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ABSTRACT
BIOMECHANICAL AND PHYSIOLOGICAL EFFECTS OF
PLYOMETRIC TRAINING ON HIGH SCHOOL
CROSS-COUNTRY RUNNERS
By

Mark C. Lathrop

The purpose of this study was to compare the effectiveness of a traditional cross-
country training regimen with a training program that includes plyometrics. Eighteen
male and female high school cross-country runners were matched according to their
previous running experience and randomly assigned to two groups. Participants followed
a traditional cross-country training program for six weeks, except that two to three times
a week the plyometrics group replaced some of their easy run training with 15-20 minutes
of plyometric training.

The participants were tested before and after the six-week training period. A
treadmill test was used to determine running economy, lactate threshold, and VO, .. The
participants ran across a force plate in order to determine support time, braking time, and
braking change in velocity. Participants were also timed on a 3200-meter run.

Participants in both groups significantly improved their running economy and

3200-meter time (without a change in VO,__), but there were no significant differences

2max
between groups on these variables. The plyometric group significantly decreased their
braking change in velocity over the training period, while there was no change in the

running group.
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CHAPTER ONE

Introduction

Overview of the Problem

Frank Shorter’s gold medal marathon performance in the 1972 Munich Olympics
and Bill Rodger’s numerous victories in the Boston Marathon in the 1970’s signaled the
beginning of the running boom in the United States. With this increased participation in
running, some top runners, their coaches, and other running enthusiasts (Fixx, 1979;
Galloway, 1984; Henderson, 1983; Higdon, 1978; Steben & Bell, 1979) began to write
about their training methods and why they were successful. Also, specialists in exercise
physiology and biomechanics (Anderson, 1996; Costill, 1979; Daniels, 1998; Hickson,
Rosenkoetter, & Brown, 1980; Martin, 1997) wrote about the many benefits of running as
well as the best training programs to improve performance. Consequently, many
recreational runners in the 1980’s and 1990’s began to describe their training methods
with words and phrases such as long slow distance, fartlek, interval training, repetitions,
lactate threshold running, and hill training. There has been a lot of research about the
success of these types of training methods among elite distance runners competing in
five-kilometer to marathon distances (e.g., Conley, Krahenbuhl, & Burkett, 1981;
Henritz, Weltman, Schurrer, & Barlow, 1985; Wilson, Newton, Murphy, & Humphries,
1993). However, there has been less research about how a strength training program such

as plyometrics affects the performance of young distance runners. Most strength training



studies have focused on the physiological effects of strength training on college age and
elite runners. There is a need then to study the biomechanical as well as the physiological
effects of plyometric training on high school cross-country runners.

Need for the Study

High school cross-country coaches are faced with many challenges. They have a
short season (typically four to five weeks of conditioning followed by six to eight weeks
of competition). Also, today’s athletes often have after-school jobs that cause them to
leave practice early or miss practices. Finally, coaches need to be concerned about the
physical growth and development of young athletes who may be more susceptible to
injuries (Apple, 1995). According to Martin (1997), a 130-pound male running ten miles
at 6:30 min/mile pace contacts the ground about 5,280 times with each foot. The total
impact force on each foot during this run is up to 686 U.S. tons or 624,728 kilograms of
force. Thus, high school coaches need training programs that efficiently train their
runners yet keeps them free of injury. However, many high school coaches train their
athletes the way they were coached or follow the training program of the local or national
star athlete, which may not be appropriate for their team. There is a need for these
coaches to have training programs available to them that are based on sound research that
address the special needs of high school athletes. High school cross-country coaches
need to know the most effective ways to train runners during the limited practice time
that the coaches have with their teams.

Physiological factors such as VO, _ (Foster, Costill, Daniels, & Finley, 1978),
lactate threshold (Farrell, Wilmore, Coyle, Billin, & Costill, 1979), and running economy
(Conley & Krahenbuhl, 1980) have often been used to predict endurance running

performance. Anderson (1996) stated that the keys to success in endurance running are



aerobic power production and runners’ resistance to fatigue. To improve in these areas,
runners need to increase the level of physical stress or strain they can handle or increase
the speed at which a sustainable level of stress occurs. Training programs based on
improving these components have been developed. These training programs usually
involve easy long runs, tempo runs (running at a pace above lactate threshold), repetitions
(e.g., 8 x 200 meters with full recovery), and intervals (e.g., 6 x 400 meters with one
minute rest). These types of workouts are aimed at improving oxygen delivery.
However, oxygen delivery may not be the only limiting factor of performance. Muscle
power, or the failure of muscle contractility, may also limit performance (Noakes, 1988).
Bulbian, Wilcox, and Darabos (1986) found that anaerobic power is a good predictor of
race success among cross-country runners who have similar VO,  values. Cross-country
runners need to maintain relatively high velocity for an entire race. Thus, neuromuscular
characteristics related to voluntary and reflex activation, muscular force, and elasticity
take on an important role in running performance as well as anaerobic characteristics
(Paavolainen, Hakkinen, Hamalainen, Nummela, & Rusko, 1999). These types of
characteristics may be improved by some types of strength training, which may then lead
to improved running performance.

It may seem that using resistance training to improve endurance performance
violates the principle of specificity. However, endurance performance requires muscle
strength and anaerobic power which is needed for climbing hills and for the final sprint at
the end of a race (Bulbian et al., 1986). Increasing maximum power allows a runner to
work at a lower percentage of his or her maximum VO,__ so he or she can last longer at
lower work rates (Stone, Fleck, Triplett, & Kraemer, 1991). This may be very beneficial

in running as it lowers the energy costs of running. According to Di Prampero et al.



(1993), a five percent decrease in energy cost of running is responsible for an
improvement of 3.8% in distance running.

Many researchers have investigated the effects of various types of strength
training on runners. Some of the studies are summarized in Table 1.1. Hickson et al.
(1980) and Hickson, Dvorak, Gorostiaga, Kurowski, and Foster (1988) showed that
weight training can increase the endurance time to exhaustion without a change in VO, .
Weight training has also been shown to increase lactate threshold in biking (Marcinik et
al,, 1991) and lead to a 15% improvement in two-mile run time (Hortobagyi, Katch, &
Lachance, 1991) . Other researchers reported that plyometrics can increase the
acceleration and maximum speed of sprinters (Delecluse et al., 1995) and can improve
maximum power as measured by the MART test (Nummela, Mero, & Rusko, 1996a). In
recent studies, Paavolainen et al. (1999) and Turner, Owings, and Schwane (1999) found

that plyometric training can improve running economy without a change in VO,__, while

2max?
Nicholson and Sleivert (1999) found that weight training can improve ten-kilometer time,
lactate threshold, and running economy.

Since there is some theoretical basis that strength training can improve running
performance, the question remains as to which type of strength training is best for high
school cross-country runners. Many strength training studies have used traditional
weight training which strengthens isolated muscles groups. However, multiple muscle
groups are used in running. Runners need exercises that develop balance and
coordination of many muscle groups (Martin, 1997). Therefore, strength training that
simultaneously emphasizes and develops many muscle groups that are specific to running

may be best for runners. Also, since in each step of running there is an eccentric

contraction followed by a concentric contraction, a strength training program for runners



Table 1.1. Summary of Strength Training Studies

Author

Subjgcts

Training method

Results

Delecluse et al.
(1995)

18-22 year old
male physical

HR-free weights
HV-plyometrics;

HR-increased acceleration
HV-increased

education 3 days/wk for 9 weeks | acceleration, maximum
students speed, better 100-m time
Hicksonetal. |9active, 18- | Weight training-legs; Endurance time to
(1980) 27 year old 5 days/wk for 10 weeks | exhaustion increased
men (12% run, 47% bike);
VO,,.. unchanged; lactate
concentration not raised
Hickson et al. [ 6 males, 2 Weight training; Endurance time to
(1988) females; 3 days/wk for 10 exhaustion increased
29-39 year weeks; added to (11% run, 13% bike);
old, trained existing endurance VO, .. unchanged; 10 km
training times inconclusive
Hortobagyi et | 28 college Circuit training for 40 | 15% improvement in two
al. (1991) males minutes followed by mile run time

2-mile run; 3 days/wk
for 13 weeks

Marcinik et al.

18 untrained

Weight training arms

On bike 12% increase in

(1991) males, 25-34 | and legs; 3 days/wk for | lactate threshold; no
year old 12 weeks change in VO, __

Nicholson & 30 male and Weight training for 21 | Improve 10-km time,

Sleivert (1999) [ female weeks lactate threshold, and
recreational running economy
runners

Nummela et al. | 9 well-trained | 60-600 meter intervals; | Maximum power

(1996b) sprinters weight training; increased by 3.4% (as

plyometrics measured on MART)

Paavolainen et

22 elite, male

Explosive strength

5-km time, running

al. (1999) distance training: sprints, jumps, | economy, 20 m velocity,
runners, high velocity weight and 5 jump improve with
23-24 year old | training; run close to no change in VO, __

lactate threshold pace

Turner et al. 18 male and Plyometrics for six Running economy

(1999) female trained | weeks improved with no change
distance in VO, or jump height
runners,
29 year old




should include these types of actions. Plyometric training, or jump training, meets this
criteria and would seem to be suitable for running.

Coaches have used plyometrics to train track and field athletes, football and
soccer players, wrestlers, and even golfers (Bompa, 1996; Radcliffe & Farentinos, 1999).
However, there has been little mention of using plyometrics with distance runners.
Furthermore, there have been very few studies that have shown how plyometric training
affects distance running performance. Many plyometric studies used male runners in
their twenties as subjects (see Table 1.1). The present study is unique in that relatively
inexperienced male and female high school runners were studied to investigate if
plyometrics is an effective way of improving cross-country running performance. Also,
the few studies that have been conducted on this type of training (Delecluse et al., 1995;
Nummela et al., 1996; Paavolaninen et al., 1999; Tumner et al., 1999) have mainly focused
on physiological changes with little regard to biomechanical changes. The question
remains as to whether plyometrics causes changes in the biomechanics of running which
result in beneficial physiological changes. Thus, there is a need for a study that
investigates the effects of plyometric training on high school cross-country runners. High
school cross-country coaches would be interested in knowing if plyometrics is an
effective use of their limited practice time, and researchers interested in biomechanics and
running may be interested in the changes in kinetics that may occur with this type of
training program.
Statement of the Problem

This study compared a traditional high school cross-country training program
with a training program that replaced some traditional training with intense plyometric

training sessions conducted two to three times per week for six weeks. Major outcome



variables were 3200-meter run time, running economy, lactate threshold, VO time in

2max?

support, braking time, and braking change in velocity.
Hypotheses
It was hypothesized that after six weeks of plyometric training, the plyometrics

group would:

1) spend less time in the support phase, including less braking time;

2) exhibit a decrease in the change in velocity during braking;

3) display improvement in running economy;

4) increase their lactate threshold velocity; and

5) have greater improvement in 3200-meter run time than the run-only group.

Overview of the Research Methods

Eighteen male and female high school cross-country runners from three local high
schools were randomly assigned to either a plyometrics group (PLYO) or a running group
(RUN) using a matched-pairs technique based on their previous running experience.
During a six-week training period, participants did their regular cross-country training
administered by their coach. The plyometrics group replaced some of its easy run training
with 15-20 minute sessions of plyometric training two to three days per week. The run-
only group ran at an easy pace during this time.

All participants were tested before and after the six-week training period. The
testing consisted of three components: treadmill test, biomechanics evaluation, and a
running performance measure. The treadmill test was used to determine running

economy, lactate threshold, and VO In the biomechanics evaluation, participants ran

2max*

across a force platform at 3.8 m/s (7:04 min/mile) pace. Anteroposterior and vertical

ground reaction force-time histories were obtained in order to determine support time,



braking time, and braking change in velocity. Running performance was determined by
the time to run 3200 meters on a track. MANOVA was used to determine if there was an
overall effect of the intervention. If there was an overall effect, ANOVA was performed
on that particular effect for each dependent variable. Alpha was set at 0.10 for

MANOVA and for ANOVA.

Definitions of Terms

Amortization phase: Time from the beginning of an eccentric contraction to the
beginning of the following concentric contraction.

Braking change in velocity: The change in horizontal velocity during the braking phase.

It equals the braking impulse divided by the mass in kilograms of the subject.

Braking impulse: The area between the anteroposterior ground reaction force curve and

the time axis during the braking phase. It equals the integral of the anteroposterior ground
reaction curve during the braking phase (see Figure 1.1).

Brakiﬁg phase: The initial phase of stance in which the anteroposterior ground reaction
force opposes forward movement.

Braking time: The time spent in the braking phase (see Figure 1.1).

Cruise intervals: Repeated runs of 3 to 15 minutes at threshold pace, with a short one

minute recovery between intervals.

Fartlek training: Swedish for “speed play.” Alternating fast-paced running with slow-

paced running. Distances run at different speeds and time spent running varies and is
determined by how the runner feels.
Hill training: A type of repetition training involving running hard uphill and/or downhill

with a long recovery between each repetition.



Interval training: Training at a pace at 98-100% of VO, . or 98-100% of maximum heart

2max

rate. Intervals can last from 30 seconds up to 5 minutes with a recovery period equal to

or slightly less than the time spent running the preceding interval.

Lactate threshold: The pace or work intensity just prior to a sudden increase in blood
lactate concentration.

Long slow distance runs: Easy, recovery runs at a pace at 65-75% of VO, or 70-80% of

2max

maximum heart rate.

Maximum aerobic power (VO, ): Maximum ability of an individual to take up,

2imax

transport, and utilize oxygen in the working muscle.
Plyometrics: A type of explosive strength training that involves an eccentric contraction
immediately followed by a concentric contraction of the same muscle or muscle group.

Propulsion change in velocity: The change in horizontal velocity during the propulsion

phase. It equals the propulsion impulse divided by the mass in kilograms of the subject.

Propulsion impulse: The area between the anteroposterior ground reaction force curve

and the time axis during the propulsion phase. It equals the integral of the anteroposterior
ground reaction force curve during the propulsion phase (see Figure 1.1).

Propulsion phase: The second phase of stance where the direction of the anteroposterior

ground reaction force is in the forward direction.

Repetition training: Training at a pace greater than VO, __ and equal to or faster than race

pace. Each repetition lasts less than two minutes with a recovery that is four times as
long as work bout.
Running economy: Amount of oxygen consumed relative to a runner’s body weight and

speed at which he or she is running. It is the rate of submaximal oxygen consumption.



Specificity of training: Principle that metabolic and physiological adaptations are
specific to the type of training done; that is strength training induces specific strength-
power adaptations while aerobic exercise results in specific endurance adaptations with
only a limited interchange of benefits between muscular strength and aerobic training.
Stride frequency: The number of strides per minute.

Stride length: The distance between the heel contact of one foot to the next heel contact
on the same foot.

Support time: The time one foot is in contact with the force plate. Due to noise
associated with force platform, contact is defined as the period of time which the vertical
GRF exceeded 16 Newtons (Munro, Miller, & Fuglevand, 1987).

Tempo runs: A 20 minute run at threshold pace.
Threshold pace: Training at a pace at 86-88% of VO.

or 90% of maximum heart rate.

See Cruise intervals and Tempo runs.

m Braking

:E Impulse
o Propulsion
H ﬂ]]]]I[mm Impulse
g
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Figure 1.1. Diagram of braking and propulsion phases.



CHAPTER TWO

Literature Review

Physiological Factors of Running Performance

There are many factors that influence middle distance and distance running
performance. These events range from the 800 meters which has more emphasis on
speed to the marathon which requires more endurance. Coaches and researchers (Conley
& Krahenbuhl, 1980; Farrell et al., 1979; Maffulli, Testa, Lancia, Capasso, & Lombardi,

1991) have found that VO,__, running economy, and lactate threshold are important

factors that influence distance running performance. Distance running coach and exercise
physiologist, Jack Daniels (1998), wrote that training for speed, economy, and aerobic
power are keys to success in 1500 meter to 3000 meter races. Another factor influencing
running performance that is mentioned infrequently is the energy cost of overcoming air
resistance. Pugh (1970) found that 7.5% of the total energy cost in middle distance
running is due to air resistance. This paper focused mainly on factors which influence
five kilometer cross-country running performance which requires a blend of speed,
strength, and endurance (Martin, 1997). According to Martin success at this distance
requires athletes to train for “speed-strength” and “speed-endurance.”

Maximum aerobic power. Maximum aerobic power, or VO, _, has often been used

2max?

as a predictor of running performance (Noakes, 1988). For example, Foster et al. (1978)

found that VO, was highly correlated with one-mile, two-mile, and six-mile race times.

11



It has been defined as the maximum ability of an individual to take up, transport, and
utilize oxygen in the working muscle (Green & Patala, 1992). Daniels (1998) added that
the amount of oxygen consumed depends upon the amount of oxygen delivered and used
by muscles and how well muscles deal with CO, and lactic acid during a run. Daniels

recommended that to increase VO, _, athletes must stress the oxygen delivery and

2max?

utilization system by running three to five minute intervals at about 3000-meter to S000-
meter race pace. Conley et al. (1981) studied elite male runners for 18 weeks and found

that VO, __ increased the most following interval training, while endurance training had

2max

little effect on VO It is important for 1500-meter to 3000-meter runners to have a

2max*

high aerobic capacity so they do not need to rely on the anaerobic system until the end of

the race. A high VO,

~Max

is also crucial to 5000-meter runners as race pace is close to 100%
of aerobic capacity. The present study investigated how plyometric training affects high
school runners’ aerobic capacity.

Lactate threshold. Another factor influencing running performance is lactate

threshold. This has been defined as the pace just before which blood lactate levels rise
sharply, or more formally, the work intensity that initiates a sudden increase in blood
lactate concentration (Martin, 1997). Weltman et al. (1987) found that the lactate

threshold for most male runners is at about 83% of their VO or 87% of their

maximum heart rate. Blood lactate levels are determined by the amount of lactic acid
produced and by how much lactate is used by the muscles, heart, and liver (Daniels,
1998). Runners need to keep blood lactate levels down so they can run at fast speeds but

still have a low blood lactate concentration (Henritze, Weltman, Schurrer, & Barlow,

1985). Daniels often has his runners do “tempo runs” where they train at or close to their

12



lactate threshold. This type of workout provides quality, low stress training, which can
aid in recovery from high intensity running.

Running economy. Although, coaches and physiologists have traditionally used
VO, as a predictor of running performance, several authors (Anderson, 1996; Daniels &
Daniels, 1992; Noakes, 1988) have reported that runners with similar VO, values can
vary widely in their performance in distance races. Daniels (1974) studied two runners
who had vastly different VO, values (72 ml/kg/min and 57 ml/kg/min) but had similar
two mile race times. The difference in predicted performance was attributed to a
difference in running economy. Running economy reflects the level of physical stress
associated with steady state running at a certain pace (Anderson, 1996). Williams and
Cavanagh (1987) defined running economy as the rate of submaximal oxygen
consumption, or VO,submax, while Daniels (1998) formally defines it as the amount of
oxygen being consumed relative to runners’ body weight and speed they are running. For
example, a runner who uses 50 ml of oxygen per kilogram of body weight per minute
while running at 6:00 min/mile pace is more economical than a runner who uses 55 ml of
oxygen. Therefore, runners need to improve their running economy so they can run
faster without an increase in energy expenditure. Thus, some researchers (Conley &

Krahenbuhl, 1980) have stated that for runners with similar VO,__, running economy is a

better predictor of performance than aerobic power.

Although the factors that influence running economy have not been scientifically
identified, Martin (1997) believed that an increase in fitness, strength, and coordination
may improve running economy, while Daniels (1998) recommended running repetitions

(short intervals with full recovery) to improve economy. Conley et al. (1981) found that

interval training of varying lengths and recovery periods resulted in a greater increase in

13



running economy than endurance training. In the present study, plyometric training, a
type of strength training, was investigated to see how it affects running economy.
Other physiological factors. Even though VO, , lactate threshold, and running
economy are all important factors in predicting distance running performance, it is
inappropriate to use any one factor by itself in predictions. A runner could have a high

VO,,.. but a poor running economy, which would result in a poorer performance than

2max

what is predicted by his or her VO,  value. On the other hand, a person may be a very

~nax

economical runner but have a relatively low VO, ., which could result in a poorer

2max?

performance than what was predicted by looking only at running economy.
As a result, researchers such as Bulbian et al. (1986) prefer a multifactor approach
that uses many factors to predict running performance. Others have studied factors that

take into consideration both running economy and VO Daniels (1974) and Noakes,

2max’*

Myburgh, and Schall (1990) have used velocity at VO, , or peak velocity, to

successfully predict running performance. This is the velocity at which VO, __ is first

realized and takes into account VO, and running economy. Thus, two runners with

2max

similar race times would have the same peak velocity, but one may achieve this velocity

with a high VO, __, and low economy, while the other has a lower VO, __ but is more

2max? 2max

economical.
Other researchers have studied the percentage of VO, needed to maintain a
particular running speed. Wilcox and Bulbulian (1984) found that over the course of a

college season, female cross country runners increased their VO, __ and improved their

2max

running economy (but not significantly). However, there was a significant reduction in

runners’ percentage VO, _at two speeds. By the end of the season, running at 241

2imax
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m/min required almost the same percentage of VO, _as running at 215 m/min at the

beginning of the year.
Biomechanical Aspects of Running

Much of the research in running has focused on the physiological aspects of
running. However, some researchers have studied biomechanical factors that may
influence running performance. To better understand the biomechanical analysis of
running, a summary of the different components of a running cycle is reviewed.

Ecker (1985) divides a complete running cycle into three phases: the driving phase,
recovery phase, and the braking phase. During the driving phase, the body is pushed
forward by extending the hip, knee, and ankle. This phase continues until the foot leaves
the ground. During the recovery phase both feet are in the air after the driving foot leaves
the ground well behind the body’s center of mass. In the braking phase, the foot opposite
the one used during the driving phase touches the ground a little ahead of the body’s
center of mass which causes a braking effect. The body moves forward until the center of
mass is ahead of the support foot, which leads to the next driving phase. Collectively the
braking and driving phases are called the support, or stance phase, while the recovery

phase is also known as the non-support or swing phase (Hamill & Knutzen, 1995).

Mechanical efficiency. One area of biomechanical study is mechanical efficiency.

This is the ratio of the total amount of mechanical work done divided by the metabolic
energy expended to do it (Norman, Sharratt, Pezak, & Noble, 1976). Highly efficient
runners have a larger work output at a low physiological cost, or if the speed is fixed,
they have a low mechanical work output at a low physiological cost. Since it appears
mechanical efficiency could be an important factor in running performance, it has been

studied by numerous researchers (e.g., Kaneko, Fuchimoto, Ito, & Toyooka, 1983;
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Luhtanen, Rahkila, Rusko, Viitasalo, 1990; Norman et al., 1976). However, it is a
controversial subject with varied results depending on how mechanical work and the
metabolic cost are calculated. Efficiency is the biomechanical counterpart to running
economy, but some have found a weak relationship between mechanical efficiency and
economy (Gregor & Kirkendall, 1978; Norman et al., 1976).

Although there have been problems with mechanical efficiency, researchers have
found some correlation between other biomechanical variables and factors related to
running performance. For example, Williams and Cavanagh (1987) found that 54% of
the variability in running economy can be explained by biomechanical variables.
Anderson (1996) reports that running economy is correlated with height and body mass.
The present study investigated the relationship between running economy and time in
support and braking change in velocity.

Stride length and stride frequency. Stride length and stride frequency are important

components in running as they determine the speed of the runner (velocity = stride length
x stride frequency). Increasing either will make the runner faster, although increasing
stride frequency will usually result in a shorter stride length and may not change the
speed. Similarly, increasing the stride length usually decreases the stride frequency, and
there is little change in speed.

Brandon and Boileau (1992) found that runners with longer strides had faster 1500-
meter and 3000-meter times. Daniels (1998) reported that elite runners averaged at least
90 strides per minute in distances ranging from 3000 meters to the marathon, while
beginning runners have a stride frequency that is up to 15 strides per minute less than the
elite runners. Also, Nelson and Gregor’s (1976) longitudinal study found that nine of ten

college runners tended to decrease their stride length and increase their stride rate over
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the course of their four-year college careers. Because of information like this, some
coaches have advised runners to increase their stride length or stride frequency
(Anderson, 1994).

Coaching runners to change their stride length or stride frequency may not be
beneficial as several studies have shown that runners are most economical when they
freely choose their stride length (e.g., Cavanagh & Williams, 1982; Morgan et al., 1994).
Apparently, runners can integrate all the relevant factors through processes related to
perceived exertion to run at a stride length which minimizes energy cost. Messier et al.
(1986) had runners intentionally overstride and understride, and the runners reported
greater relative perceived exertion in both cases.

Despite these results, there may be some cases where changing stride length or
stride frequency is helpful. Runners who overstride place their support foot too far
forward (ahead of their center of gravity), and there is an increased braking effect
resulting in deacceleration. If the foot is too far back (understriding), there is an increase
in stride frequency, but overall speed decreases (Ecker, 1985). Anderson (1996)
hypothesized that overstriding requires a lot of power during propulsion which leads to
excessive vertical oscillation of center of mass and a footstrike with a large braking force.
Too high of a stride frequency may increase internal work due to an increased frequency
of reciprocal movements such as arm swinging.

If a runner is overstriding or understriding, training and feedback can help optimize
the freely chosen stride length (Morgan et al., 1994). A natural way to increase stride
length may be strength training (Ecker, 1985).

Other kinematic factors. There have been numerous other kinematic factors related

to running form which may influence running performance. Anderson (1996) reported
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that elite runners have more acute knee angles during the swing phase while good runners
plantar-flexed 10 degrees more during toe-off. He also reported that when compared to
less economical runners, runners with better economy have a greater maximum angle of
the thigh during hip extension, smaller knee angle at toe-off, greater maximum plantar
flexion velocity and greater horizontal heel velocity at footstrike, slower thigh extension
velocity, and lower knee flexion velocity. Williams and Cavanagh (1987) found that
runners with better economy had a shank angle of greater deviation from vertical at
footstrike, lower minimum knee velocity during support phase, more acute knee angles at
midsupport, less plantar flexion at toe-off, and less arm movement.

There has been little work done on the effects of vertical oscillation on running
performance. Gregor and Kirkendall (1976) studies of elite female marathoners indicated
that better runners have less vertical oscillation, while Williams and Cavanagh (1987)
reported a nonsignficant trend of more economical runners having a lower vertical
oscillation. Luhtanen et al. (1990) explained that to increase running economy during the
stance phase, runners should strive for an optimal path of center of gravity by lowering
their center of gravity minimally with a small knee flexion during the eccentric phase.

Temporal aspects. There have not been consistent findings on the relationship

between support time and swing phase time on running economy and performance.
Nelson and Gregor (1976) found that runners improved their performance times and
decreased their time in support when tested at the same speed throughout their four-year
college careers. Williams, Cavanagh, and Ziff (1987) studied elite female marathoners
and found that they spent less time in support than a group of novice runners running at
the same speed. Paavolainen et al. (1999) found that highly economical, elite runners who

did explosive strength training had shorter contact times than less economical, elite
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runners who mainly did endurance training. However, Williams and Cavanagh (1987)
found that that there was no significant relationship between running economy and
support time. The present study investigated how plyometric training affects time in

support.

Ground reaction forces. Many studies (Keller et al., 1996; Munro et al., 1987;
Nilsson & Thorstensson, 1989) have reported that increasing the speed of running
increases the vertical ground reaction forces. However, there has been little research
done on the relationship between ground reaction force curves and running performance.
Williams and Cavanagh (1987) found that runners with better economy have more of a
rearstriking pattern, which they hypothesized provides more cushioning than forefoot
strike. This causes less demand on muscles. They also found that more economical
runners had a significantly lower first peak for vertical ground reaction forces and a trend
toward a smaller peak anteroposterior force and a smaller peak vertical ground reaction
forces. Williams, Cavanagh, and Ziff (1987) found that when compared to novice
runners, elite female runners have a lower first vertical peak and a higher second peak, a
greater change in vertical velocity, and a higher peak braking force. In a related area,
Kaneko et al. (1983) found that better runners have less change of velocity during contact
with the ground. Martin (1997) reports that the most efficient runners decelerate the least
at footstrike and get the maximum forward movement with every footstrike. The present
study investigated if plyometric training decreased the braking change in velocity in

runners.
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Strength Training

Coaches have traditionally used a variety of training methods for their athletes.
Typically coaches have mixed interval training and repetition training with long runs and
tempo runs to improve running performance. There have been fewer reports of coaches
using strength training with runners, particularly to train middle distance and distance
runners. The current study focused on how strength training may improve distance
running performance.

Definitions. There are numerous ways of describing strength. Strength has been
defined as the “ability to develop force against an unyielding resistance in a single
contraction of unrestricted duration” (Atha, 1981). Others have defined it as the
maximum force or tension that can be developed (Martin, 1997; Radcliffe & Farentinos,
1999). How strength is defined also depends on how it is measured. Static strength is
strength measured isometrically where muscle length does not change. Dynamic strength
can be measured using the one-repetition maximum, or the maximum amount of weight
that can be lifted one time<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>