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will also provide mechanistic inforn ionr¢ rdir neuromuscular functioning following

stretch-shortening exercises involvii  rapid d slow movements.


















which leads to an increase in muscle tivity and braking phase force and yields optimal muscle-
tendon kinetics. When the negative work is optimized the mechanisms contribute to an increased
concentric action and thus performance (64). The greatest increase in the braking force was
associated with a significant improvement in mechanical efficiency, which was observed during
the drop jump performed at 125% of the maximum countermovement jump height (64).

Since the original proposed theory, the topic of re-utilization of elastic energy on the
efficiency of movement has been contested (48). Based on thermodynamics, the reutilization of
elastic energy is not capable of enhancing mechanical efficiency because it is not believed to
contribute to the conversion of metabolic energy into mechanical work (89). However, no
convincing findings have been established to refute the storage and re-utilization of elastic

energy as an important mechanism of enhanced force production (58).

222 STRETCH REFLEX IN SSC

Current research is exploring tt  (dea that SSC movements found in forms of locomotion
such as running and hopping are controlled by the same combination of central programming and
spinal reflex mechanisms involved in cyclic movements (90). The effectiveness of the SSC to
enhance force production is dependent on the rapid transfer from the pre-activation eccentric
action of the stretch phase to the concentric ¢ ion of the shortening phase (84). Myoelectric
potentiation originating from stretch reflexes have been proposed to aid in the force production
as a consequence of the high stretch velocity and pre-activity at the moment of impact during
SSC movements (17, 29). Studies have re' 1led a consistent electromyogram (EMG) burst
starting about 45 ms after the moment of im; 1 uring hopping (90, 39). This response was

defined as a short latency response. It is suggested to be a stretch reflex response superimposed










reaction forces, greater muscle activation and shorter exercise duration compared to SSC
movements of natural locomotion (84).

Plyometric training is extremely complex due to the involvement of the SSC and as a
result many unanswered questions remain in the area of exercise prescription with regards to
frequency, volume, intensity of training, and recovery duration (8). Some researchers have
proposed recovery periods similar to that of resistance training but according to Nicol et al. (74)
this logic seems inaccurate, as the physiological mechanisms involved in the performance of
SSC movement appear to be much different from pure isolated isometric, concentric and
eccentric movements. Donald Chu has used anecdotal information and research from traditional
resistance training to determine ranges of work to rest ratios between sets of differing intensity
SSC exercises (25). Similar to resistance trainii  to develop muscular power D. Chu has
suggested a work to rest ratio of 1:5 to 1:10 when performing plyometrics to ensure proper
execution and intensity of exercise. To develop muscular strength and endurance exercise are
performed in a continuous manner and lesst 1 two seconds of recovery time in a 12 to 20
minute workout is recommended (25). These w  : to rest ratio are generalized exercise
prescription based on training goal, i.e. muscular power or endurance, however these
recommendations may vary depending on several factors, such as the type of muscle action
performed (94). Few studies have actually compared neuromuscular fatigue response and
recovery patterns following plyometric and 1 stance training exercise to determine if similar
work-to-rest ratios are appropriate based ¢ net muscular fatigue responses.

Toumi et al. (88) compared measures of fatigue following consecutive sets of SSC
exercises and isometric leg press performed in sets of 10 repetitions accompanied by 2 minutes
of rest until the subjects could no longer perform the exercise at 50% of their MVC. Maximal

isometric force and concentric power, muscle activation and kinematic data were analyzed
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al. (52) believe HFF has an evolutionary significance as the skeletal muscle recognizes the need
to offset the accumulation of K* by controllii  the firing frequency and activity of the Na" in

order to prevent extensive damage to the muscle.

243 CONCLUSION

LFF and HFF contribute to the induction of neuromuscular fatigue through differing
physiological processes that have distinctive time courses of recovery. The extent of LFF and
HFF induced in the musculoskeletal system is dependent on the time, type and intensity of SSC
movements performed. The recovery of neuromuscular fatigue following SSC movements is
dependent on the type and extent of fat" 1e that is induced in the muscle. Recovery of
neuromuscular fatigue from SSC movements that primarily induce LFF from metabolic process
occurs within 15- 30 minutes post exercise, while SSC movements that induce the slow
mechanical component of LFF require a 60 minutes to at least a 24 hour recovery period (82,
93). SSC movements that induce neuromuscular fatigue from mainly HFF recover from evoked

stimulations at high frequency relatively qui  y; approximately 5 minutes post exercise (2).

25 SUMMARY

The SSC is involved in all human locomotion such as running, walking and hopping
where muscles are actively stretched prior to shortening (42). According to a review by Nicol et
al. (74), mechanisms proven to explain neuromuscular fatigue utilizing isolated forms of muscle
actions (isometric, concentric or eccentric) cannot explain fatigue induced by the SSC due to the

strong mechanical and ref  activat 1. This natural muscle function has a clear force and power

28




potentiation during the shortening phase of concentric muscle action, which is the resultant of the
preceding eccentric muscle action during the lengthening phase (58). Plyometric training
programs involve various types of body-weight jumping exercises, such as drop jumps,
countermovement jumps and squat jumps, which utilize SSC movements at a high intensity.
Plyometric training has been shown to improve strength, muscle power, and coordination, thus
leading to an improvement in athletic performance as the rapid SSC exercises are found in all
types of sport (1, 11, 18, 43). Due to the high intensity involvement of SSC actions, this unique
form of training can cause reversible1 -al, ructural and r hanical disturbances depending
on the severity and duration of the prescribed exercises (74). Therefore, it is important to
understand the physiological mechanisms that induce neuromuscular fatigue to gain further
insight into the recovery pattern that follows plyometric training in order to optimize athletic

performance at all training levels.

29



10.

11.

12

13.

14.

15.

16.

2.6 REFERENCES

Adams K, O'Shea JP, O'Shea KL and Climstein M. The effects of six weeks of
squat, plyometrics and squat-plyometric training on power production. Journal of
Applied Sports Science Research 6: 36-41, 1992.

Allen DG, Lamb GD, and Westerblad H. Skeletal muscle fatigue: cellular
mechanisms. Physiology Reviews 88: 287-332, 2008.

Aura O, and Komi PV. Effects of prestretch intensity on mechanical efficiency of
positive work and on elastic behavior of skeletal muscle in stretch-shortening cycle
exercise. International Journal of Sports Medicine 7: 137-143, 1986.

Avela J, Finni J, and Komi PV. Excitability of the soleus reflex arc during

intensive stretch-shortening cycle exercise in two power-trained athlete groups.
European Journal of Applied Physiology 97: 486-493, 2006.

Avela J, and Komi PV. Interaction between muscle stiffness and stretch reflex
sensitivity after lor term stretch-shortening cycle exercise. Muscle and Nerve 21: 1224-
1227, 1998.

Avela J, and Komi PV. Reduced stretch reflex sensitivity and muscle stiffness after |
long-lasting stretch-shortening cycle exercise in humans. European Journal of
Applied Physiology and Occupational Physiology 78: 403-410, 1998.

Avela J, Kyrolainen H, Komi PV, and Rama D. Reduced reflex sensitivity p. sists
several days after long-lasting stretch-shortening cycle exercise. Journal of Applied
Physiology 86: 1292-1300, 1999.

Baechle TR and Earle RW. Essentials of strength training and conditioning. 2™
edition. Champaign, IL: National St  gth and Conditioning Association, 2000.

Balog EM, and Fitts RH. Eff ts of fatiguing stimulation on intracellular Na+ and K+
in frog skeletal muscle. Journal of A lied Physiology 81: 679-685, 1996.

Baptista RR, Scheeren EM, Macintosh BR, and Vaz MA. Low-frequency fatigue

at maximal and submaximal le  tractions. Brazilian Journal of Medical and
Biology Research 42: 380-3¢_, _09.

Bebi J, Cresswell A, Engel T andI' 0i S. Increase in jumping height associated

with maximal effort vertical depth jumps. Research Quarterly for Exercise and Sport
58:11-15, 1987.

Berger RA,and ™™ (" " Prediction of "/ ic strength from static
strength in hip and knee ex nerican Corrective Therapy Journal 24: 118-120,
1970.

Bianchi CP, and Narayan S. Muscle fatigue and the role of transverse tubules.
Science 215: 295-296, 1982.

Biewener A, and Baudinette R. In vivo muscle force and elastic energy storage during
steady-speed hopping of tammar wa  ies (Macropus eugenii). Journal of
Experimental Biology 198: 1829-1841, 1995.

Bigland-Ritchie B, Jones DA, and Woods JJ. Excitation frequency and muscle
fatigue: electrical responses during human voluntary and stimulated contractions.
Experimental Neurology 64:414-427,1979.

Bigland-Ritchie B, Rice CL, Garland SJ, and Walsh ML. Task-dependent factors
in fatigue of human voluntary con  ctions. Advanced Experimental Medicne and
Biology 384: 361-380, 1995.

30


















3 CO'AU a AAUA\SH;A S | ATEMENT

My contributions to this thesis:

i)

The present research pro :t is supported by Natural Sciences and Engineering
Research Council (NSERC). Dr. David Behm and I discussed his original idea of
a research project in neuromuscular fatigue and plyometric training. Together we
developed the methodology for the current research. Based on our research idea
and methodology, I submitted a proposal to NSERC. The proposal was approved
and funding was provided by Master's level scholarship awarded to me in my first
year of my Master's progr Memorial Uni  sity.

Dr. Behm and I developed the jumping apparatus and then contracted Memorial

University Tec.  cal ices to build the wooden boxes.

I recruited all subjects and tina Sheridan and myself performed all research
testing on each partic ; : experimental methodology required Kristina
Sheridan and myself ~ nt at all times.

Raw data was collected by Kristina Sheridan and myself. Under the supervision
of Dr. Behm, I performed :  data analysis procedures.

I prepared the manuscript with tt  guidance of Dr. Behm.

36



4 STUDY

4.1 MATERIALS AND METHODS

4.1.1 Subjects

Fourteen healthy and physically acti male subjects (25.28 + 3.4 years, 179.58 £ 5.3 cm,
83.97 + 10.7 kg) were recruited for this study. Ten subjects were categorized as moderately
trained (MT) who had been physically active for one year or more and participated in a moderate
level of physical activity per week (3 or more hours of activity per week). The MT group did not
compete or train in sport at a competi ‘e level. Four subjects were categorized as highly trained
(HT) who had been physically active for e year or more and participated in a high level of
physical activity per week (6 hours or more activity per week or more). The HT group included
one rower, one cross country runner and two ockey players, all of which trained at highly
competitive level in their sport. This categorization was based on the Canadian Society of
Exercise Physiology physical activity readiness questionnaire (PAR-Q). Subjects were instructed
to refrain from heavy exercise 24 hours before testing. All subjects read and signed a consent
form prior to experimentation. Memorial University of Newfoundland’s Human Investigation

Committee gave ethical approval for the study.

4.1.2 Experimental Design

Subjects partook in four experiment sessions that included one familiarization, two
experimental trials, plyometric (PT) and resistance training (RT), and a control trial. These

sessions were separated by a minimum of o1 vk period to ensure fatigue was not a

37




confounding factor. The PT and RT trials w :randomized for each subject. Five moderately

trained (MT) and 3 highly trained (HT) acte as control.

Familiarization session. On the first visit to the laboratory subjects completed a PAR-Q
and consent form. Subjects' age, height, mass, training history, resting heart rate and blood
pressure was recorded by experimenters. The session provided the opportunity for all subjects to
become familiar with the testing protocol and equipment being used in the subsequent trials. In
addition, the session was used to find each subject's one repetition maximum (RM) for a squat
exercise. This information was needed to calculate the subject's 65% 1 RM required for the RT
trial (Table 1). The mean 1 RM squat was 273.9 + 63.9 kg and the mean 65% 1 RM was 177.1 £
41.1 kg.

All subjects had previous experience performing a resisted squat. In order to ascertain the
participants 1 RM squat load, the followi: »cedure was followed. The subject performed a set
of 5-10 squats without weight and the experime ers provided feedback to ensure that the correct
technique was performed. The exper  iters' increasingly added weight (10-20 kg) until
approximately 75% of excepted 1 RM and 5 repetitions were performed at this weight. The
subject was given a 5-minute rest period be! :the 1 RM squat test. The subject was asked to
perform as many repetitions as possil : at the estimated 95% of the excepted 1 RM. If the
subject performed more then 5 repetitions the test was terminated and the subject was given a 5-
minute rest period before performing 100% of their estimated 1 RM. If the subject was only able
to perform 3 repetitions at 95% of their estin  ed 1 RM then the 1 RM was predicted from
multiple-RM loads (3).

Subje __; were also introduced to the ply( ietric protocol during the familiarization

session. A demonstration of the dropj 1p was provided as well as verbal instructions were
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given to the subjects to pe 'rm each jump with maximal effort. ...e jump was explained as a
drop jump with maximal quickness and force once their feet contacted the ground. The goal of
the drop jump was to achieve min il contact time on force plate for each jump during the trial.
No arm movement was allowed during the jump therefore subjects were instructed to place their
hands on their hips. Subjects also maintained a jumping cadence of 70 beats per minute (bpm)
(set by a metronome) to ensure similar jumping rates.

The subjects were introduced to and _ icticed performing isometric leg extension
maximum voluntary contractions (MVC) to ensure they achieved a full MVC. They were
directed to contract the right knee extensor as quickly and forcefully as possible. Subjects
performed 5-6 repetitions with the goal of obtaining less than a 5% difference in force between
two trials. A 3-minute rest period was allocated between each MVC. The subjects’ were
introduced to evoked stimulation at a submaximal voltage and amperage level of 100 volts and
50 amps for all stimulation protocols; twitch, 20 Hz and 100 Hz tetani. For the twitch, the
stimulation level was progressively increased by an intensity of 20 milliamps until the maximal
amperage of 1 amp was attained then the voltage was increased by 50 volts until the maximal
stimulation was achieved. The stimulation level rthe 100 Hz tetanus started at an initial
stimulation of 1 amp and 100 volts followed by a 10 volts progressive increase in intensity until
30-40% of MVC force was observed. The identi st ulation intensity observed to give 30-

40% of MVC during the 100 Hz tetanus was set for the 20 Hz tetanus.

Testing Trials. Blood pressure and resting heart rate were recorded prior to the start of the
PT, RT and control sessions. Precedii  experimental data collection, subjects underwent a 5-
minute warm-up on a cycle ergometer at 75 rpm at a resistance of 1 kP. Heart rate and lactate

were measured immediately following the completion of the w.  -up. Subjects were seated on a
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laboratory-designed apparatus used for testing leg extension force with hips and knees at 90°.
The apparatus provided back support, chest 1d leg straps, hand grasp bars and a padded ankle
strap that was attached to a strain gau,  perpendicular to the lower limb to measure torque. The
subjects’ body was secured in this position to avoid extraneous movement that might affect

signal recording.

Plyometric trial. Subjects began the trial standing with legs abducted and either foot
situated on top of two 30 cm high custom designed plyometric boxes separated by a width of 40
cm (Figure 4.1 and 4.2). The metronome was set to 70 bpm and the subject was instructed to
jump to the pace of the metronome making contact with the ground and boxes on every beat.
Subjects were given verbal reminderstoj ‘on each jump with maximal quickness by allowing
a minimal amount of contact time on the force plate as possible. A slight pause on the | itform
was required after the execution of each jump to ensure the subject stayed on pace with the
metronome. The subject was giveny al w 1ings from the experimenter if they deviated from
the pace of the metronome and the test was terminated if a third warning was given or if the

subject self-terminated the trial.

Resistance training trial. The  isted squats required subjects to support an Olympic bar
on their trapezius with 65% of their 1 RM in the "high-bar" position, with feet shoulder-width
apart and knees slightly flexed. The heels remained in contact with the floor and the back in a
neutral spine position (11). The hips and knees were flexed until a 90° angle at the knees was
achieved, which was measured before the trial and a chair with additional height inserts was set
to provide the subjects with a kinesthetic feedback of when 90° was achieved for each repetition.

The metronome was set to 120 bpm, allowing two seconds for each eccentric and concentric
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evoked contractile properties or voluntary activation. Heart rate and blood lactate measures to
determine exercise intensity were higher following the PT trial compared to the RT trial;

however changes were not training status dependent.

Duration of plyometric and resistance training trials. The PT trial duration was
dependent on training status. The HT subjects jumped for a duration that was significantly (p =
0.025) longer (68.2%) than the MT subjects. The HT subjects' PT duration was significantly (p =
0.025) longer (67.1%) than the RT trial. In comparison, the duration of plyometric and resisted

squat trial for the MT subjects was not significantly different (Figure 4.7).

Heart rate and blood lactate r.  1sures during the plyometric and resistance training
trials. Heart rate and blood lactate levels attained during the PT and RT trials were not training
status dependent. However, there was a si_ ficant interaction (p < 0.001) between the PT and
RT trials for heart rate levels (Figure 4.8). At 1- inute recovery the mean heart rate level was
significantly (p < 0.001) higher (13.4%) following the PT trial compared to the RT trial. There
was also a significant interaction (p = 0.025) for blood lactate levels between the PT and RT
trials (Figure 4.9). At 3 minutes reco  y, the mean lactate level was significantly (p = 0.011)

higher (25.6%) following the PT trial comp: . to the RT trial (Figure 4.9).

Evoked twitch contractile properties. Changes in peak twitch force during all recovery
periods were similar following both the PT and RT trials and were not dependent on training
status. However, there was a significant difference (p < 0.000) between the PT and RT trials and
the control trial for the evoked contractile easures (Figure 4.10). At the 1 min recovery period,

the peak twitch force was 29.7% and 31.6% significantly (p < 0.05) less than the control for both



the PT and K. trials, respectively.  :mean peak twitch force began to increase towards a
prefatigued state for both the exhaustive trials. At the 3 minutes of recovery the PT and RT trials
increased to0 95.4 + 9.4 % and 94.27 + 11.8 %, respectively, of the pre fatigue force. However,
the peak twitch force following the control trial also increased above the pre testing force (111.
42 £ 15.0 %). Thus, the PT and RT trials remained significantly (p < 0.05) less than the control.
After 5 minutes of recovery a seconc y de« 1se in peak twitch force occurred for all trials. This
reveals a methodological fatigue effect ik twitch force also decreased for the control trial.
However, the resisted squat trial did sl W a significantly (p < 0.05) greater decrease (14.6% and
14.8%, respectively) in force from the cor ol trial at 40 and 60 minutes of recovery.

M wave measurements were not affected by the training status of the group and there was
no significant difference between the PT, RT and control trials during any of the recovery-testing
periods. There was a significant main effect (p < 0.000) of time as a continuous decrease in the
M wave occurred during the recovery | iod fi all three trials. Data from each trial was
collapsed to see the overall effect of recovery period on changes in M Wave. There was a
significant (p < 0.05) difference in M wave : plitude for all recovery periods from the pretest
force. An average decrease of 15.6% in M Wave amplitude occurred over the 60-minute

recovery period for all three trials.

Low and high frequency fatigue. Changes in low and high frequency torques during the
total duration of the recovery period were not different between the PT, RT and control trials.
Changes in low and high frequency torques did not have a dependence on the training status of

the group in this experiment.

Voluntary activation and force. MVC n  1sures were not dependent on training status of
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the group in this experiment. A significant main effect (p < 0.000) of time occurred during the
recovery period for the PT, RT and control trials. The testing protocol appeared to induce
fatigue, which was observed following the control trial, as the average MVC force during the 60-
minute recovery period was 10.2% below the pretest force. Following the plyometric and
resisted squat trials, the MV C torque decreased by 16.1% and 18.0% at the 1 min recovery and
by 11.8% and 10.0%, respectively, at the 3 minutes of recovery, which was significantly (p <
0.05) different from the control trial. All trials followed a similar pattern of changes in MVC
force from S to 60 minutes of recovery (Figure 4.11).

The iEMG was normalized to the peak RMS during the pre fatigue MVC test for every
recovery period in each trial. The iEMG was calculated as a percentage of the pre fatigue test for
all recovery testing periods. iEMG was not dependent on the  ning status of the group during
the recovery period for the PT and RT trials in1 s experiment. At 1 min recovery both the
plyometric and resisted squat trials were significantly (p < 0.000) less than the iIEMG measure of
control trial by 20.6% and 32.1%, respectively. The RT trial continued to remain significantly (p
< 0.04) lower than the control during the 3 min  :overy period. There were no significant
differences in iEMG measures after the 3 m ites of recovery between the PT, RT and the

control trials (Figure 4.12).

4.3  DISCUSSION

The most important finding in the study was that there was no difference in the
neuromuscular recovery response following plyometric and resistance training trials performed
to exhaustion. Furthermore, the present study vealed ~ it the duration of the PT was dependent

on the training status of the subject, HT  bj 5 jumped significantly lor ' (68.2%) than the
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Although no study has compare the neuromuscular responses following exercise
involving slow and rapid SSC movements found in resistance training and plyometric exercises,
respectively, other studies have comp: | different types of SSC actions. Nicol et al. (32)
observed similar findings when examining the effects of different intensity and duration rapid
SSC exercises on the neuromuscular f  jue response. The results of the study showed acute and
delayed impairments in neuromuscular function, as measured by reflex EMG, twitch torque and
active resistance to stretch, were inde  dent of the type of exercise performed when comparing
a maximal intensity 10 km run and a bout of exhaustive rebound exercise on a sledge apparatus.
Similarly, Benson et al. (8) observed similar impairments in neuromuscular function following
different intensity slow resisted SSC e: cises. Three sets of 100% of their 10 repetition
maximum (RM) load to failure and three sets of 90% of their 10 RM load with only the last set
performed to failure (with 3 minutes « rest1 ween each set for each trial) induced comparable
decreases in MVC and iIEMG. Not only 1s similar neuromuscular fatigue responses been
observed to occur following different types of SSC movements but Toumi et al. (43) found a
similar fatigue response following cons uti* sets of 10 repetitions of SSC exercises on a sledge
apparatus compared to successive sets of 10 repetitions of isometric contractions, with both
exercises performed at 70% of subject's MVC with 2 minutes of rest between each set until
exhaustion. Interestingly, the subjects were able to perform 3 more sets of the SSC exercise
compared to the isometric exercise before comp e exhaustion (43). The present study also
observed that although the duration of botht s was similar for the MT subjects, the number of
repetitions performed during the PT trial was eater due to the higher cadence of the exercise
performed compared to the RT trial. T s, the slow SSC movement utilized during the resisted
squat trial may have decreased the ability to perform the same number of repetitions as the

plyometric trial due to the greater reliance of the contractile properties of the muscle to produce
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intermittent drop jumps and 100 continuous drop jumps to ex  istion, induced an immediate
decrease in peak twitch force at the 2 min recovery period and a secondary decrease at 20
minutes of recovery. Studies examining exercises involving slow SSC movements have also
shown this biphasic recovery pattern. Raastad et al. (35) observed a decrease in electrically
induced contractions between 5-20 min after strength exercise protocols that consisted squats and
bilateral knee extensions. In the pres: t study, peak twitch force decreased by 28% and 26% at 1
minute and 6% and 10% at 3 minutes of recovery post-fatigue for the squat and plyometric trials,
respectively. Thus, the location of fatigue is partly of peripheral origin. The immediate changes
in peak twitch force following both trials are believed to be the result of metabolic changes,
which include a reduction in creatine pho hate (CrP) concentration, increased inorganic
phosphate (Pi) and increased hydrogen ion concentrations (pH) (45). Metabolic changes have
been shown to reach peak values within the first 5 minutes following exercise involving slow
and rapid SSC movements as well as isomet : contractions to exhaustion (35, 40, 4). Similarly,
plyometric and resisted squat exercises to e> wstion showed a peak in blood lactate measures at
3 minutes of recovery and  ched near-control values within ") minutes following both
exercises. The reduction in force coul be a: ciated with a reduced Ca** release from the
sacroplasmic reticulum and/or reduced capability of cross-bridges to form strong binding (30).
The secondary decrease in pe  twitch force between the 40 and 60 minutes of recovery
following the resisted squat trial is h;  thesized to be the result of structural muscle changes. In
the present study, the resisted squat trial induced a greater reduction in peak twitch force that
could be the result of a decrease in Ca’" rele: : due to disruptions of contractile proteins. Staron
et al. (39) reported that unaccustomed high intensity resistance training exercises performed to
fatigue induced myofibrillar disorganization due to the shear forces pulling at the Z-lines causing

them to rupture. This disruption in contractile properties has been reported to occur following
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pure concentric and eccentric strength exercise in untrained subjects (15). This also occurs in
trained subjects following squats and bila 11 contractions (35).

The M Wave measure showed a slight decrease over the total 60-minute duration of
recovery following the both trials, hov eritw . not significantly less than the control trial.
Changes in the M wave indicate alterations in neuromuscular propagation and a decrease in the
measure could be a reduction in the excitability of the muscle fiber membrane (2). The observed
non-significant change in M wave amplitude suggests the neuromuscular excitability of the
muscle was not impaired even when the exercises were performed to a state of exhaustion. This
is possibly due to the dynamic nature of the exercises, which is in agreement with previous
studies using dynamic contractions (22) or isokinetic movements (33), where long sustained
isometric contractions (14) led to a de :ase in M wave amplitude.

The MVC force was immediately depressed during the first 3 minutes following both PT
and RT trials and slightly recovered pre-f gue force level over the 60-minute recovery period.
In the present study, MVC force decr ied 18% and 17% at 1 minute and 11% and 12% at 3
minutes of recovery in MVC force followii the PT and RT trials, respectively. Similar
decreases in voluntary force have been reported by other studies regardless of the involvement of
slow or rapid SSC movements utilized 1 exercises performed to exhaustion. A decrease in
isometric MVC force between 15-25% has been found to occur immediately following resistance
training exercises using a slow SSC movem: (8, 22, 24) and a 13-30% decrease following
rapid SSC movements (36, 40, 25, 1, 20). ywing both the PT and RT trials the impairment in
the voluntary force generating capability of the muscle was accompanied by a reduction in iEMG
during the first 3 minutes of recovery. Thus central fatigue was also partly responsible for the
loss of force production because there was a decrease in neural activation immediately following

exercise involving slow and rapid SSC movements. In the present study iEMG was lower at 1
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and 3 minutes compared to pre-fatigue iEM  with no differences thereafter for both SSC trials.
The recovery of central fatigue and the restoration of neural activation seem to occur within 5
minutes following different fatiguing exercises (6). The recovery of neural activation following
exercises involving slow and rapid SSC movements to exhaustion in the current study appear to
behave in a similar manner.

A minimal level of LFF was observed to occur following both the PT and RT trials,
however the force did not decrease to a level that indicates LFF to be a major contributor to
peripheral fatigue. HFF was not observed to occur following either PT or RT trials. Heart rate
and blood lactate levels were higher following the PT trial than the RT trial for both HT and MT
subjects. However, the greater blood lacta ‘els and cardiovascular stress induced by the
plyometric trial was not large enough to produce a differing neuromuscular response during the

60 minute recovery period compared to the resi: :d squat trial.

Training Status

In the present study the durat 10ftl PT trial was dependent on the training status of
the subject. Although the HT subjects had minii 1l or no prior plyometric training experience, it
is possible that their training included explosive type movements that involved rapid SSC actions
to accelerate the body forward. Sprint  ni1  which is typically involved in most sport, is an
explosive movement that has been shown to be comparable or superior to plyometric training. It
has been shown to improve leg extensor strength, power, sprint and agility performance due to
increased activation of the leg musculature and involvement of both concentric and rapid SSC
movements to generate force production (27).

Explosive type training has not only been shown to increase leg muscle power but

different neural adaptation strategies during high impact SSC movement have been observed in
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different groups of athletes due to training s; :ificity of their sport (2). Exercise involving SSC
movements has been suggested to modulate the reflex loop in the muscle, which is believed to
alter the sensitivity of Ia afferents, changes in a - y motoneuron linkage, or inhibition from the
Golgi tendon organ (17). In addition, changes in the reflex system have been closely linked to
changes in the stiffness of the muscle-tendon unit during landing phase of SSC movement (19).
A stiff muscle-tendon unit increases concentric power production during the SSC movement due
an increased ability of the unit to sto  and release kinetic energy (18). Avela et al. (2), based on
findings of different athletic populations, proposed that athletes with a greater exposure to high
impact loading may have some structural ad tations thus preventing exercise induced reflex
inhibition during high impact SSC moven In addition, previous studies have demonstrated
changes in reflex excitability followit di rent types of training (endurance and hopping
training) involving SSC movement (34, 44). In the present study, an increased exposure to rapid
SSC movement during training and competition in high level sport may have aided the HT
subjects to have superior stiffness control of the muscle-tendon unit due a more experienced and
efficient reflex system. Therefore, the int  ction between the reflex and stiffness control of the
muscle-tendon unit would enable the ... subjects to jump 68% longer than the MT subjects
during the PT trial in the present study.

In the present study, the maxi 1l strc sth durii the RT trial was not dependent on the
training status. The average predicted | RM  uat for the HT subjects was 124.1 kg compared to
124.2 kg for the MT subjects. Greater maximal ength is associated with greater power
absorption during the eccentric phase of slow large-amplitude SSC movements for heavier
loading intensity (80% 1 RM). It is also associated with better power production during the
concentric phase for a lighter loading intensity (40% 1 RM) (11). The RT trial in the current

study, which required subjects to perfc ~ 65% ¢ their 1 RM squat is considered a moderate
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loading intensity, thus maximal stre.  h would influence both power absorption and production
during the slow SSC movement. However, as the maximal strength did not different between the
groups, the contribution of maximal strength on the power absorption and production during the
slow SSC movement during the RT trial was similar. This was evident by the non-significant
difference in the duration of the resisted squat between the HT and MT groups.

The PT trial used an absolute drop jump height of 30 cm for all subjects as this height has
been previously found to result in the greatest jump height and lowest contact time when
compared to drop jump heights of 45 and 60 cm in MT subjects. However, the magnitude of
these changes between drop jump heights of 30 to 60 cm was minimal (48). Studies have used
relative drop jump heights based on percent: s of maximum jump height when examining the
effects of SSC exercises on fatigue (21). However unpublished data (46), has shown that the
maximum jump height among HT subjects was 29.9 cm; we feel that a 30 cm drop jump height
was within an appropriate range to et re both MT and HT subjects were able to perform the
SSC exercise over an extended period of t 1€ with maximum height and minimal contact time.
In addition, MVC force has been associated with dynamic performances, including vertical jump
(26). In this study, the MVC force was 791.69 N and 813.2 N for the HT and M. . subjects,
respectively. As jump height is dependent upon achieving high velocities and power output, the
HT subjects did not have an advant: :on ~ 2 absolute drop jump height because the cadence of
the jump was controlled and t| forc  Juction was similar between training status groups
(26). Therefore, we feel that the HT and M.. subjects underwent similar mechanisms of fatigue
during the PT trial. However, as the R was per rmed using relative loading protocol future
studies using relative loading during plyometric exercises 1y be of interest when comparing

slow and fast SSC exercises.
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should focus on recovery from setsof bm  mal plyometric and resistance training exercises.
After performing an initial fatiguing t, such as performed in the present study, a preset relative
intensity level of a percentage of the number of repetitions performed until exhaustion to

determine if recovery patterns continue to behave in a similar manner.
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4.6 FIGURE LEGEND

Figure 4.1: Illustrations of the plyon ric traini § (PT) apparatus; pre-drop phase onto the

ground from boxes.

Figure 4.2: Illustrations of the plyometric training (PT) apparatus; pre-jump phase onto 30 cm

boxes from ground.

Figure 4.3: Figure is a data recording of quadriceps EMG (top) and force output (bottom) during

an evoked twitched followed by an MVC.

Figure 4.4: A magnified example of an EMG recording from an evoked twitch stimulation

representing an M Wave,

Figure 4.5: Figure is a datarecordii  of EMG Hp) and force output of the quadriceps during

an evoked 20 Hz stimulation.

Figure 4.6: Figure is a data recordir - of EMG ( p) and force output of the quadriceps during an

evoked 100 Hz stimulation.

Figure 4.7: The duration of plyometric (PT), resistance training (RT) and control trials. An
asterisk (*) indicates s ificant differ  es (p < 0.05) between training status. A star (%)

indicates significant differences (p < 0.05) within training status.

Figure 4.8: Mean heart rate (= L., during the testing periods (pre fatigue, after warm-up,
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immediately post exercise, and 3, 5 and 10 minutes of recovery) for each trial. An asterisk (*)
indicates significant differences (p < 0.05) between both the plyometric (PT) and resistance
training (RT) trials from the control tr' ~ A star (x) indicates significant differences (p < 0.05)

between the PT and RT trials.

Figure 4.9: Mean blood lactate (+ SE) durir the testing periods (pre fatigue, after warm-up and
3 and 10 minutes post recovery) all three trials. An asterisk (*) indicates significant differences
(» < 0.05) between both the plyometric (PT) and resistance training (RT) and trials from the

control trial. A star («) indicates significant differences (p < 0.05) between the PT and RT trials.

Figure 4.10: Mean percentage change of peak twitch force (+ SE) during the testing periods (pre
fatigue and 1, 3, 5, 10, 20, 30, 40 and 60 min post recovery) for all three trials. An asterisk (*)
indicates significant differences (p <0.05) b veen both the plyometric (PT) and resistance
training (RT) trials from the control trial. A cross (1) indicates significant differences (p < 0.05)

between the RT trial and control trial.

Figure 4.11: Mean percentage change of maximal voluntary contraction (MVC) (= SE) during
the testing periods (pre fat' e "1 = 7 10, 30, 40 ar ~ 60 min post recovery) for all three
trials. An asterisk (*) indicates signifi atdi ‘rences (p < 0.05) between both the plyometric

(PT) and resistance training (RT) trials from the co rol trial.

Figure 4.12: Mean percentage change of integrated EMG (i(EMG) (2 SE) during the testing
periods (pre fatigue and 1, 3, 5, 10, 20, 30, 40 and 60 min post recovery) for all three trials. An

asterisk (*) indicates significant differenc  (p < 0.05) between both the plyometric (PT) and

63




resistance training (RT) trials from the contr¢ trial. A cross (1) indicates significant differences

(p < 0.05) between the RT trial and control ial.
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Table 4.2. Subject Information

Weighi » Height (cm) I RM Squat (kg)

Moderately Trained 85.3 180.1 124.2

| Hignly Trained 78.4 177.5 124.1
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Figure 4. 9
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Figure 4. 11
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