high recruitment efficiency in specific muscles. The metrics
reward power production as measured by the force platform and incur a penalty for

higher recruitment as measured by the percentage of elevated pixels within the muscle

ROI of the T, image. The average performance to activation ratio (APAR) is defined as

L
A max
(11)  APAR = —£—Amx

ot

=

and the peak performance to activation ratio (APAR) is defined as

IDj,peak
(12) PPAR= A L
NT2 ,ele/
Nt()l‘

where the numerator of the APAR is the ratio of the average of all 50 peak jump power
measurements to the subject’s maximum aerobic power (MAP), the numerator of the
PPAR is the ratio of the maximum of all 50 peak jump power measurements to the
subject’s MAP, and the denominator of both metrics is the fraction of pixels in the
muscle ROI that have an elevated T, value. Jump power is referenced to MAP for
consistency with a previous finding that increases in muscle T, vary with work rate

relative to MAP, and not with absolute work rate (Reid et al. 1999). The choice of
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percentage of elevated T, pixels rather than change in mean muscular T is due to the fact
that the former quantity showed no significant differences between groups at Baseline,
whereas the latter quantity did show significant differences at Baseline in several
muscles.

Statistical techniques: Conventional statistical analyses were employed to
calculate mean values (), standard deviations (o) and Pearson correlation coefficients
(r). One-way analysis of variance (ANOVA) with repeated measures was used to
compare differences between groups for individual muscles at Baseline, Postl and Post2.
Student’s t-test was used to compare group differences in performance data and physical
characteristics. Pair-wise t-test comparisons were made for individual muscles at Postl

and Post2 relative to Baseline values, and relative to each other.
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Results

Subjects: Characteristics of the subjects are summarized in Table 1. The two
groups did not have significant differences in age, height, weight, body mass index or
Baecke activity score. Gender differences did exist, with the C Group being more

heavily represented by females.

Table 1 - Subject characteristics

J Group C Group
Gender, female/total 2/6 4/6
Age, yr 28.7+4.0 280+1.8
Height, cm 180.7 + 3.8 171+ 3.1
Weight, kg 72.6£5.0 84.4+10.3
BMI, kg/m’ 21.7+13 282429
Dominant leg, right/total 3/6 5/6
Baecke Activity Score 7.5+£0.7 6.7+0.4

Values are means + SE; n = 6. BMI = Body Mass Index

Jumping performance: A typical set of jump measurements is shown in Figure 7.
Note that the peak power is defined as the peak concentric power, not landing (eccentric)
power. Figure 8 summarizes the jumping performance data obtained for the J and C
groups. The J Group outperformed the C Group in the two-leg jumping test that was
used for screening (J: 53.1 £4.3 cm; C: 34.0 + 2.5 cm; p=0.02) as expected.

As shown in Figure 9, J Group members demonstrated superior jumping
performance at Postl by all measurements, including peak jump height (J: 26.2 £1.6 cm,
C: 18.3 £ 1.2 cm, p=0.001), average jump height (J: 22.9 £ 1.3 cm, C: 15.7 £ 1.0 cm,
p=0.0006), peak jump power per body mass (J: 24.1 + 1.5 W/kg, C: 16.5 £ 0.9 W/kg,
p=0.021), average jump power per body mass (J: 11.5+ 0.9 W/kg, C: 8.0 £ 0.5 W/kg,
p=0.004), FTI per body mass (J: 0.25 = 0.03 N-s/kg, C: 0.20 + 0.01 N-s/kg, p=0.05) and

peak force as a fraction of body weight (J: 0.91 £ 0.11; C: 0.50 £ 0.03, p=0.05).
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Figure 7 - Representative single-leg jump data from the force platform for a 56kg male from the J Group. Force,
velocity and power traces are as indicated by the legend at the right.
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Figure 8 - Two-leg jump height (cm) from initial screening of subjects. (J>C: * = p<0.05, ** = p<0.01)
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Figure 9 - Post1 (single-leg jumping at body weight) results: peak and average jump height (a), peak and average
jump power per body mass (b) and force-time integral and peak force (c) . (J>C: * = p<0.05, ** = p<0.01).

As shown in Figure 10 at Post2, J Group still outperformed the C Group in peak
jump height (J: 19.8 £ 0.9 cm, C: 15.6 + 1.1 cm, p=0.033), average jump height (J: 16.9 +
0.9 cm, C: 13.9 + 1.1 cm, p=0.01), peak jump power per body mass (J: 22.8 + 1.3 W/kg,
C: 17.0 £ 0.6 W/kg, p=0.004), average jump power per body mass (J: 10.3 + 0.7 W/kg,
C: 7.8+ 0.4 W/kg, p=0.02), FTI per body mass (J: 0.27 £ 0.01 N-s/kg, C: 0.21 + 0.01 N-
s’kg, p=0.04) and peak force as a fraction of body weight (J: 0.66 + 0.06; C: 0.52 + 0.02,

p=0.12). In this case, the last measured difference fell short of statistical significance.
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Jump height decreased significantly from Postl to Post2 in the J Group (Avg: -6.0
cm, p=0.01; Peak: -6.4 cm, p=0.004). The jump height trended lower from Post1 to
Post2 in the C Group (Avg: -1.8 cm, p=0.06; Peak: - 2.7 cm, p=0.24). Power production
during jumping for both groups did not change significantly when the load increased
from BW to BW+33%, both in terms of peak power/body mass (J: -1.3 W/kg, p=0.28, C:
-0.2 W/kg, p=0.73) or average power/body mass (J: -1.2 W/kg, p=0.72, C: +0.5 W/kg,
p=0.94).

Aerobic training status: As shown in Figure 11, the J Group demonstrated a
greater degree of aerobic fitness than the C Group during the maximal exercise test
(MET), as measured by anaerobic threshold/kg of body mass (J: 2.4 + 0.5 W/kg, C: 1.75
+ 0.3 W/kg, p=0.13), maximum aerobic power/kg of body mass (J: 4.1 + 0.3 W/kg, C:
2.98 £ 0.3 W/kg, p=0.02) and maximum oxygen uptake,Voo, max (J: 50.6 £+

5.0 mL/kg/min, C: 35.7 + 3.6 mL/kg/min, p=0.02).
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Figure 10 - Post2 (single-leg jumping at body weight + 33%) results: peak and average jump height (a), peak and
average jump power per body mass (b), and force-time integral and peak force (c) . (J>C: * = p<0.05, ** = p<0.01).
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Figure 11 - Maximal exercise test results: Anaerobic threshold and maximum aerobic power per body mass
(a), and maximum oxygen uptake (b). (J>C: * =p<0.05, ** = p<0.01).
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Figure 12 -Typical MR images of the thighs: Thighs at Baseline (a) and at Post1 without (b) and with (c) gray
scale contrast enhancement to highlight activation differences among muscles. The jumping leg is at the left.

44



T, elevation with exercise: Representative Tr-weighted spin echo MR images of
the thigh and calf at Baseline and at Post1 appear in Figure 12. Muscle activation with
may be indicated by T, response to exercise in one three different ways: absolute T
values, percentage increase in T, or the percentage of pixels in the T, image that elevate
post-exercise.

Measured T, elevation: Whole-muscle T, measurements at Baseline were
measured within a range of 24 to 31 msec. Figure 13 and Figure 14 contain measured T,
values for the J group thigh and calf, respectively, at Baseline, Post] and Post2. Figure
15 and Figure 16 contain measured T, values for the C group thigh and calf, respectively,
at Baseline, Postl and Post2. The C group presented slightly higher Baseline T, values
than the J Group in almost every muscle of both legs, although the difference was
statistically significant (»<0.05) only in the Sar and Gr of each leg. After exercise, T,
values exceeding 35 msec were measured in some cases. Both the J and C groups
demonstrated significant changes in T, for specific muscles at both Postl and Post2. In
the thigh, significant T, changes (p<0.05) were seen primarily in the knee extensors and
adductors of the jumping thigh (QF, VM, RF, VL, VI and AM) and the sartorius and
knee flexors of the bent thigh (Sar, GR, and ST). However, C Group jumpers also
showed significant T, increases (p<0.05) in the BF of both legs. In the calf, J Group
jumpers exhibited no significant differences from Baseline at Postl or Post2. However,
nearly all jumping calf muscles trended toward higher T, in the J Group. Comparatively,
C Group jumpers exhibited significant T, elevation (p<0.05) in the FDL, TP and PL
muscles of the jumping calf, with an upward trend in nearly all of the remaining calf

muscles of the jumping leg. There were no significant differences in the bent leg calf
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muscles of either group. Furthermore, in no cases were the differences in T, measured at
Postl vs. Post2 significant in either thigh or calf of either group. There were no
significant differences in pixel T, variances between times (Baseline, Postl, Post2) or

groups (J, C).
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Figure 13 - Measured T, values in the thigh muscles of the J Group at Baseline (white), Postl (gray) Post2 (black)
for the jump thigh (a) and bent thigh (b). (Postl>Baseline: * = p<0.05, ** = p<0.01; Post2>Baseline: { = p<0.05, {1 =
p<0.01; Post2>Post1: i = p<0.05, £ =p<0.01)
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Figure 14 - Measured T, values in the calf muscles of the J Group at Baseline (white), Post1 (gray) Post2 (black)
for the jump calf (a) and bent calf (b).
No significant differences were observed at Post1 or Post2 vs. Baseline.
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Figure 15 - Measured T, values in the thigh muscles of the C Group at Baseline (white), Post1 (gray) Post2 (black)
for the jump thigh (a) and bent thigh (b). (Postl>Baseline: * = p<0.05, ** = p<0.01; Post2>Baseline: { = p<0.05, {1 =
p<0.01; Post2>Post1: I = p<0.05, {1 = p<0.01)
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Figure 16 - Measured T, values in the calf muscles of the C Group at Baseline (white), Postl (gray) Post2 (black)
for the jump calf (a) and bent calf (b). (Postl1>Baseline: * = p<0.05, ** = p<0.01; Post2>Baseline: T = p<0.05, 1 =
p<0.01; Post2>Postl1: { = p<0.05, I =p<0.01)
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Measured Delta T,: Figure 17 and Figure 18 contain thigh and calf T, elevation
(i.e., delta T,) values, respectively, taken at Postl and Post2 for the J Group. Figure 19
and Figure 20 contain similar thigh and calf values, respectively, for the C Group. No
significant differences in delta T, at Post2 and Postl were exhibited by either group,
although most muscles actually showed more elevation of T, at Post1 than Post2. Even
though these differences were not statistically significant, this is a notable and quite
unexpected result given the design intent of the study. The highest delta T, values
(between 1.8 and 3.5 msec) were observed in the knee extensor and adductors of the

jumping leg and the ST muscles of the bent leg in both groups.
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Figure 17 - Measured change in T, in the thigh muscles of the J Group from Baseline to Post1 (gray) and Baseline
to Post2 (black) for the jump thigh (a) and bent thigh (b). No significant differences were observed, although measured
delta T, values were actually higher in agonist muscles at Postl than Post2.
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Figure 18 - Measured change in T, in the calf muscles of the J Group from Baseline to Post1 (gray) and Baseline to
Post2 (black) for the jump calf (a) and calf thigh (b). No significant differences were found at Post1 vs. Post2.
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Jump Thigh - Measured Delta T2
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Figure 19 - Measured change in T2 in the thigh muscles of the C Group from Baseline to Post1 (gray) and Baseline
to Post2 (black) in the jump thigh (a) and bent thigh (b). No significant differences were found at Post1 vs. Post2.
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Figure 20 - Measured change in T2 in the calf muscles of the C Group from Baseline to Post1 (gray) and
Baseline to Post2 (black) in the jump calf (a) and the bent calf (b). No significant differences were found at Post1 vs.
Post2.
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Percentage of pixels with elevated T, values: Figure 21 and Figure 22 contain
thigh and calf values, respectively for the percentage of muscle pixels exhibiting elevated
T, values in the J Group, and Figure 23 and Figure 24 contain similar thigh and calf
results, respectively, for the C Group. Nearly all muscles of the thigh and calf contained
between 13-17% elevated pixels at Baseline. For each muscle in both legs, the Baseline
percentage of elevated pixels agreed within 2%, although even smaller differences were
statistically significant (»<0.05) in the Sar, SM, TA and EDL of the jumping leg. The
percentage of elevated pixels rose to over 40% in some cases for specific muscles
following exercise. In the thigh, significant T, changes (p<0.05) were seen primarily in
the knee extensors, adductors and knee flexors of the jumping thigh (QF, VM, RF, VL,
VI, AM and BF) and the knee extensors, sartorius and knee flexors of the bent thigh (RF,
VM, Sar, GR, ST and BF). In the calf, J Group jumpers exhibited significant differences
in PF, GM, Sol, FDL, FHL, TP, PL , DF and EDL) from Baseline at Postl or Post2. This
is in contrast to the direct measurement of T, in these muscles where no significant
differences were found. However, none of these differences in the percentage of elevated
pixels exceeded a 9% increase from Baseline in the J Group at either time. All jumping
calf muscles trended toward a small but higher percentage of elevated pixels in the J
Group after exercise. Comparatively, C Group jumpers exhibited significant T, elevation
(»<0.05) in the PF, GL, Sol, FDL, TP and PL muscles of the jumping calf, also with an
upward trend in nearly all of the remaining calf muscles of the jumping leg. Measured
differences in the FDL and TP were roughly 30% and 20%, respectively, at both Post 1
and Post2 in the C Group. Much of this effect was attributed to a very high level of T,

response in one individual subject. The better agreement at Baseline between the J and C
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groups for this metric made it a more robust choice for computing the performance to
activation ratios.

Analysis of all jumpers as an aggregate group revealed that specific muscles
displayed moderate correlations between jumping performance and activation.
Activation of the QF, VM, VI, Sol, FDL and TP correlated negatively with average
power production per kg of body weight (+=-0.59, =-0.64, r=-0.58, r=-0.61, r=-0.67, r=-
0.65, respectively, p<0.05) and activation of the RF correlated negatively with peak jump
height (=-0.62, p<0.05). Activation of the GM correlated positively with the force time

integral ((r=+0.60, p<0.05).
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Jurnp Thigh - Percentage of Elevated Fixels
Group "J"
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Figure 21 - Measured percentage of pixels exhibiting elevated T2 in the thigh muscles of the J Group at

Baseline (white), Post1 (gray) and Post2 (black) for the jump thigh (a) and bent thigh (b). (Post1>Baseline: * =

p<0.05, ** = p<0.01; Post2>Baseline: T = p<0.05, 71 = p<0.01; Post2>Post1: { = p<0.05, { = p<0.01)
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Jurrp Caff - Percentage of Bevated Fixels
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Figure 22 - Measured percentage of pixels exhibiting elevated T2 in the calf muscles of the J Group at Baseline
(white), Post1 (gray) and Post2 (black) for the jump calf (a) and bent calf (b). (Post1>Baseline: * = p<0.05, ** =
p<0.01; Post2>Baseline: T = p<0.05, ¥ = p<0.01; Post2>Post1: { = p<0.05, {{ = p<0.01)
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Jump Thigh - Percentage of Elevated Pixels
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Figure 23 - Measured percentage of pixels exhibiting elevated T2 in the thigh muscles of the C Group at Baseline
(white), Postl (gray) and Post2 (black) for the jump thigh (a) and bent thigh (b). (Post1>Baseline: * = p<0.05, ** =
p<0.01; Post2>Baseline: 1 = p<0.05, 1 = p<0.01; Post2>Post1: = p<0.05, ;i =p<0.01)
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Jump Calf - Percentage of Bevated Pieels
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Figure 24 - Measured percentage of pixels exhibiting elevated T2 in the calf muscles of the C Group at Baseline
(white), Post1 (gray) and Post2 (black) for the jump calf (a) and bent calf (b). (Postl>Baseline: * = p<0.05, ** =
p<0.01; Post2>Baseline: 1 = p<0.05, 11 = p<0.01; Post2>Post1: } = p<0.05, ;i =p<0.01)
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Performance to Activation Ratios: Figure 25 and Figure 26 contain each jumping
leg muscle’s average performance to activation ratio (APAR) for both the J and C Groups
at Postl and Post2, respectively. Figure 27 and Figure 28 contain each jumping leg
muscle’s peak performance to activation ratio (PPAR) for both the J and C Groups at
Postl and Post2, respectively.

At Postl differences in APAR scores between groups were significantly higher in
the J Group (p<0.05) in the AM, Gr, BF, PF, GL, FDL, and TP. The J Group also
trended (p<0.2) toward superior APAR scores in most all leg muscles, except for the RF,
Sar, AL, GM, DF and EHL. APAR differences were highest in magnitude in the knee
flexors (Gr, SM and BF) of the thigh and the GL, FDL and TP of the calf. Four muscle
groups showed statistically higher PPAR scores (p<0.05) in the J Group at Postl (AM,
BF, FDL, and TP). The J Group also trended (p<0.2) toward superior Post] PPAR scores
in most all other leg muscles, except for the RF, Sar, AL, GM, DF and EHL. Differences
were highest in magnitude in the Gr, ST and BF of the thigh and the GL, FDL and TP of
the calf.

At Post2 the J Group APAR scores were significantly higher (»<0.05) in the Sar,
Sol, FDL and FHL. For the FDL the difference was particularly significant (p=0.003).
APAR scores for QF, VM, RF, VL, VI, AM, Gr, SM, BF, PF, TP and TA still trended
higher (p<0.2) in the J Group. APAR differences were highest in magnitude in the Sar,
Gr, and SM of the thigh and the FDL, TA and TP of the calf. PPAR scores were
significantly higher (p<0.05) in the Sar, AM, SM, Sol, FDL, FHL and TP. Again, for the
FDL the difference was particularly significant (p=0.002). The QF, VM, RF, VL, VI, Gr,

BF, PF, GL, and TA still trended toward higher PPAR (»<0.2) in the J Group. The
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highest differences in PPAR magnitude were seen in the Sar, Gr and SM of the thigh and

in the FDL, TP and TA of the calf.
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Average Performance to Activation Ratio, J Group vs. C Group
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Figure 25 — Post1 average performance to activation ratio for J Group (gray) and C Group (black).

(J>C: * = p<0.05, ** = p<0.01)
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Score

Average Performance to Activation Ratio, J Groupvs. C Group
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Figure 26 — Post2 average performance to activation ratio for J Group (gray) and C Group (black).
(J>C: * =p<0.05, ** = p<0.01)
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Peak Performence to Activation Ratio, J Group vs. CGroup
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Figure 27 — Post1 peak performance to activation ratio for J Group (gray) and C Group (black).

(J>C: * = p<0.05, ** = p<0.01)
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Peak Performance to Activation Ratio, J Group vs. C Group. @
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Figure 28 — Post2 peak performance to activation ratio for J Group (gray) and C Group (black) at Post2.
(J>C: * =p<0.05, ** =p<0.01)
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QOF Muscle Volumes: Figure 29 contains the muscle volume data for both groups
at Baseline, Postl and Post2 for each leg. The J Group QF volume was higher at
Baseline (2410 + 245 mL vs. 2171 £ 249 mL) than C Group, but the difference was not
statistically significant. QF volume at Postl and Post2 trended higher versus Baseline in
both groups (»p>0.05), but the differences between the two groups remained non-
significant at Postl and Post2. QF activation and QF volume changes were only weakly

correlated (Postl: 7=0.41, p>0.05).
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(a) (b)

Figure 29 - QF Muscle volumes for the J Group (gray) and C Group (black) at Baseline, Postl and Post2 in the
jumping leg (a) and bent leg (b). There were no significant differences at Postl and Post2 vs. Baseline, no significant
differences between Postl vs. Post2, and no significant differences between groups at any time.

In summary, the results of this study indicate significant neuromuscular
recruitment at both Postl and Post2 in the primary agonist muscles (quadriceps,
adductors, plantar flexors) as well as co-activating antagonists (hamstrings, dorsiflexors),
as determined by T, elevation post-exercise. Better jumpers produced more jump power
at lower absolute levels of T, elevation than their less able counterparts, even when the
results were expressed with a performance to activation ration that accounted for the

better jumpers’ higher levels of aerobic conditioning. This implies greater recruitment
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efficiency on the part of the better jumpers. This efficiency occurred in the agonist
muscles, but even more so in the co-activating antagonist muscles. Neither jump power
nor T, elevation changed significantly from Postl to Post2 except in the hamstrings of the
J Group. Quadriceps muscle volume increased at both Postl and Post2, but this did not

correlate with T, elevation.
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Discussion

The present study represents the first T, mapping of muscle activation for single-
leg vertical jumping exercise, and the first to use T, mapping to discriminate between
activation patterns of two populations of jumpers with differing abilities. The primary
finding was that better-performing jumpers demonstrated a higher degree of recruitment
efficiency, allowing them to produce higher levels of jumping power at lower levels of
muscle activation throughout all muscles of the lower limb. A significant component of
this recruitment efficiency appeared to be the more effective suppression of co-
contracting antagonist muscles, i.e., hamstrings in the thigh and dorsiflexors in the lower
leg. The average and peak performance to activation ratios (APAR, PPAR) used in the
present study suggest that this antagonist suppression played a more significant role in
determining jump performance than did the higher recruitment of agonist muscles i.e.,
quadriceps, adductors and plantar flexors.

Recruitment maps: A useful tool for quickly discerning semi-quantitative
recruitment differences in whole-leg musculature is a recruitment map (e.g., Kinugasa et
al. 2003; Green & Wilson, 2000). By this method the gray scale coloring of an individual
muscle on an axial slice template is made darker based on the rise in the percentage of
pixels exhibiting T elevation. Figure 30 contains the muscle templates with the
individual muscles identified. Figure 31 illustrates the recruitment maps of the jumping
thigh muscles of both groups after each exercise bout. Figure 32 illustrates the results for

the jumping calf muscles of both groups after both bouts of jumping exercise.
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Figure 30 - Templates for recruitment maps of the thigh (a) and calf (b).
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Figure 31 - Thigh muscle recruitment maps for the J Group at Postl (a) and at Post2 (b) and for the C Group at Post1

(c) and at Post2 (d). Gray scale values represent percentage increases in elevated pixels from Baseline as indicated by
the key at the far right.
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Figure 32 - Calf muscle recruitment maps for the J Group at Post!1 (a) and at Post2 (b) and for the C Group at Post!1

(c) and at Post (d). Gray scale values represent percentage increases in elevated pixels from Baseline as indicated by
the key at the far right.
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Using this tool, one may more easily identify recruitment differences. Despite
producing less jumping power, the C Group presented higher recruitment levels in the
three vasti, the AM and the hamstrings in the thigh, as well as the plantar flexors in the
calf, most notably the FDL.

In a previous study, rowers of differing experience levels presented widely
different activation maps at maximal exertion (Green & Wilson 2000). Like the present
study, this is an expected result among subjects with varying levels of aptitude for a
complex movement. The common feature was that more experienced rowers produced
higher output power with generally lower levels of recruitment than the novice rowers.

However, even among a population of elite professional cyclists with similar
performance there are significant differences in the recruitment of the individual lower
limb muscles during both incremental and constant load pedaling exercise, as illustrated
by both EMG and T, elevation (Hug et al. 2004). This occurred despite homogenously
superior maximal power (range 438 to 516 Watts), aerobic fitness (Vozmax range: 67 to
82 ml kg™ min™) and training behaviors among the subjects. The authors concluded that
the nervous system has multiple ways of accomplishing a complex multi-joint task, even
among elite performers.

A similar comparison (using T, elevation alone) among the six J Group jumpers
of the present study is less meaningful because of two key non-homogeneities. First, the
much higher variability in aerobic fitness (Voa.max range: 39 to 70 ml kg™ min™) becomes
a significant effect itself in determining T, elevation (Reid et al. 2001). Second, the high
variability in jump power (range: 640 to 1130 Watts at body weight) diminishes the value

of comparing activation of the same muscle among individuals of the same experimental
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group. Despite this, an appreciation for recruitment variability among the J Group may

be gleaned qualitatively by examining the most recruited thigh agonist muscles for each

of the six jumpers as shown in Figure 33.
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Figure 33 — Quadriceps and adductor T2 elevation by J Group subjects showing heterogeneity in recruitment at

Postl.

At Postl, for example, each of the four quadriceps muscles was the most recruited

muscle for at least one of the six jumpers in the J Group. This suggests that multiple

neuromuscular strategies also exist for producing effective performance in the single-leg

jumping exercise investigated in the present study.

Still another study examined the specificity of training relative to the exercise

used to produce T, elevation (Le Rumeur et al. 1994). As measured at the same heart

rate during cycling exercise of 165 beats/min, competitive triathletes recruit the vasti

muscles more vigorously and produce superior output power (161% more) than untrained

individuals. A third group of well-conditioned soccer players produced only 21% more

output power than the untrained group, but recruited the three vasti significantly less to

do so, implying better recruitment efficiency, which is consistent with the findings of the

present study. In the case of the triathletes, the specificity of their cycling training
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enabled them not only to develop better recruitment efficiency at sub-maximal levels of
power output but also the ability to invoke more absolute recruitment when needed to
produce dramatically superior maximal output. This suggests that for individuals that are
highly trained in a motion that is specific to the testing procedure, the ability to recruit
more motor units to produce superior levels of maximal output can develop. Training
status specific to jumping was not controlled in the present study, but all subjects
submitted a questionnaire about their exercise activity behaviors at screening and each
received a numerical activity score (Baecke et al. 1982). There was no significant
difference in reported activity between groups based on their Baecke scores (J: 7.5 + 1.5,
C: 6.7 = 1.0), and none of the subjects in the study participated in jumping sports or
training on a regular basis for more than 30 minutes per week. Recruiting “elite” J Group
subjects only from a population that is highly trained in plyometrics, gymnastics and
volleyball might have produced the same result.

Comparisons with iIEMG: As noted earlier, T, elevation and iEMG are
complementary methods for measuring muscle activation. The majority of activation
studies to date have used iIEMG because of its temporal component, its “direct” measure
of neural drive and its ability to detect activation in both the takeoff and landing phases of
the jump. T2 elevation retains its advantage of being able to detect activation in the
entire musculature of the leg non-invasively, including muscles inaccessible to surface
electrodes such as the VI and the TP.

In a previous study comparing one-legged and two-legged jumps, power
production at the ankle joint increased due to a measured higher level of activation of the

GM, a biarticulate muscle that can transport knee extensor power down to the ankle joint
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(Van Soest et al. 1985). There was no T, elevation measurement for two-legged jumps in
the current study, however results of the current study did not indicate a larger activation
for the GM relative to its counterpart plantar flexor muscles. In fact the current study
showed highest activation levels for the FDL and TP muscles of the calf, especially in the
C Group. One possible explanation for this discrepancy is the difference in the subject
pools that were recruited. The Van Soest study recruited only well-trained volleyball
players, whose jumping technique, presumably, has been sharpened through training.

The finding of relatively higher FDL and TP activation in single leg jumping in both
groups of the current study is noteworthy and has not previously been reported, due to the
limitations of surface iEMG to monitor these internal muscles.

Adaptations and recruitment: Although the present study did not include a
training component, the results are consistent with most studies that have investigated the
effect of training on recruitment as measured by both iEMG and T, elevation. Resistance
training has resulted in improved recruitment efficiency (in this case more strength at the
same level of activation) in both the trained and contra-lateral untrained limbs in a
unilateral training study (Ploutz et al. 1994). Exactly the opposite effect was seen during
a unilateral unloading intervention (Ploutz-Snyder, et al. 1995). Each of these studies
trended in a manner consistent with the findings of the present study.

However, in another study of middle-aged and elderly subjects (Hakkinen et al.
1998) iIEMG measured during squat jumps increased in agonists and decreased in
antagonists following an explosive training program. The training program produced
significant gains in jumping performance and maximal recruitment. At first glance these

results appear to contradict the results of the present study, however the focus of the
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iIEMG study was training adaptations in individuals, and no explicit measure of
recruitment efficiency was taken. In contrast, populations with different jumping ability
levels were the focus of the present study, which included a specific metric to quantify
recruitment efficiency. Also, the subjects in the iIEMG study were capable of
significantly higher jump height (and therefore power production) after training. No
measure was made of muscle activation at the pre-training jump heights, which would be
required in order to determine any gains in recruitment efficiency.

Plyometric training (i.e., a regimen of exercises featuring eccentric loading
followed immediately by explosive concentric contraction) alters the activation strategies
for vertical jumping so that increased preparatory adductor activity, increased
adductor/abductor coactivation and decreased knee extensor activation (relative to knee
extensor activation) all occur as measured by iEMG(Chimera et al. 2004). The J Group
subjects of the current study were not plyometrically trained and did not display higher
levels of adductor activation, but the relative decrease in knee flexor activation is a
common finding.

Limitations: One of the primary limitations of the present study was that all
muscle activation was assumed to be related to takeoff during the jump. Landing loads
observed during drop jumps recruit the quadriceps and plantar flexor, as well as the
antagonist hamstring and dorsiflexors to provide joint stiffness (Russell et al. 2007).
Landing effects were somewhat mitigated by the fact that subjects in the present study
were instructed to land on two legs, if possible. However, subjects were not actively
coached away from landing on the takeoft leg alone if it appeared that they were more

comfortable doing so. In both groups the VL and RF muscles of the quadriceps of the
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bent leg displayed significant increase in the percentage of elevated pixels at Post2 only,
while only the C Group displayed significant rises in mean muscular T, (p<0.05).
Further investigations should isolate the effects of the landing in order to separate its
effect on producing T, elevation in the muscles of interest.

The single leg jump, as performed in the present study, is not a common
movement in the exercise repertoire of the training programs of any of the subjects based
on their questionnaire responses. A motor learning effect likely played a part, but it was
not controlled for in the present study. This effect could be counteracted by allowing
subjects to gain familiarity with the jumping protocols before the screening and testing
process begins.

The finding that exercise intensity (as measured by output power) did not scale
with the additional 33% weight is a significant finding that prevented accomplishing all
of the aims of this pilot study. Specifically, it was not possible to determine whether the
amount of T, elevation scaled with power production because the subjects produced
jumping power at Post2 that was not significantly greater than at Post1 (J: p=0.54, C:
p=0.34). One possible explanation for this is that the subjects altered their jumping
technique conservatively in order to compensate for the uncomfortable feeling of the
extra loading of the weighted vest. This is supported by the observation of higher
recruitment in the antagonist BF at Post2 vs. Postl (p=0.03). This may be explained by
previous findings that co-activation of the quadriceps and hamstrings is a strategy
employed by the body to boost knee joint stiffness in order to prevent injury (Russell et

al. 2007; Chimera et al. 2004).
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The present study served as pilot study for a proposed targeted pre-conditioning
study that includes limb suspension as an unloading technique and the single-leg jump as
the exercise protocol for inducing T, elevation. Determining the relationship between T,
elevation and intensity would be difficult to accomplish based on the findings of the
present study, especially in an unloaded leg. A possible corrective action for this
problem would be to scale jumping intensity at fractional value of the subjects’ body
weight (e.g., 50%) rather than increasing the load with additional weight. Reduction in
body weight for jumping could be accomplished with a set of bungee cords and a
jumping harness (Gollhofer & Kyrolainen, 1991). However, for drop jumps with positive
(+200 Newtons) and negative (-495 Newtons) loading applied, subjects achieved both
their maximum force production and takeoff velocities (i.e., power) under the bodyweight
(BW) condition. iEMG levels were flat over the BW to BW+200 Newton range, but
declined over the BW to BW-495 Newton range. Attempts to linearly scale the output
power production of jumping exercise by varying loading or unloading versus body
weight in a linear fashion appear to be invalid. Proposed targeted preconditioning studies
may be better served by an alternative multi-joint, unilateral, power-oriented exercise,
such as single-leg cycling on a calibrated ergometer.

A key piece of information that was not obtained in the present study was the time
history of activation throughout the jumping exercise event. Timing, coordination and
co-contraction of agonist, antagonist and synergist muscles all play key roles in
determining jumping performance (de Ruiter et al. 2006; Chimera et al. 2004; St. Onge et
al. 2004). Furthermore, the rate of force (or torque) development in agonist muscles at

the start of contraction has a highly correlated linear relationship with jump performance
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(de Ruiter et al. 2005). Unfortunately, this parameter (for individual muscles) was not
obtainable using the methods of the present study. It is entirely possible that J Group
jumpers in the current study were able to generate high bursts of activation only at the
initiation of contraction and thereby retain a lower level of cumulative activation. Any
such peaks in activation intensity would be undetectable with MRI methods alone.

As with any pilot study, the small number of subjects (N=6, each group) made it
difficult to obtain enough statistical power to draw more definitive conclusions.
Additionally, there were no controls for gender, age, or ethnic origin of the subjects.
Inclusion in the two experimental groups was based on performance of a two-legged
jump against normative data (Payne et al. 2000), whereas the exercise protocol utilized a
single-leg jump. The results of the current study indicate a positive correlation between
two-legged jump height and the average power produced during the exercise protocol
(=0.63, p<0.02) as expected. However, this imperfect correlation does create an
additional source of variability.

Jumping articulations are not limited to the muscles of the thigh and calf. Indeed
the gluteals, psoas and hip flexors play a significant role. A complete treatment of the
present study should also include these key muscles, which were ignored in this pilot
study in order to keep the MRI protocols as efficient as possible.

Implications: The present study has successfully demonstrated the T, mapping of
muscle in a complex multi-joint movement requiring both power and strength and has
identified muscle activation differences that exist between two populations of differing
abilities. These differences are centered on recruitment efficiency, both in agonist

muscles and in co-contracting antagonists.
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This concept may be useful to the optimization of training strategies for sports
(e.g., cycling, sprinting, and swimming) and to physical therapy and rehabilitation. It is
noteworthy that similar differences in recruitment exist between healthy individuals and
patients who are recovering from surgery to the anterior cruciate ligament (ACL). As
measured by iEMG, ACL-deficient subjects have similar deficits in both recruitment
efficiency of agonists and co-contraction of antagonists to less capable healthy jumpers,
regardless of jumping proficiency before surgery (Doorenbosch, 2003). What is not clear
is whether this effect occurs due to the injury, the subsequent unloading during recovery,
or both. Further study is required to determine this.

These findings and reasoning provide insight for preconditioning prior to
unloading, with possible direct benefits to manned space exploration. Such programs
may be most effective when based on complex functional movements targeting the
specific development of efficient recruitment. Again, further study is needed to

determine the effectiveness of such training programs.

81



Conclusion

The present study investigated the use of acute post-exercise T, elevation to map
recruitment differences in the thigh and calf muscles of two distinct populations (based
on two-leg jumping ability relative to age and gender norms) during single-leg jumping
exercise, both at body weight (Postl) and 133% of body weight (Post2). The results
showed significantly higher peak and average jumping power among the better jumpers,
as expected, including significant differences in jump height, force and power production
at both Post] and Post2. However, force and power production were not significantly
different at Postl versus Post2 in either group. The results generally showed that
superior jumping performance at both Postl and Post2 was accompanied by a lower
degree of T, elevation in nearly all leg muscles. This was true even when T, response
was normalized to the subjects’ maximum aerobic power, thus implying a higher degree
of recruitment efficiency throughout the lowers limbs of the better jumpers. Through
analysis with the assistance of novel performance to activation ratio metrics, it was
concluded that the better jumpers achieved their success more by successful suppression
of antagonist and unproductive muscles than by higher recruitment levels in the agonist
muscles themselves. Muscle volumes showed significant differences (from Baseline) at
Postl and Post2, but these measurements resulted in no significant correlations relative to
T, elevation. The general and muscle-specific results of the study indicate that both
central and localized neuromuscular factors play a role in single-leg jumping
performance. The results also indicate that scaling the intensity of single-leg jumps by
adding weight (beyond body weight) does not necessarily correspond to similar scaling of

jumping power or T, response.
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Appendix A — Image Processing Techniques

Media Cybernetics’ Optimas image processing and analysis software provided the
platform for defining the regions of interest (ROIs) within individual muscle groups in
the MRI images, generating the T, maps and calculating intramuscular T2 values,
percentages of elevated pixels and muscle volumes. Three Optimas macros were written
in the proprietary Analytical Language for Imaging (ALI) that accompanies the product.
ALI is a vector-based language that facilitates the development of custom image analysis
solutions.

Because Optimas does not directly support the DICOM format in which images
are stored on the Siemens Symphony scanner, it was necessary to convert all images from
DICOM to 16-bit raw data files using a plug-in to the popular public domain program
known as Imagel developed by Wayne Rasband of the National Institute of Health
(NIH).

Macro “MakeT2”

This macro takes a set of raw 16-bit integer MRI axial slice image pairs and
generates a 32-bit floating point image for each pair that represents the map of T, values
on a pixel by pixel basis using equation (4) in the Methods section. The user interface

and representative images of the calf for macro “MakeT2” are shown in Figure 34.
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Figure 34 — User interface for Macro MakeT2 showing a single axial slice of a subject’s calf. Pixel intensity images
are taken at TE; = 30 msec and TE, = 60 msec. The resulting T2 map image assigns a gray value to the computed T2
value of each pixel in the image.

The user may select any image directory containing 16-bit raw images. The two
echo times (TE; and TE,) are specified in msec. The macro will zero out any pixel
values lower than a user-specified threshold value. This feature eliminates the pixel noise
in the background, improving the cosmetic appearance of the T, map images. The macro
defaults to an image size of 256 x 128 pixels, but this can easily be modified within
Optimas to accommodate any image size. The FOV is calibrated to be 50cm x 25¢m by

default, but this also may be adjusted by the user within Optimas.
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Macro TraceMuscles
This macro allows the user to manually define ROIs for each muscle of interest on
the intensity images. ROIs may be defined both for T, analysis and for anthropometric

analysis (i.e., muscle cross-sectional areas and volumes). The user interface is shown in

Figure 35.
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Figure 35 - User interface for Macro TraceMuscles

The user defines the directory where 16-bit raw image files reside. The images
are assumed to be numbered sequentially with both echoes present. The macro counts
the number of slices and loads them sequentially into the computer memory. The user
selects either anthropometric analysis or T, analysis and scrolls to the slice of interest.
Upon selecting a muscle group in the desired leg, the user clicks the “Trace Muscle”
button and the macro enters the Optimas manual freehand ROI mode, indicated by a
change in cursor. Each left click selects a point on the polygon that will represent the
final ROI. There is no practical limit (except for memory) on the number of points
comprised by an ROI. The macro affords the user the opportunity to correct an errant

point (right click) or to abort an ROI (Escape key). Once the user double clicks to close
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the polygon, the macro automatically computes the ROI area and updates the running
muscle volume computation based on the formula given in (5) in the Methods section.
The number of ROIs for a given muscle that have been specified by the user is recorded
in the “n” column. Typical practice in the present study was to record three ROIs for
larger muscle groups and four for smaller muscle groups for T, analysis.
Anthropometric and T, ROIs are specified individually so that the user may
exclude intramuscular MRI artifacts and blood vessels from the T, calculations while
retaining them for volumetric calculations. The slice thickness, slice gap and FOV
dimensions default to those specified in the Methods section, but the user may change
them if required. Figure 36 shows the results of tracing muscle ROIs in the dorsiflexors
for subsequent T2 analysis. Note that the borders are not included to ensure only muscle

tissue is selected.

F’ Raw_MRI_Image

Figure 36 - Representative ROIs for the dorsiflexor muscles using Macro TraceMuscles.

Figure 37 shows the results of tracing muscle ROIs in the adductors for

subsequent T2 analysis. Note that the MRI blood flow artifact is excluded from the ROL.
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[, Raw_MRI_Image

Figure 37 - Representative ROIs for the adductor muscles using Macro TraceMuscles

Figure 38 shows the user interface and a slice of the lower thigh indicating the
ROI for the computation of muscle volume. Note in this case that the ROIs are drawn

directly onto the muscle borders.
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Figure 38 — Representative image and ROIs for the computation of quadriceps femoris
volume.
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Macro T2Map
This macro transfers the T, analysis ROI that were generated by the TraceMuscles
macro onto the T2 map images made by macro MakeT2. The user interface and results
for a Baseline thigh scan are shown in Figure 39. Figure 40 shows the same slice at

Postl.
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Figure 39 — User interface and ROIs for various muscles of the thigh at Baseline. The VL muscle at right is
highlighted to indicate that it is the currently selected muscle.
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Figure 40 — User interface and ROIs for various muscles of the thigh at Post2. The VL muscle at right is highlighted to
indicate that it is the currently selected muscle.

The macro automatically computes the average area and T, value for each

muscle ROI in each slice. Additionally, the user may select individual ROIs for
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further analysis. A T, pixel histogram indicates the relative distribution of T2
values within the ROI and the statistical properties for that distribution. By
selecting “Whole Muscle” the same information is calculated over all slices in the
muscle group, not just the slice being viewed. The thresholding for determining
the percentage of elevated pixels is automatically determined from those image
sets that are indicated as Baseline scans. It is essential that these scans be
analyzed first, prior to the post-exercise scans. The default is to make the
threshold one standard deviation above the Baseline mean, but the user may
override this feature by unchecking the “Use SD of Resting Box” and entering
values manually. Additional feature of this macro are the ability to sample an
ROI of fat tissue for comparison with muscle and the ability to view the specific

pixels in an ROI that have been classified as “elevated” such as in Figure 41.

_iix

Figure 41 — Viewing of elevated pixels. Binary image within the ROI for the VL muscle indicates the
pixels (white) which have been classified as elevated, i.e., greater than 1 SD above the Baseline resting
whole-muscle T, value.
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Appendix B — Jump Platform

The jump platform used for the present study is a Kistler QuattroJump with a

36”x36” contact surface as shown in Figure 42.

P

Figure 42 — Kistler QuattroJump force platform. Source: www kistler.com

The platform is equipped with an internal controller that samples the force/time
history at a rate of 500 Hz (default). The platform communicates with a laptop PC
through an RS-232 serial interface. A USB to RS232 converter was required for the Dell
Inspiron 5100 laptop used in the present study, as the laptop lacked a dedicated serial
port. Kistler provides data collection and analysis software with the platform, making
these processes rather straightforward. An export feature allows the user to further
analyze the force/time data in spreadsheet (MS Excel). A typical data screen for one set
of ten jumps is shown in Figure 43. Force history, velocity, average power and jump
height are presented intuitively by the software. A separate input form screen (not
shown) captured each subject’s height, weight, age and gender. A unique spreadsheet

calculated quantities such as force-time integral and peak power for each subject.
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Figure 43 — Jump data screen capture for a typical subject.

When the subjects donned the weighted vest at Post2, the force and power per
body weight calculations were scaled by a factor of 1.33 to account for the “dead weight

penalty”. The V-Max weighted vest is shown in Figure 44.

Figure 44 — V-Max weighted training vest. Source:V-max, www. weightvest.com
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Appendix C — MRI Techniques

This study used a Turbo Spin Echo® with echoes at Tg;=30 msec and Tg; = 60
msec, an echo train length of ETL = 7, and a repetition time of Tr = 2000 sec. This scan
was chosen as a standard clinical scan for producing T,-weighted images and its
similarity to scans used to produce post-exercise T, images in other studies. The scan

diagram is show in Figure 45. The scan time was just under four minutes.
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Figure 45 — Dual-echo Turbo Spin Echo MRI sequence, ETL=7.

Each slice image represents 1 cm of axial thickness and a 500mm x 250mm field
of view (FOV) on a 256 x 128 pixel grid. The gap between each slice was 1 cm.

A saturation pulse technique was attempted during the developmental testing of
the scans in order to eliminate the blood flow artifact. However, in order to successfully
employ this technique it became necessary to forego the ability to measure quadriceps
volume along the full length of the thigh. Therefore, the decision was made to simply

work around the blood flow artifact when defining the ROI for any nearby muscles.
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Appendix D — Preliminary Exercise Protocol/MRI Studies

Adequacy of T return to baseline following rest. One of the key assumptions of
this study was that the acute T2 elevation had a sufficiently short half-life to decay within
a 1 hour period. This effect was tested in one preliminary subject (who did not
participate in the clinical study) by taking quadriceps scans at Baseline, Postl, Post2 and
a follow-up scan after an additional rest period of 1 hour to check for Return to Baseline
(RTB). For this particular subject, the Post2 load was BW+50%. Although most
measured T, differences between Baseline and RTB are statistically significant (»<0.05),

the results in Figure 46 show that the T, values at Baseline and RTB agree within +5%,.

Measured T2 vs. Time {for 1 subject)
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Figure 46 — Measured T2 values at Baseline, Post1, Post2 and RTB for one subject. RTB followed Post 2 by one
hour. Post2 load was body weight plus 50%. (RTB > Baseline: *, p<0.05)

Repeatability of T> measurements: Intra-subject variability is illustrated in Figure
47 where Baseline T2 values are recorded for the same subject on two dates, three
months apart. All measured T, values agree within 5%, except AL (-6%) and SM
(+6%); however, the measured T, differences are statistically significant (p<0.05) in most

muscles.
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Figure 47 — Measured T2 values at Baseline on two separate dates for one subject. Although most differences are
statistically significant, all values agree within 5%. (*: p<0.05)

95




References

1. Aagard, P. Training-induced changes in neural functions. Exerc. Sport Sci. Rev., Vol.
31, No. 2, pp. 61-67, 2003.

2. Adams GR, Caiozzo VJ, Baldwin KM. Skeletal muscle unweighting: spaceflight and
ground-based models. J Appl Physiol. 2003 Dec;95(6):2185-201.

3. Adams GR, Hather BM, Dudley GA. Effect of short-term unweighting on human
skeletal muscle strength and size. Aviat Space Environ Med. 1994 Dec;65(12):1116-21.

4. Adams GR, Harris RT, Woodard D, Dudley GA. Mapping of electrical muscle
stimulation using MRI. J Appl Physiol. 1993 Feb;74(2):532-7.

5. Adams GR, Duvoisin MR, Dudley GA. Magnetic resonance imaging and
electromyography as indexes of muscle function. J Appl Physiol. 1992 Oct;73(4):1578-
83.

6. Akima H, Kinugasa R, Kuno S. Recruitment of the thigh muscles during sprint
cycling by muscle functional magnetic resonance imaging. Int J Sports Med. 2005
May;26(4):245-52.

7. Akima H, Takahashi H, Kuno SY, Katsuta S. Coactivation pattern in human
quadriceps during isokinetic knee-extension by muscle functional MRI. Eur J Appl
Physiol. 2004 Jan;91(1):7-14.

8. Akima H, Ushiyama J, Kubo J, Tonosaki S, Itoh M, Kawakami Y, Fukuoka H,
Kanehisa H, Fukunaga T. Resistance training during unweighting maintains muscle size
and function in human calf. Med Sci Sports Exerc. 2003 Apr;35(4):655-62.

9. Akima H, Kuno S, Takahashi H, Fukunaga T, Katsuta S. The use of magnetic
resonance images to investigate the influence of recruitment on the relationship between

torque and cross-sectional area in human muscle. Eur J Appl Physiol. 2000
Dec;83(6):475-80.

10. Akima H, Takahashi H, Kuno SY, Masuda K, Masuda T, Shimojo H, Anno I, Itai Y,
Katsuta S. Early phase adaptations of muscle use and strength to isokinetic training. Med
Sci Sports Exerc. 1999 Apr;31(4):588-94.

11. Alt W, Lohrer H, Gollhofer A. Functional properties of adhesive ankle taping:
neuromuscular and mechanical effects before and after exercise. Foot Ankle Int. 1999
Apr;20(4):238-45.

12. American College of Sports Medicine (1995). Guidelines for Exercise Testing and
Prescription (5th ed.). Baltimore: Williams & Wilkins.

13. Antonutto G, Capelli C, Girardis M, Zamparo P, di Prampero PE. Effects of
microgravity on maximal power of lower limbs during very short efforts in humans. J
Appl Physiol. 1999 Jan;86(1):85-92.

14. Antonutto G, Bodem F, Zamparo P, di Prampero PE. Maximal power and EMG of
lower limbs after 21 days spaceflight in one astronaut. J Gravit Physiol. 1998
Jul;5(1):P63-6.

96



15. Antonutto G, Capelli C, Giradis M, Zamparo P, di Prampero PE. Effects of
microgravity on muscular explosive power of the lower limbs in humans. Acta Astronaut.
1995 Oct-Dec;36(8-12):473-8.

16. Archer BT, Fleckenstein JL, Bertocci LA, Haller RG, Barker B, Parkey RW, Peshock
RM. Effect of perfusion on exercised muscle: MR imaging evaluation. ] Magn Reson
Imaging. 1992 Jul-Aug;2(4):407-13.

17. Bacal K, Billica R, Bishop S. Neurovestibular symptoms following space flight. J
Vestib Res. 2003;13(2-3):93-102.

18. Baecke JA, Burema J, Frijters JE. A short questionnaire for the measurement of
habitual physical activities in epidemiological studies. Am J Clin Nutr 1982 Nov;
36(5):936-42.

19. Barrows LH, McBrine JJ, Hayes JC, Stricklin MD, Greenisen MC. Physiological
responses to wearing the space shuttle launch and entry suit and the prototype advanced
crew escape suit compared to the unsuited condition. NASA Tech. Paper, TP-3297 1993.

20. Bendahan D, Giannesini B, Cozzone PJ. Functional investigations of exercising
muscle: a noninvasive magnetic resonance spectroscopy-magnetic resonance imaging
approach. Cell Mol Life Sci. 2004 May;61(9):1001-15. Review.

21. Berg HE, Larsson L, Tesch PA. Lower limb skeletal muscle function after 6 wk of
bed rest. J Appl Physiol. 1997 Jan;82(1):182-8.

22. Berquist TH, Pocket Atlas of Musculoskeletal Anatomy (Radiology Pocket Atlas
Series), 1995 Lippincott, Williams & Wilkins.

23. Bruhn S, Kullmann N, Gollhofer A. The effects of a sensorimotor training and a
strength training on postural stabilisation, maximum isometric contraction and jump
performance. Int J Sports Med. 2004 Jan;25(1):56-60.

24. Cheng HA, Robergs RA, Letellier JP, Caprihan A, Icenogle MV, Haseler LJ.
Changes in muscle proton transverse relaxation times and acidosis during exercise and
recovery. J Appl Physiol. 1995 Oct;79(4):1370-8.

25. Chimera NJ, Swanik KA, Swanik CB, Straub SJ. Effects of Plyometric Training on
Muscle-Activation Strategies and Performance in Female Athletes. J Athl Train. 2004
Mar;39(1):24-31.

26. Conley MS, Foley JM, Ploutz-Snyder LL, Meyer RA, Dudley GA. Effect of acute
head-down tilt on skeletal muscle cross-sectional area and proton transverse relaxation
time. J Appl Physiol. 1996 Oct;81(4):1572-7.

27. Costill DL, Coyle EF, Fink WF, Lesmes GR, Witzmann FA. Adaptations in skeletal
muscle following strength training. J Appl Physiol. 1979 Jan;46(1):96-9.

28. Damon BM, Gregory CD, Hall KL, Stark HJ, Gulani V, Dawson MJ. Intracellular
acidification and volume increases explain R(2) decreases in exercising muscle. Magn
Reson Med. 2002 Jan;47(1):14-23.

29. de Kerviler E, Leroy-Willig A, Jehenson P, Duboc D, Eymard B, Syrota A. Exercise-
induced muscle modifications: study of healthy subjects and patients with metabolic

97



myopathies with MR imaging and P-31 spectroscopy. Radiology. 1991 Oct;181(1):259-
64.

30. de Ruiter CJ, Van Leeuwen D, Heijblom A, Bobbert MF, de Haan A. Fast unilateral
isometric knee extension torque development and bilateral jump height. Med Sci Sports
Exerc. 2006 Oct;38(10):1843-52.

31. De Vito G, Bernardi M, Forte R, Pulejo C, Figura F. Effects of a low-intensity
conditioning programme on VO2max and maximal instantaneous peak power in elderly
women. Eur J Appl Physiol Occup Physiol. 1999 Aug;80(3):227-32.

32. Deschenes MR, Giles JA, McCoy RW, Volek JS, Gomez AL, Kraemer WJ. Neural
factors account for strength decrements observed after short-term muscle unloading. Am
J Physiol Regul Integr Comp Physiol. 2002 Feb;282(2):R578-83.

33. Disler DG, Cohen MS, Krebs DE, Roy SH, Rosenthal DI. Dynamic evaluation of
exercising leg muscle in healthy subjects with echo planar MR imaging: work rate and
total work determine rate of T2 change. J Magn Reson Imaging. 1995 Sep-Oct;5(5):588-
93.

34. Dudley GA, Gollnick PD, Convertino VA, Buchanan P. Changes of muscle function
and size with bedrest. Physiologist. 1989 Feb;32(1 Suppl):S65-6.

35. Fatouros IG, Jamurtas AZ, Leontsini D, Taxildaris K, Aggelousis N, Kostopoulos N,
Buckenmeyer P. Evaluation of plyometric exercise training, weight training and their
combination on vertical jumping performance and leg strength. J Strength Cond Res
2000; 14(4):470-6.

36. Felici F, Rosponi A, Sbriccoli P, Filligoi GC, Fattorini L, Marchetti M. Linear and
nonlinear analysis of surface electromyograms in weightlifters. Eur J Appl Physiol. 2001
Apr;84(4):337-42.

37. Ferretti G, Berg HE, Minetti AE, Moia C, Rampichini S, Narici MV. Maximal
instantaneous muscular power after prolonged bed rest in humans. J Appl Physiol. 2001
Feb;90(2):431-5.

38. Ferri A, Scaglioni G, Pousson M, Capodaglio P, Van Hoecke J, Narici MV. Strength
and power changes of the human plantar flexors and knee extensors in response to
resistance training in old age. Acta Physiol Scand. 2003 Jan;177(1):69-78.

39. Fisher MJ, Meyer RA, Adams GR, Foley JM, Potchen EJ. Direct relationship
between proton T2 and exercise intensity in skeletal muscle MR images. Invest Radiol.
1990 May;25(5):480-5.

40. Fleck SJ, Kraemer WJ. Neuromuscular physiology and adaptations to resistance
training. In: Designing Resistance Training Programs (3rd ed.); Champaign, IL. Human
Kinetics, 2004 pp. 53-108.

41. Fleckenstein JL, Watumull D, Mclntire DD, Bertocci LA, Chason DP, Peshock RM.
Muscle proton T2 relaxation times and work during repetitive maximal voluntary
exercise. J Appl Physiol. 1993a Jun;74(6):2855-9.

42. Fleckenstein JL. Muscle water shifts, volume changes, and proton T2 relaxation
times after exercise. J] Appl Physiol. 1993b Apr;74(4):2047-8.

98



43. Fleckenstein JL, Haller RG, Lewis SF, Archer BT, Barker BR, Payne J, Parkey RW,
Peshock RM. Absence of exercise-induced MRI enhancement of skeletal muscle in
McArdle's disease. J Appl Physiol. 1991 Sep;71(3):961-9.

44. Fleckenstein JL, Canby RC, Parkey RW, Peshock RM. Acute effects of exercise on
MR imaging of skeletal muscle in normal volunteers. AJR Am J Roentgenol. 1988
Aug;151(2):231-7.

45. Foley JM, Jayaraman RC, Prior BM, Pivarnik JM, Meyer RA. MR measurements of
muscle damage and adaptation after eccentric exercise. J Appl Physiol. 1999
Dec;87(6):2311-8.

46. Funato K, Matsuo A, Yata H, Akima H, Suzuki Y, Gunji A, Fukunaga T. Changes in
force-velocity and power output of upper and lower extremity musculature in young
subjects following 20 days bed rest. J Gravit Physiol. 1997 Jan;4(1):S22-30.

47. Gollhofer A, Kyrolainen H. Neuromuscular control of the human leg extensor
muscles in jump exercises under various stretch-load conditions. Int J Sports Med. 1991
Feb;12(1):34-40.

48. Gorostiaga EM, Izquierdo M, Iturralde P, Ruesta M, Ibanez J. Effects of heavy
resistance training on maximal and explosive force production, endurance and serum
hormones in adolescent handball players. Eur J Appl Physiol Occup Physiol. 1999
Oct;80(5):485-93.

49. Green H, Dahly A, Shoemaker K, Goreham C, Bombardier E, Ball-Burnett M. Serial
effects of high-resistance and prolonged endurance training on Na+-K+ pump
concentration and enzymatic activities in human vastus lateralis. Acta Physiol Scand.
1999 Feb;165(2):177-84.

50. Green RA, Wilson DJ. A pilot study using magnetic resonance imaging to determine
the pattern of muscle group recruitment by rowers with different levels of experience.
Skeletal Radiol. 2000 Apr;29(4):196-203.

51. Grigoriev Al, Oganov VS, Bakulin AV, Poliakov VV, Voronin LI, Morgun, VV,
Shnaider VS, Murashko LV, Novikov VE, LeBlank A, Shakleford L. Clinical and
physiological evaluation of bone changes among astronauts after long-term space flights.
Aviakosm Ekolog Med. 1998;32(1):21-5.

52. Grimby L, Hannerz J, Hedman B. The fatigue and voluntary discharge properties of
single motor units in man. J Physiol. 1981 Jul;316:545-54.

53. Guyton AC & Hall JE, Textbook of Modern Physiology, 10" ed.; W.B. Saunders,
Philadelphia, 2000; p. 76.

54. Hakkinen K, Alen M, Kallinen M, Newton RU, Kraecmer WJ. Neuromuscular
adaptation during prolonged strength training, detraining and re-strength-training in
middle-aged and elderly people. Eur J Appl Physiol. 2000 Sep;83(1):51-62.

55. Hakkinen K, Kallinen M, Izquierdo M, Jokelainen K, Lassila H, Malkia E, Kraemer
WIJ, Newton RU, Alen M. Changes in agonist-antagonist EMG, muscle CSA, and force
during strength training in middle-aged and older people. J Appl Physiol. 1998
Apr;84(4):1341-9.

99



56. Hakkinen K & Komi PV, Changes in electrical and mechanical behavior of leg
extensor muscles during heavy resistance strength training. Scand J Sports Sci 1985;
7(2):55-64.

57. Hakkinen K, Komi PV, Tesch PA. Effect of combined concentric and eccentric
strength training and detraining on force-time, muscle fiber and metabolic characteristics
of the leg extensor muscles. Scand J Sport Sci 1981; 3:50-8.

58. Hug F, Bendahan D, Le Fur Y, Cozzone PJ, Grelot L. Heterogeneity of muscle
recruitment pattern during pedaling in professional road cyclists: a magnetic resonance
imaging and electromyography study. Eur J Appl Physiol. 2004 Jul;92(3):334-42.

59. Hunter SK, Thompson MW, Ruell PA, Harmer AR, Thom JM, Gwinn TH, Adams
RD. Human skeletal sarcoplasmic reticulum Ca2+ uptake and muscle function with aging
and strength training. J Appl Physiol. 1999 Jun;86(6):1858-65.

60. Ivey FM, Tracy BL, Lemmer JT, NessAiver M, Metter EJ, Fozard JL, Hurley BF.
Effects of strength training and detraining on muscle quality: age and gender
comparisons. J Gerontol A Biol Sci Med Sci. 2000 Mar;55(3):B152-7;

61. Jayaraman RC, Reid RW, Foley JM, Prior BM, Dudley GA, Weingand KW, Meyer
RA. MRI evaluation of topical heat and static stretching as therapeutic modalities for the
treatment of eccentric exercise-induced muscle damage. Eur J Appl Physiol. 2004 Jun 17

62. Jehenson P, Leroy-Willig A, de Kerviler E, Duboc D, Syrota A. MR imaging as a
potential diagnostic test for metabolic myopathies: importance of variations in the T2 of
muscle with exercise. AJR Am J Roentgenol. 1993 Aug;161(2):347-51.

63. Jenner G, Foley JM, Cooper TG, Potchen EJ, Meyer RA. Changes in magnetic
resonance images of muscle depend on exercise intensity and duration, not work. J Appl
Physiol. 1994 May;76(5):2119-24.

64. Jennings, R.T., and J.P. Bagian, Musculoskeletal injury review in the U.S. space
program. Aviat. Space Environ. Med., 1996 67:762-6.

65. Kawakami Y, Kubo K, Kanehisa, K, Fukunaga T. Effect of series elasticity on
isokinetic torque—angle relationship in humans. Eur J Appl Physiol (2002) 87: 381-387

66. Kennan RP, Price TB, Gore JC. Dynamic echo planar imaging of exercised muscle.
Magn Reson Imaging. 1995;13(7):935-41.

67. Kinugasa R, Akima H. Neuromuscular activation of triceps surae using muscle
functional MRI and EMG. Med Sci Sports Exerc. 2005 Apr;37(4):593-8.

68. Kinugasa R, Akima H, Ota A, Ohta A, Sugiura K, Kuno SY. Short-term creatine
supplementation does not improve muscle activation or sprint performance in humans.
Eur J Appl Physiol. 2004 Mar;91(2-3):230-7. Epub 2003 Oct 22.

69. Kraemer WJ, Nindl BC, Ratamess NA, Gotshalk LA, Volek JS, Fleck SJ, Newton
RU, Hakkinen K. Changes in muscle hypertrophy in women with periodized resistance
training. Med Sci Sports Exerc. 2004 Apr;36(4):697-708.

70. Kraemer WJ, Ratamess NA, Volek JS, Mazzetti SA, Gomez AL. The Effects of the
Meridian Shoe on Vertical Jump and Spring Performances Following Short-Term

100



Combined Plyometric/Spring and Resistance Training. J Strength Cond Res 2000;
14(2):228-38.

71. Le Rumeur E, Carre F, Bernard AM, Bansard JY, Rochcongar P, De Certaines JD.
Multiparametric classification of muscle T1 and T2 relaxation times determined by
magnetic resonance imaging. The effects of dynamic exercise in trained and untrained

subjects. Br J Radiol. 1994 Feb;67(794):150-6.

72. LeBlanc A, Lin C, Shackelford L, Sinitsyn V, Evans H, Belichenko O, Schenkman B,
Kozlovskaya I, Oganov V, Bakulin A, Hedrick T, Feeback D. Muscle volume, MRI
relaxation times (T2), and body composition after spaceflight. J Appl Physiol. 2000
Dec;89(6):2158-64.

73. Mair J, Koller A, Artner-Dworzak E, Haid C, Wicke K, Judmaier W, Puschendorf B.

Effects of exercise on plasma myosin heavy chain fragments and MRI of skeletal muscle.
J Appl Physiol. 1992 Feb;72(2):656-63.

74. Markovic G, Dizdar D, Jukic I, Cardinale M. Reliability and factorial validity of
squat and countermovement jump tests. J Strength Cond Res. 2004 Aug; 18(3):551-5.

75. Meyer RA, Prior BM. Functional magnetic resonance imaging of muscle. Exerc
Sport Sci Rev. 2000 Apr;28(2):89-92. Review.

76. Minetti AE. On the mechanical power of joint extensions as affected by the change in

muscle force (or cross-sectional area), ceteris paribus. Eur J Appl Physiol. 2002
Feb;86(4):363-9.

77. Morrissey MC, Harman EA, Johnson MJ., Resistance training modes: specificity and
effectiveness. Med Sci Sports Exerc 1995 27(5):648-60.

78. Morvan D, Vilgrain V, Arrive L, Nahum H. Correlation of MR changes with
Doppler US measurements of blood flow in exercising normal muscle. ] Magn Reson
Imaging. 1992 Nov-Dec;2(6):645-52.

79. Ogino M, Shiba N, Maeda T, Iwasa K, Tagawa Y, Matsuo S, Nishimura H,
Yamamoto T, Nagata K, Basford JR. MRI quantification of muscle activity after

volitional exercise and neuromuscular electrical stimulation. Am J Phys Med Rehabil.
2002 Jun;81(6):446-51.

80. Paavolainen L, Hakkinen K, Rusko H. Effects of explosive type strength training on
physical performance characteristics in cross-country skiers. Eur J Appl Physiol Occup
Physiol. 1991;62(4):251-5.

81. Pandy MG, Zajac FE. Optimal muscular coordination strategies for jumping. J
Biomech. 1991;24(1):1-10.

82. Patten C, Meyer RA, Fleckenstein JL. T2 mapping of muscle. Semin Musculoskelet
Radiol. 2003 Dec;7(4):297-305. Review.

83. Payne N, Gledhill N, Katzmarzyk PT, Jamnik VK, Keir PJ. Canadian
musculoskeletal fitness norms. Can J Appl Physiol. 2000 Dec; 25(6):430-42.

84. Ploutz LL, Tesch PA, Biro RL, Dudley GA. Effect of resistance training on muscle
use during exercise. J Appl Physiol. 1994 Apr;76(4):1675-81.

101



85. Ploutz LL, Tesch PA, Biro RL, Dudley GA. Effect of resistance training on muscle
use during exercise. J Appl Physiol, Apr 1994; 76: 1675 - 1681.

86. Ploutz-Snyder LL, Nyren S, Cooper TG, Potchen EJ, Meyer RA. Different effects of
exercise and edema on T2 relaxation in skeletal muscle. Magn Reson Med. 1997
May;37(5):676-82.

87. Ploutz-Snyder LL, Tesch PA, Hather BM, Dudley GA. Vulnerability to dysfunction
and muscle injury after unloading. Arch Phys Med Rehabil. 1996 Aug;77(8):773-7.

88. Ploutz-Snyder LL, Convertino VA, Dudley GA. Resistance exercise-induced fluid
shifts: change in active muscle size and plasma volume. Am J Physiol. 1995a Sep;269(3
Pt 2):R536-43.

89. Ploutz-Snyder LL, Tesch PA, Crittenden DJ, Dudley GA. Effect of unweighting on
skeletal muscle use during exercise. J Appl Physiol. 1995b Jul;79(1):168-75.

90. Price TB, Gore JC. Effect of muscle glycogen content on exercise-induced changes
in muscle T2 times. J Appl Physiol. 1998 Apr;84(4):1178-84.

91. Price TB, McCauley TR, Duleba AJ, Wilkens KL, Gore JC. Changes in magnetic
resonance transverse relaxation times of two muscles following standardized exercise.
Med Sci Sports Exerc. 1995 Oct;27(10):1421-9.

92. Prior BM, Jayaraman RC, Reid RW, Cooper TG, Foley JM, Dudley GA, Meyer RA.
Biarticular and monoarticular muscle activation and injury in human quadriceps muscle.
Eur J Appl Physiol. 2001 Jul;85(1-2):185-90.

93. Prior BM, Foley JM, Jayaraman RC, Meyer RA. Pixel T2 distribution in functional
magnetic resonance images of muscle. J Appl Physiol. 1999 Dec;87(6):2107-14.

94. Ray CA, Dudley GA. Muscle use during dynamic knee extension: implication for
perfusion and metabolism. J Appl Physiol. 1998 Sep;85(3):1194-7.

95. Reid RW, Foley JM, Jayaraman RC, Prior BM, Meyer RA. Effect of aerobic
capacity on the T(2) increase in exercised skeletal muscle. J Appl Physiol. 2001
Mar;90(3):897-902.

96. Richardson RS, Frank LR, Haseler LJ. Dynamic knee-extensor and cycle exercise:
functional MRI of muscular activity. Int J Sports Med. 1998 Apr;19(3):182-7.

97. Ross R, Rissanen J, Pedwell H, Clifford J, Shragge P. Influence of diet and exercise
on skeletal muscle and visceral adipose tissue in men. J Appl Physiol, Dec 1996;
81:2445-55.

98. Russell PJ, Croce RV, Swartz EE, Decoster LC. Knee-Muscle Activation during
Landings: Developmental and Gender Comparisons. Med Sci Sports Exerc. 2007
Jan;39(1):159-70.

99. Staron RS, Leonardi MJ, Karapondo DL, Malicky ES, Falkel JE, Hagerman FC,
Hikida RS. Strength and skeletal muscle adaptations in heavy-resistance-trained women
after detraining and retraining. J Appl Physiol. 1991 Feb;70(2):631-40.

100. St-Onge N, Feldman AG. Referent configuration of the body: a global factor in the
control of multiple skeletal muscles. Exp Brain Res. 2004 Apr;155(3):291-300.

102



101. Tesch PA, Trieschmann JT, Ekberg A. Hypertrophy of chronically unloaded muscle
subjected to resistance exercise. J Appl Physiol. 2004 Apr;96(4):1451-8.

102. Tesch PA, Ploutz LL, Dudley GA. Effects of 5 weeks of lower limb suspension on
muscle size and strength. J Gravit Physiol. 1994 May;1(1):P59-60.

103. Thortenssen A. Observations on strength training and detraining. Acta Physiol
Scand 1977; 100:491-3.

104. Warfield SK, Mulkern RV, Winalski CS, Jolesz FA, Kikinis R. An image
processing strategy for the quantification and visualization of exercise-induced muscle
MRI signal enhancement. ] Magn Reson Imaging. 2000 May;11(5):525-31.

105. Weidman ER, Charles HC, Negro-Vilar R, Sullivan MJ, MacFall JR. Muscle
activity localization with 31P spectroscopy and calculated T2-weighted 1H images.
Invest Radiol. 1991 Apr;26(4):309-16.

106. Yanagisawa O, Niitsu M, Takahashi H, Goto K, Itai Y. Evaluations of cooling
exercised muscle with MR imaging and 31P MR spectroscopy. Med Sci Sports Exerc.
2003a Sep;35(9):1517-23.

107. Yanagisawa O, Niitsu M, Takahashi H, Itai Y. Magnetic resonance imaging of the
rotator cuff muscles after baseball pitching. J Sports Med Phys Fitness. 2003b
Dec;43(4):493-9.

108. Yanagisawa O, Niitsu M, Yoshioka H, Goto K, Itai Y. MRI determination of
muscle recruitment variations in dynamic ankle plantar flexion exercise. Am J Phys Med
Rehabil. 2003¢ Oct;82(10):760-5.

109. Yanagisawa O, Niitsu M, Yoshioka H, Goto K, Kudo H, Itai Y. The use of
magnetic resonance imaging to evaluate the effects of cooling on skeletal muscle after
strenuous exercise. Eur J Appl Physiol. 2003d Mar;89(1):53-62. Epub 2003 Jan 14.

110. Yoshioka H, Anno I, Kuramoto K, Matsumoto K, Jikuya T, Itai Y. Acute effects of
exercise on muscle MRI in peripheral arterial occlusive disease. Magn Reson Imaging.
1995;13(5):651-9.

111. Yue G, Alexander AL, Laidlaw DH, Gmitro AF, Unger EC, Enoka RM. Sensitivity
of muscle proton spin-spin relaxation time as an index of muscle activation. J Appl
Physiol. 1994 Jul;77(1):84-92.

112. Zamparo P, Minetti AE, di Prampero PE. Interplay among the changes of muscle
strength, cross-sectional area and maximal explosive power: theory and facts. Eur J Appl
Physiol. 2002 Dec;88(3):193-202.

103



