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Abstract

This study examined the effects of plyometrics on running economy,
performance, and Achilles tendon properties in female distance runners.
Seventeen University athletes matched by running economy were randomly
assigned to an experimental group that recelved supplementary plyometrics
training (n=9) or a control group that performed run-training only (n=8). Subject
attrition led to afinal sample of twelve runners (6 experimental, 6 controls).

Measurements were made pre-post an 8-week training period. Running
economy was measured as oxygen consumption at three submaximal speeds,
performance as time to run 3000 meters, and Achilles tendon properties were
estimated via ultrasound during ramp, quasi-isometric plantar flexion to
maximum on an isokinetic dynamometer.

No significant differences were found between the two groups after eight
weeks because of poor subject compliance and excessive variability in ultrasound
measurements. The results are inconclusive as to the effect of supplementary
plyometric training on running economy, performance and Achilles tendon

properties.
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Chapter 1
Introduction

Running performance is closely linked to runningremmy (52). Running
economy is the oxygen cost of running, typicallyaswed as the rate of oxygen
consumption at a predetermined submaximal spe&ds KEy marker for distance
running performance appears to have been conceagedan indicator for
metabolic factors, but the concept also includeshaeical factors (16, 17). One
such mechanical factor in running is the elastmoileof tendons. It has been
shown, for example, that the Achilles tendon retuapproximately 35% of the
energy it stores upon foot contact (1) (see Platg. 1 In addition, running
economy is correlated to the stiffness of the meghatrocnemius tendon and the
compliance of the vastus lateralis tendon as medsdirectly via ultrasound (4).
There have been a few studies that have showmply@netrics improves running
economy and/or performance (54, 58, 63, 65). Hewewo studies have
simultaneously measured changes in performanceramaing economy with
possible changes in tendon properties measuredltvasound. The aim of this
study is to clarify the growing evidence for penf@ance gains in distance running
due to plyometric training by focusing on key addipins of tendinous structures
as a potential physiological mechanism. In addijt@ plyometric training study

has not yet been done exclusively on female runners



Plate 1-1. Diagram of Achilles tendon stretch on foot contdleft) and
subsequent recoil to assist take-off during runiirgit).

Purpose

The aim of this study was to investigate the effect a short-term
plyometrics program on the running economy, runmagormance, and Achilles
tendon properties of competitive, female, univgrslistance runners. It was
hypothesized that running economy will improve glovith running performance
in a three-kilometer time trial as well as increage maximum Achilles tendon
elongation, tendon force and tendon stiffness aftezight-week training period.
Significance

Plyometrics has been used in distance running seithe success (54, 63).
This study made an attempt to derive from previtudies the most effective and

convenient set of plyometric drills that would pooé a result. That is, these



drills or combination of drills may be regarded @svenient to use, requiring
minimal time or equipment, having a low risk forjuiry or soreness, while
maintaining the desired training effects.

There is some disagreement about the effect afnpdgrics on Achilles
tendon stiffness. It is not clear whether plyomseror plyometric-like training
leads to an increase in stiffness (11, 63, 68) maetenance of stiffness due to a
mutual and proportionate increase in tendon forak elongation (20, 36). This
study sought to provide new information in thisaaby contributing results from
an actual sport-performance training protocol.

Delimitations

This study examined the effects of an 8-week plytoiceprogram on the
running economy and running performance of femadeadce runners. It also
examined changes in the properties of the Achitesdon as a potential
physiological mechanism. Female runners from thevéisity cross country
team who were 17 to 27 years of age were testedufaming economy on a
treadmill, running performance over 3000 meters, Aahilles tendon elongation
via ultrasound, before and after eight weeks otilagrun training or regular run
training supplemented with plyometrics.

Limitations

Though the sample was made up of female runners fhe same team,
there were individual differences in running alilit The present study also
assumed that despite these differences, the athedeald be at the same relative

training level at the start of the indoor tracksseg carrying peak fithess from the



conclusion of the cross country running seasonaditition, the sample size was
12 participants after dropouts, subject compliames insufficient for half of the
experimental group, and the regular run trainingieece among subgroups of
runners within the team structure. Some previongiries prior to the
participation in this study may have also affectsaine athletes’ running
performance results. Finally, schedule and vars#ayning restrictions did not
allow the standardization of the pre-exercise @-tpsting state of athletes. A
brief interview at the start of each running testswised to at least account for
possible confounding factors.

Definitions

Running economy is expressed in four ways: absolute running ecgnom
(L » min®), relative running economy (ml « Rge min?), allometric-scaled
running economy (ml « kK& « min?) (8, 64) and speed-consolidated running
economy (ml « kg« km?) (18, 24).

Achilles tendon force (N) is the estimate of the “strength of pull” diet
Achilles tendon during a ramp, quasi-isometric fdanflexion to maximum
voluntary contraction on an isokinetic dynamometéris calculated from joint
rotation torque (N » m) and estimated Achilles manoment arms (mm) that are
based on leg lengths and ankle joint angles (22).

Achilles tendon elongation (mm) is represented by the change in length of
the medial gastrocnemius tendon and aponeurosital die® the site of
measurement, measured as close as possible toytendinous junction and

measured simultaneously with joint rotation torque.



Tendon stiffness (N » mm?) is the relationship of the change in tendon
force and the change in tendon length or elongation
Ankle joint rotation (°) is the degree of plantar flexion along theitsab

plane.



Chapter 2
Review of Literature
Running economy and plyometrics
Distance running performance is linked to threessita physiological
measures: aerobic power, lactate threshold andimgineconomy. Of these,
running economy is the least studied (19) and carthe most attune to the
coupling of metabolic and mechanical factors inning. Running economy
refers to the oxygen cost of running. This is esged as the amount of oxygen
consumed per kilogram of body weight per minute ¢mitg* ¢« min?) at a
predetermined, often submaximal running speed. nRgneconomy can also be
expressed as the amount of oxygen consumed pe@r&ioof body weight to run
one kilometer (ml « kg » kmi'). The latter expression yields somewhat constant
values across a range of speeds (18, 24) and egmmu@veraging into one
consolidated measurement; conceptually, this has dativantage of coupling
metabolic and mechanical factors into one numbEnis consolidated measure,
however, can hide non-significance at some of tieelgtermined running speeds
and can ignore any nuances of running economyectkat speed, as oxygen cost
is also known to be linked to the running speedldath measurements are taken,
especially when dealing with runners of differinigilily or event specialization
(15). Generally, the closer the testing speea ¢ runner’s typical race pace,
the better the running economy. It is thereforguad that the most relevant
measure of running economy is at race speed, rdtaarat arbitrary submaximal

speeds which is what is often done (8). On therottand, using submaximal



speeds establishes a ¥€peed slope. Saunders et al. (5#gue that
improvements in running economy from mechanicapgatsoons lead to a change
in the VO,-speed slope, while improvements from metaboligtatéons (such as
those achieved in altitude training) are seen acatissubmaximal speeds. Other
than speed, factors thought to affect running eogndave included running
technique, anthropometric variables such as hewgight, limb and foot lengths,
calf thickness and even shoe weight (2).

Running economy has also been defined stricthasétabolic power to
run a particular speed (67). This conception @inmig economy is congruent
with the rationale for scaling oxygen consumptio®©6% or 75% of body weight,
since metabolic rate does not increase with bodght®n a scale of 1 (8, 64).

Plyometrics is a form of explosive strength tragnithat overloads the
stretch-shortening cycle. Its use for power spdvas expanded to include
endurance events, particularly distance runnintyorRetrics has been known to
improve vertical jump height (47), which correlatedakly with 10-kilometer run
performance in a heterogenous group of trained naadd female runners
(r = -0.605 and -0.618 with and without counternmoeat, respectively) (61).
Training studies using plyometrics on distance enanhave shown that
plyometrics can improve running economy (65) ofteithout concomitant
changes in measures related to aerobic metabolism a&s VOmax or lactate
production (54, 58, 63). Only these four studieghe current literature have

shown improvements in running economy after a plwits intervention, with



two—Paavolainen et al. (54) and Spurrs et al. (68%6-measuring and showing
improvements in running performance over 5000 &@@D3neters, respectively.

All four training studies used control groups thadre, for the most part,
limited to run training and experimental groupsttparformed supplementary
drills in plyometrics (with or without explosive gt training). Paavolainen et
al. (54) and Saunders et al. (63) employed spaes 20 to 100 meters and fast
feet drills to shorten contact time, respectivelffhey also both equated run
training for both groups as well as total trainlgumes by time. The two other
studies (58, 65) merely kept run training constarér time per individual. The
experimental periods used were either 6 or 9 weekts, athletes training 2-3
days per week, except for those of Paavolaineh €564) who had approximately
8-9 training sessions in a week. The plyometaining programs varied among
the studies as much as the distance running pragdih likely due to the level
of the runners involved, ranging from regular tdeetunners. (Mean Vénax
varied from 52.2 to 71.1 ml « Kge min'). A summary of these training studies
appears in Table 2-1.

With regard to the speeds used in measuring runecwnomy, only
Spurrs et al. (63) found that running economy imptbat all test speeds. The
other three studies (54, 58, 65) found improvementy at the highest speed.
This is an expected result since plyometrics isranfof power training, and in
theory, some drills overload the stretch-recoilleymore forcefully and rapidly
than what is required in slow, endurance runnintn addition, the elastic

components of the muscle-tendon unit are utilizedenat higher velocities (14).



Table2-1. Summary of training studies involving plyometrasd running economy.

Test Speec
TRAINING TRAINING TRAINING i
STUDY SUBJECTS TYPE VOLUME INTENSITY (Reported Significant Improvements)
mi/s kmelF'  mieseh®
Paavolaine Highly trained runnel  Plyometrics witl 15-90 mins. Cor-ecc-con dngle-leg 3.61 13.2 8.2
et al. (1999) 18 males Sprint drills and 8-9 sessions a week, work and Drop jumps, (4.17) (15.0) (9.4)
E=10 (less 2) Weight Training 9 weeks sometimes weighted
Equivalent volumes, C=8 (less 2) (Significant
i.e. reduced running for changes in 3 and
plyo group 6 weeks)
Turnel Regular runne Pure plyometric 3 days a wee No Cor-ecc-con singl- 2.6¢ 9.€ 6.C
et al. (2003) 8 males, 10 females 6 weeks leg work (3.13) (11.3) (7.0)
E=10 (less 1) No drop jumps . .
Run vs. Run+Plyo C=8 (less 2) (consoln_jated running econol
using three speeds)
Spurr: Experiencecunner: Pure plyometric 2-3 days a wee Cor-ecc-con singl-leg (3.33 (12) (7.5)
et al. (2003) 17 males 6 weeks work on Week3, 4 and 6 (3.89) (14) (8.8)
E=8 (3x a week) (4.44) (26) (10.0)
Run vs. Run+Plyo C=9 Drop jumps from Week4
(3x a week)
Saundet Elite runner: Plyometricswith 30 mins. Cor-ecc-con singl-leg 3.8¢ 14 8.€
et al. (2006) 15 males Fast feet drills and 3 days a week, work from Weekl (once 4.44 16 10.0
E=7 Weight Training 9 weeks a week) (5.00) (18) (11.3)
Equivalent volumes, Cc=8 No drop jumps
i.e. additional stretching,
core work for controls
Lathrog (2001 High School Runne Pure plyometric 15-20 mins. Cor-ecc-con singl-leg  N/A

[unpublished thesis]

Run vs. Run+Plyo

13 males, 3 females
E=7
C=9

2-3 days a week,
6 weeks

work from Week3-6
(ave. 1.5x a week)

Used relative speeds:
2 miles per hour (0.89 m/s;

Drop jumps on Week5 3.2 km « i) slower than calculated
and 6 6nce a week, tot lactate threshold speed

4 and 6 jumps)




The slightly incongruous results of Spurrs and eagues (63) (6.7%
improvement at 12 km «% 6.4% at 14 km «'h and 4.1% at 16 km < may be

attributable to measurement error, as running eoynir similar subjects have
been shown to vary 1-2% under controlled conditi@¥®. The information in

Table 2-1 suggests that depending on the levaliiars in the experiment (and
hence the degree of stress they can be subjedtesignificant improvements in
running economy and performance can be gained filyometrics sessions of
about 30 minutes, 2-3 days per week, in about &sved his minimum is easily
within popular recommendations for plyometric traghvolume (55). However,

the precise degree of stress that will induce aamptdion cannot be clearly
generalized from four diverse experimental sampled training interventions.

Using a simplistic approach, the two studies thHabws the highest percent
improvement in running economy (54, 63) seem to/iheaverload the stretch-

shortening cycle, as epitomized by two indicatohg use of drop jumps which
was sometimes weighted in one study (54) and sieglexercises that use a full
concentric-eccentric-concentric contraction cy@e( hops). In contrast, the two
training interventions with minimal reported gaingunning economy used more
movement-based drills such as bounding or skipparg} any full concentric-

eccentric-concentric cycles were performed with tegs or not performed often
enough with one leg. The use of similar low tnagnintensities may have also
been a key reason why no significant results weoad in an unpublished study
of sixteen high school cross country runners (38his study used a six-week

plyometric intervention and vyielded no significardifferences between

10



improvements of experimental and control groups 3@00-meter running
performance and running economy measures over tidwe.the other hand, the
intense training protocol of Paavolainen and cglles (54) may have led to
subject attrition, in contrast to the other tragnistudies (58, 63, 65). Subject
drop-out due to iliness or injury occurred onlytims study, though rates were
similar for control and experimental groups (2 6faind 2 of 12, respectively).

Note that training effectiveness is evaluated abbased on percent
improvements in running economy—which, in the stiyyPaavolainen et al.
(54)—was measured during over-ground running \parmable telemetric oxygen
analyzer. All the other studies performed measergmon a motorized treadmill.
While it is reasoned that running economy measuneca treadmill is highly
correlated with over-ground running economy (57)isistill conceivable that
improvements in submaximal \AQ especially those wrought by mechanical
adaptations, are detected differently when runmamga treadmill than over
ground.

Only Paavolainen et al. (54) and Spurrs et al. (8@sured actual running
performance in addition to running economy. Paaneh et al. (54) showed a
3.1% increase in 5000-meter time trial performamcehighly trained male
distance runners (mean Vi®ax = 64.4 ml « kg « min™) while Spurrs et al. (63)
showed a 2.7% increase in 3000-meter time tridbp@ance in experienced male
runners (mean V@nax = 57.7 ml « kg « min'). Both studies recorded these
improvements outside of any changes in metaboliabkes such as Vimax and

lactate threshold.

11



Broadly, one possible mechanism behind improvedingheconomy and
performance with plyometrics is neuromuscular aalégmt. In the study by
Paavolainen et al. (54), three 200-meter laps witte 5000-meter time trial were
run at a fixed speed, and the experimental groupteshed their average foot
contact time after the training period, compareddntrols. The authors view this
finding as a sign of neuromuscular adaptation. eOtiiomechanical measures
such as ground reaction forces, stride frequendy sinde length showed no
changes; however, these biomechanical variables werasured while running
velocity was held constant.

Another possible mechanism involves changes in fladsadon
properties, specifically those that maximize thestsh-recoil cycle (63, 65). It
has been shown, for example, that the foot carrmreds much as 17% of the
energy it absorbs upon landing, while Achilles mmdecoil can re-generate as
much as 35% of the energy it absorbs, all in theeate of metabolic energy
contribution. It is likely that this energy-retumg property of the Achilles holds
true for other tendons as well (1).

Muscle-tendon stiffness, running economy and plyometrics

Tendon stiffness is the change in force appliedhlbgndon per change in
length (N » mn1). It can be estimated globally using the sinuabjgerturbation
technique or estimated more accurately with dynaetoyrand ultrasound as the
slope of the relationship between measured tenolae fand length. High tendon
stiffness is thought to be detrimental to elasticoil and is more suited to force

transmission or increased rate of force developr(@dit 34). However, tendon

12



stiffness has been shown to be related to runreoegamy (4) while three of the
five muscle-tendon studies involving plyometric¥yéd@ahown increases in tendon
stiffness (11, 63, 68), with the other two demaatsty increases that were not
statistically significant (20, 36).

Briefly, the sinusoidal perturbation technique msiadirect measure of the
elastic properties of a limb. It involves loadirige contractile elements
isometrically and then providing an additional kmolwad to create a detectable
fluctuation in force on a load cell. The assumptis that contractile and non-
contractile elements of a limb (or limbs) behaves la damped spring system.
The isometric contraction, plus the admonition rot move, isolates the
contractile elements of the limb, so that any fhattons in force recorded on the
load cell may be attributed to the non-contraatiements (and perhaps to some
involuntary neural response). The global stiffnegssures of the muscle-tendon
system are then estimated from the weight of tlael las well as the timing or
frequency of the load fluctuations (63, 66).

Ultrasound provides a more direct method of meaguendon movement
or length change. Tendon movement is visualizednfreal-time ultrasound
echoes while force measurements are recorded orca plate or dynamometer.
Typically, changes in force are measured with chang tendon length during a
ramp isometric contraction (21).

Using the sinusoidal perturbation technique, theygby Spurrs et al. (63)
found a training effect for the stiffness of the sole-tendon structures in both

legs of the experimental group, but only at thehbgg load which related to the

13



maximum stiffness value of the leg. The group whners who performed
plyometrics showed an increase in the stiffnesh®mon-contractile elements of
the both left and right legs while controls did .ncEhe investigators speculated
that because overall stiffness of the elastic carmapts were thought to
approximate that of the tendon alone, the enhaB0@@-meter performance of
their plyometrics group may have been caused byeaific increase in tendon
stiffness and elastic recoil that allowed for aor@ase in stride length or stride
frequency. This partly relates to the finding byriimela et al. (53) that with
fatigue in a 5000-meter run, stride length shorddmat stride rate stayed the same
even as ground contact times increased, becagbe tilnes decreased. However,
stride frequency and stride rate were not measoyespurrs and colleagues (63).
Paavolainen et al. (54) showed a similar perforrmangprovement that was not
accompanied by any change in stride parametery, with decreased contact
times, but these findings could be due to measuntsrieeing taken when running
velocity was controlled.

Recent studies have used ultrasound to confirnt thascle-tendon
properties are related to running economy (4) teralble with plyometrics (11,
20, 36, 63, 68).

Arampatzis et al. (4) have shown that there is &gfess in the tendon
structures of the vastus lateralis at low levetésrand greater stiffness in those of
the medial gastrocnemius for highly economical mrancompared to less
economical runners. The authors postulate thatptiante of the quadriceps

muscle-tendon units at low level forces allows nmi$ibers to shorten at a slower

14



speed after initial contact so that fewer muschers may be recruited. This
happens because much of the shortening of the eiteation unit is achieved
through the shortening of the compliant tendon cstmes, and the slower
shortening allowed to the muscle permits it to gatee more force per fiber
according to the force-velocity relationship. Maneportantly for this review,
highly economical runners display higher gastroansnmendon and aponeurosis
stiffness compared to their less economical copatés. This tendon structure
stiffness is accompanied by higher contractile rgjtle and calculated tendon
force, so that estimated energy return (measuretheasrea under the tendon
force-strain or force-length curve) is also higfaarthis group.

In investigating the effects of plyometrics versis®@metric strength
training on tendon stiffness and muscle performaBoegess et al. (11) showed a
significant increase in the stiffness of the medjaktrocnemius tendon for a
group of thirteen men, where presumably six or sewere trained with drop
jumps (the number of subjects per group was nairted). An increase in tendon
stiffness was detected after only 6 weeks of sifegiedrop jump training: 3 sets
of 15 repetitions of maximal drop jumps twice a Wwedich progressed to 4 sets
of 20 repetitions thrice a week by the final wedlis intervention seems to meet
the minimum criterion established earlier fromnnag studies for improvements
in running economy. However, in this experimers@t-up, tendon force values
were derived from torque measurements with a grdarck plate sensor rather
than the more widely used isokinetic dynamometé&ubjects stood on one

straight leg over a force plate with their shouddpmned down by a bar in a
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modified Smith machine. The investigators’ interas to prevent the heel from
lifting, creating a true isometric plantar flexidmyt it is reasonable to be sceptical
of other forces outside plantar flexion being reear using this set-up.

In a similar experiment that compared the effedtplgometrics versus
weight or resistance training on tendon propedis jump performance, Kubo et
al. (36) found that both maximum tendon force at@hgation of the medial
gastrocnemius tendon increased, but their reldtipastendon stiffness—
remained unchanged after 12 weeks of a “plyomdik- intervention. These
investigators used a weighted sled machine to guioleements similar to a drop
jump and counter-movement jump using only the ajiii@. The sled was set at
a 17-degree angle from horizontal and weighted w8 of the subject’s
1-repetition maximum. This intervention is not e@lent to the demands of
plyometric drills, where multiple joint action, bgpdcarriage, and issues of
dynamic balance require more intense and complasonauscular activation (see
Plate 2-1). Also, the ten male subjects were tegdr untrained, the
comparisons between plyometrics and resistanceirigaivere made against left
and right limbs, and the jump performance test d@ase on the sled machine.
For these reasons, viewing the results of thisystadight of training studies that
employ real-life plyometric exercises must be datité some caution.

While Kubo et al. (36) used a sled to isolate thideajoint in their “jump”
tests, Burgess et al. (11) employed a similar pevdmce task in a unilateral

maximal vertical jump with an extended knee. Bathdies showed more
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Plate 2-1. Photograph of sledge apparatus (Cybex VR-4108) us Kubo et al.

(36) where the line of movement was tilted fromibomntal to 17 degrees. (From:

http://www.fullcirclepadding.com/displaypages/adfRiroducts/SubCategoryima
ges/cybex%20classic%20leg%20press%204100apcessed 03 July 2009.)
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improvement in jump heights with plyometric traigirthan with concentric-
eccentric-cycle resistance training or with isomngetraining, respectively. The
increased jump heights in Burgess et al. (11) &ied mildly to muscle-tendon
stiffness. In contrast, Kubo et al. (36) concludedt the jump height gains in
their study were due to increased tendon forceedonation, but not stiffness.

Instead of muscle-tendon stiffness, Kubo and cgilea (36) implicated
overall joint stiffness in the greater increasegump heights due to plyometrics,
as joint stiffness increased with plyometric tragbut not with regular resistance
training in their study. The researchers hypottegbithat this joint stiffness may
be due to increases in the passive tension ofiohai¥ muscle fibers as seen in an
8-week plyometric study by Malisoux et al. (46h dddition, they argue that it is
this higher tension in muscle and not tendon ggtwhich may have led to the
improved running economy and performance in theytf Spurrs et al. (63),
where musculo-tendinous stiffness of the ankletjaias measured globally via
the sinusoidal perturbation technique.

While Kubo et al. (36) did not show any significantrease in muscle-
tendon stiffness of the medial gastrocnemius gitgometrics, their results do
involve some increase in tendon stiffness (p=0.160ygesting that adaptations
to increase tendon force may not be as limitedhaset that increase tendon
elongation. From an anatomical and mechanical viendon length will have a
physical limit dictated by limb length, muscle stture, et cetera, while increases
in tendon elongation by itself may be limited agratective mechanism from

ruptures due to excess strain (5@)is therefore conceivable that once maximum



tendon elongation has come close to its physicamechanical limit, internal

tendon structures may adapt to accommodate fufémer likely small) increases
in stiffness to be able to generate more elasticefcand recoil, similar to

adaptations seen in concentric or isometric ressgtdraining (32, 37). And if

stiffness does increase, then it should be matdyedn increase in contractile
strength, as greater force will be required to pld stiffer tendon to the same
maximal elongation (50). For example, Arampatzisale (4) found that highly

economical runners possess higher contractile gitienof the medial

gastrocnemius conjunction with stiffer Achilles tendons.

Interestingly, the two most recent studies invajvian eight-week,
16-session plyometric training program mirror thentcadictory findings of
Burgess et al. (11) and Kubo et al. (36) with regartendon stiffness. Wu and
colleagues (68) support the finding that plyomstiiccreases tendon stiffness,
and although they did not report tendon elongatiata, they showed significant
increases in elastic energy release (measureccamdl under the tendon force-
elongation curve). This implies that contractiteesgth or tendon elongation
increased separately or together. In contrastrérat al. (20) found that
plyometric training increased gastrocnemius musteralinous stiffness but not
Achilles tendon stiffness, but they did not repdranges in tendon elongation.
As with Kubo et al. (36), even if there was no istatally significant increase,
Fouré et al. (20) recorded some increase in Achtbmdon stiffness. A look at
the reported mean changes suggest greater incraasesiffness for the

plyometrics group compared to controls, respectjvat all pre-determined force
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outputs (80 N, 160 N, 240 N, 320 N): +2.3 N « thras. +0.7 N « mnf;
+2.2 N e mnt vs. -1.3 N e mrif; +1.9 N « mnit vs. -3.3 N » mrit; +1.7 N « mnit
vs. -5.3 N » mrit. Unfortunately, the researchers did not repapexific p-value
that can be compared to the non-significant findiagKubo et al. (p=0.109) (36).
This may prove important as an outlier and techreceors with the ultrasound
videos reduced the study’'s sample size from segante thirteen subjects, 6
experimental and 7 controls.

In summary, running economy and performance haea decumented to
improve with a supplementary plyometrics trainimggram of approximately 30
minutes, 2-3 times a week over approximately 6 weelnd given that the
training intervention provides adequate stresse dimount of stress will depend
on the level of training of the athlete, but argyahust involve drop jumps and
single-leg exercises with a full concentric-eccentoncentric contraction cycle.
Increased elastic force and recoil of muscle-tendluts, particularly those of the
gastrocnemius, may be responsible for this runmiognomy and performance
improvement. This may be seen through increasedoine production,
elongation, and stiffness of the different compdsef the muscle-tendon unit.
Global or whole-limb increases in the stiffnesstltd muscle-tendon complex in
conjunction with improvements in running economyd aperformance have
already been reported. Direct measures of medstrgcnemius tendon stiffness
using ultrasound as well as contractile force halge been shown to be higher in

more economical runners. The same direct meadwes also shown medial
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gastrocnemius tendon force, elongation and periséiffeess to increase with
plyometric training.

This investigation will use the minimum trainingtervention inferred
from the literature to elicit measurable effect$ie aim is to study the effects of a
real-world plyometric training program on running@rfprmance and running
economy as Spurrs et al. (63), but also to meadineetly the adaptations in
musculo-tendinous structures as Kubo et al. (36)addition, there have been no

reported studies of this kind involving female sdbg.
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Chapter 3
Materialsand M ethods
Subjects and experimental design

This study used a quasi-experimental design withgmd post measures.
Twelve female runners from the University of All@e@ross Country and Track
and Field Team and five female runners from thenteafeeder running club
volunteered for this study. All volunteers werederance runners (800m to
5000m events) who trained under the same genecgjraam. Subjects were
matched by running economy and team training graupd then randomly
assigned to a control (n=8) and an experimentalgfo=9). Training groups are
set by team coaches according to fitness leveltlamdarget event distance. The
training groups were accommodated in this studyep run training comparable
between control and experimental groups: the ewperial group performed
plyometric drills in addition to their training gup’s regular workouts for a period
of eight weeks; their matched counterparts in th&rol group performed regular
training without plyometric intervention. All sudgts were tested for running
economy, running performance and tendon measureniefore and after the
eight-week training period.

Five university runners dropped out early in thedgt three from the
experimental group, two due to personal reasonsanther due to iliness; while
two dropped out from the control group, one dupdcsonal reasons and another
due to injury. Neither the illness nor injury diettwo athletes was related to the

plyometric training program or any measurementdopered for this study. A
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series oft-tests showed that all running economy measuresg gt matched
after subject drop-outs. The final sample (n=1@)sisted of six runners in the
control group and six runners in the experimentalg.

The mean (xSD) age, height and weight of the fexgderimental group
(n=6) were 18.7 (£5.9) years, 167.1 (x6.4) cm. 88BMB (+6.0) kg., respectively.
Mean (xSD) self-reported running experience was (%24) years. The mean
(xSD) age, height and weight of the final controbgp (n=6) were 19.4 (£3.1)
years, 165.6 (5.2) cm. and 57.8 (%6.1) kg., respely. Mean (xSD) self-
reported running experience was 7.1 (¥4.3) years.

Written informed consent was obtained from all ggrants and this study
was approved by the Faculty of Physical Educatinth Recreation’s Research
Ethics Board at the University of Alberta.

Overview

The study consisted of a preliminary familiarizatisession and two
measurement periods before and after an eight-walgkmetric training
intervention. The familiarization session congistd 45 minutes of treadmill
running for treadmill accommodation (59) and prEetin ramp isometric plantar
flexion to maximum on a Cybex Il isokinetic dynameter (Cybex I+ and
UBXT, Cybex, USA). The pre- and post-interventimeasurement periods each
consisted of two visits to the laboratory: onetvisr tendon force and elongation
measurements and another for measurements of guegionomy and running
performance. For each subject, measures of tepdoperties were collected

before any running test was conducted.
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Measurements

All measurements before and after the plyometr&ning intervention
were made using the same protocols and over adoefioot more than six days
with some exceptions: post-intervention, two attdefrom the experimental
group were measured 5 and 8 days after the lassuresaent day due to their
personal schedules. All foot and leg length mesasents were taken post-
intervention within two weeks of the last measuretntay with some exceptions:
two athletes, one from the experimental group amel foom the control group,
were measured 24 and 26 days after the last measnteday due to their
personal schedules. Treadmill speed and grade eadibeated before, during and
after each measurement period (pre- and post-gméon). The metabolic cart
system (TrueOne 2400, ParvoMedics, Inc., USA) vedibrated for flow volumes
and with gases of known concentration before atet @hch test. The isokinetic
dynamometer was calibrated for torque before easdsnrement period (pre- and
post-intervention).  All athletes surrendered theinning shoes after pre-
intervention measurements and received them atstidue of post-intervention
measurements to control for effects of footwearwoming economy (2).
Running economy

Running economy was measured as the rate of oxg@esumption (VQ)
in the last 1-2 minutes of running during threeraakimal bouts on a customized
treadmill at level grade. The three speeds used:v80, 9.7 and 11.3 kilometers
per hour (5, 6, 7 miles per hour). These were emagively based on the

literature for potential comparisons as well as tre initial treadmill
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familiarization sessions. A warm-up of eight miesiat the first speed was given.

This was followed by five-minute bouts at each ltg submaximal speeds, with
five minutes of standardized seated recovery imvben. After the last bout, the
athletes were accompanied to the indoor track auad, within 5 or 6 minutes,
began their 3000-meter time trial.

To calculate running economy, expired gases werermned and
analyzed by the computerized metabolic measuresystem. A change in the
rate of oxygen inspiration and carbon dioxide eagn of less than 100
milliliters per minute between the third and fourtinutes or the fourth and fifth
minutes were used as steady state criteRate of oxygen consumption (¥
was averaged over the fifth minute of exercise @aowinalized by body mass and
by body mas&’° for each of the three speeds. A consolidatedingnaconomy
value was also calculated based on standard body (ra « kg' « km).

Qualitative data on factors that could affect ramgnieconomy were
collected by means of a brief interview. Questiese asked on the following:
fatigue and soreness, hours of sleep from the @uewnight, volume and timing
of last meal and/or food intake, and hydration @&ppendix B).

Running performance

Distance running performance was measured as @-13@@er time trial
along the inner lane of a 200-meter indoor tradubjects were instructed to
complete the distance in as little time as posasikiag their own pacing strategy.
No verbal encouragement was given and lap numbers eommunicated by the

number of raised fingers while the last lap wasasgively announced with the
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words “One more.” Data was recorded to 0.001 sgsonmith a hand-held
stopwatch (Robic SC505, MBI Corporation, USA). Tarature, pressure and
humidity readings from an indoor weather systemvi{Pderception Il, Davis
Instruments, USA) were noted immediately beforeirmmediately after the
runner started and/or finished the time trial. Heeondary variables of stride
length and stride frequency were later estimatednfvideo recordings of the
3000-meter time trial (see Appendix C).
Tendon force and elongation

Tendon force was estimated from measured ankld joirque values
during a ramp isometric plantar flexion movementrtaximum on the isokinetic
dynamometer. Subjects lay prone on the extensbfe twith their left knee
extended and their bare left foot strapped to tixeathometer’'s foot plate as
securely as possible. The foot plate was set ate@dees. A digital metronome
(Seiko DM-10, Seiko Corp., China) was used to marlk-second period of
increasing isometric contraction from rest to maxim Torque readings on
thermal paper were later quantified with a standater (Orion, Japan) and the
values corresponding to each second (1, 2, 3, d,5nwere recorded to the
nearest 0.5 N-m. A sixth time point was often abldéen maximum torque was
achieved after 5 seconds; here, both time and ¢onggre recorded and time was
recorded to the nearest 0.4 seconds. Torgque vaderesthen converted to tendon
force estimates using the following equation:

F = Tg/MA
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where F is the estimated tendon force, Tq is thasoned torque, and MA is the
estimated moment arm of the Achilles tendon. Tlmement arm was estimated
using the method of Spoor et al. (62) and the fdaunfi Grieve et al. (22), so that
the moment arm of the Achilles tendon was calcdla® a function of the ankle
joint angle and tendon elongation predicted asogpgation of leg length. Joint
angle during plantar flexion movement was trackeathwan electrogoniometer
(Penny and Giles, UK), while tendon length was diameously visualized via
ultrasound. Leg length was measured by a certéeglcise physiologist using
anthropometric tape (Almedic, Canada) after the-pasrvention testing period
(see Appendix D).

Tendon elongation was visualized by a radiologisd was blinded to the
experimental grouping of the study. A high frequetinear array ultrasound
probe (Philips IE33 with L11-3 transducer; Royal ilibB Electronics,
Netherlands) was set as close as possible to smalized distal myotendinous
junction of the left medial gastrocnemius where ighly visible fascicle
attachment to the deep aponeurosis was selectethéyradiologist. The
movement of this fascicle-aponeurosis cross-poigting ramp isometric
contraction to maximum was followed by the radiasdgvithout compromising
the fixed frame of reference. Echoes of this pamte recorded at a sampling
rate of 41-50 HZAor seven seconds, the start of which was manuemfigd with
the digital metronome. The echoes were later aedlyusing video analysis
software (Dartfish Connect 5.0, Dartfish SA, Switaed). The distance the

selected point travelled from time zero to eachetipoint is understood as the
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elongation of tendon structures distal to the sete@oint, measured here as
Achilles tendon length increase and recorded tongmrest 0.1 millimeter (see
Plate 3-1).

Since the dynamometer foot plate does not remasolately immobile
nor does it completely secure the ankle for a tsoenetric muscle contraction,
corrections were made on the tendon length incseaseasured from the
ultrasound echoes. Tendon length change attriutabankle movement was
subtracted from the measured values. For thispr pmeasurements were
performed in a passive condition, where each stubyas asked to relax and the
ankle was moved by the investigator. With theasibund probe firmly in place,
digital still copies of the echoes were made foergvtwo degrees of plantar
flexion up to twenty degrees of passive movemerie angle of the ankle was
determined with an electrogoniometer (Penny andesil UK). The
electrogoniometer end-blocks were secured with @peahe lateral and distal
aspect of the fifth metatarsal and on the postaterdl aspect of the fibula. Zero
degrees was determined as the position of the amklen braced against the
dynamometer foot plate set at 90 degrees. Theatlgfill echoes were viewed
using a standard digital photo viewer (Microsoft ndbws 5.1, Microsoft
Corporation, USA). Transparency films and pensewesed in marking fascicle-
aponeurosis cross-points as they “moved” every degrees on a flat computer
screen. These markings were then measured usstgndard ruler, referenced

against the scale on the ultrasound echo. Thardtistthe selected point travelled
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at rest

at 1 second

at 2 seconds

at 3 seconds

at 4 seconds

at 5s (MVC)

Plate 3-1. Video-captured ultrasonographs of left medial gastemius fascicle-
aponeurosis cross-point (left column) and myotemasnjunction (right column)
of one subject for every second from rest to maxmmpluntary contraction
(MVC). Distance covered by the right-to-left movemh of selected measurement
site is defined as the change in length of the leshtendon from rest to MVC.
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every two degrees from zero to twenty is understa®the elongation of tendon
structures distal to the selected point, measusrd hs Achilles tendon length
increase due to ankle movement and recorded todheest 0.5 millimeter or the
equivalent of ~0.1 millimeters on the ultrasountices’ 4.4- and 5.2-millimeter
scales. The electrogoniometer was kept in placerdmp isometric plantar
flexion to maximum. Measurements of ankle anglesewtaken simultaneously
with those of tendon force and elongation and adldwor the subsequent
correction. Ankle angles were recorded on a pe&ilsoomputer at a sampling
frequency of 120 Hz using custom-made softwaretetea the biomechanics
laboratory of the University of Alberta. Plate fovides a graphical summary
of the equipment set-up for tendon measurementd&tds 3-3 to 3-5 show the
set-up during a measurement trial.

Measurement trials with complete data and a steadyase in ankle
plantar flexion torque were collected for later lgas. Otherwise, the
measurement trial was repeated. Three successiisl were performed in the
passive condition and a linear regression equatas derived from values from
each subject and the origin. Tendon length charadiges calculated from the
equation were used for the correction (subtracateoh fvalues in the “isometric”
contraction condition). Five successful trials evgverformed for the ramp
isometric contraction condition. The first thremls followed the movement of
the fascicle-aponeurosis cross-point close to thgtemdinous junction as
described above, while two additional trials folkxdvthe movement of the

myotendinous junction itself and later used forreboration. These two sets of
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Plate 3-2. Diagram of experimental set-up for tendon force @longation measurements.



Plate 3-3. Photograph of measurement set-up for data callectia ultrasound.
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Plate 3-4. Photograph of electrogoniometer and isokinetic asiyometer
attachment.

Plate 3-5. Photograph of ultrasound probe position duringams
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values were fitted separately to a linear regressguation, again forced through
the origin. Tendon stiffness was measured as ltpe ©f the regression line of
the relationship between estimated tendon forcevamulized tendon elongation.
It is generally accepted that the tendon forcegdbion relationship is quadratic
(rate of tendon elongation decreases as tendogr focceases), so that the initial
intention was to measure the slope of the uppdrdfidhe regression curve (50-
100% of maximum tendon force) as per Kubo et &).(3However, data in the
present study demonstrated largely linear relatipss so a simple linear
regression was used.

Maganaris (40) has criticized the correction metipoelsented above as
invalid. He showed that when the ultrasound prabeffixed to the skin,
subtracting tendon movement based on ankle rotaéisults in underestimating
tendon elongation, because the leg slides alondoitg axis during plantar
flexion. The movement of the leg and probe attddbet is already of near-equal
magnitude to the movement of the Achilles tendoigiorat the calcaneus.
Therefore, doing away with the correction will aaty result in more accurate
measurements so long as the probe is securelyeoskth, as was done recently
by Burgess et al. and Fouré et al. (12, 20). athe present study were more
reliable without the correction, but were in closgreement with those reported
in the literature when the correction was used.e Hiter case is in line with
Arampatzis et al. (3) who found contrary evidence those of Maganaris.
However, because the present study used a fixembaiind measurement site, the

correction was not used in the final analysis.



Reliability checks

The reliability of running economy measures waseased by having three
subjects (2 from the control group and 1 from thegeeimental group) return for a
separate testing session more than 34 weeks ladtexperiment concluded. This
was a convenience sample within the study sampich runner performed the
complete running economy test twice, approximad@&yhours apart (45.5, 48 and
49.3 hours). Individual running economy data facletest speed per subject was
used for the analysis. Meanwhile, the reliabitiftendon measures was assessed
by performing the test twice on five subjects @rthe control group and 2 from
the experimental group) during the post-intervantiest period. This was also a
convenience sample within the study sample. Thesewas performed after
resetting all equipment. This included releasihg subject from the isokinetic
dynamometer and upper body extension table, rergothe electrogoniometer
from the subject’s foot, and erasing all skin mags with an alcohol pad.
Individual tendon elongation data at each ankldeamgevery trial was used for
the reliability analysis in the passive conditiom the active condition, tendon
elongation data per matched time point in eversl twas used in reliability
analysis; that is, if a measurement trial had thdixne point (for a true maximum
force) while its corresponding trial did not, ddtam the sixth time point was
omitted. There were three cases or trials whes dbcurred. Finally, for all
experimental measurements involving ultrasound, #lengation estimates
measured from the fascicle-aponeurosis cross-pemsé compared to those

measured from the myotendinous junction itselfglidelate 3-1).



Plyometric training program

Subjects in the experimental group underwent a rsigesl, eight-week
plyometrics program. With the exception of ondlgrerformed on stairs with
closed steps, all plyometric drills were performed a wooden surface.
Plyometrics was scheduled Mondays, Wednesdays addyE in the first 30
minutes of the regular training session. Runneayslavjog for approximately five
minutes with the entire team before leaving forophetric drills. These drills
were preceded by an active warm-up with all or alnadl of the following drills
based on the terminology of Boyle (10) in this ordegh knee walk, straight-leg
front kick walk, high knee skip (A’s with hip, kneand ankle angles at 90
degrees), high knee run (often done repeatedlyatse rheart rate and core
temperature), butt kicks, cariocas (basic, no kif€e lunge walk (eventually
progressed to add backward lunge walk), stiff-leggead-lift walk, and inch
worm. The distance used for each warm-up exensigge determined by the
venue. A racquetball court (6.1 x 12.2 m) was ugkethdays and Wednesdays
while a mirrored dance studio (7.0 x 13.75 m) weailable on Fridays. Most
warm-up drills were often done over two lengthshef training space.

The plyometric training program is depicted in TaBtl and is based on
the terminology of Radcliffe and Farentinos (55Jhe program’s design was
based on quality over quantity, as well as simglici A maximum of four
exercises were performed for any given trainingsises This was intended to
remove the burden of learning complex movements ghort period. In every

session, each exercise was designed to progressthat next, moving from
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Table 3-1. General summary of implemented 8-week plyometaming program (workouts in sets x repetitions).

;La;g':g Workout 1 Workout 2 Workout 3 Workout 4

Week Double-leg  Single-leg D%’:L:;:jeg Slgngjenlgg Alternating- Dogk?(l)epleg SIFE)grlégeg
Pogo Pogo (Stair) (Stair) leg Bound Jump* Jump*

General 1 3x10 3x34 3x4 1x10

Preparation 2 3x10 3x34 3x4 1x10

Single-leg 3 3x10 3% 3-4 3x4 1x 10

(P:';)(ar]pél'(Eli:h/ng 4 2x10 1x10 2x4 1x2-5 3x4 1x 10 1 x 3-5

Actual 5 2x10 1x10 2x4 1x5 4x4 1x10 1x5

Conditioning 6 1x10 2 %10 2x4 1x5 4 x4 2x8 1x10

Actual 7 1x10 2x10 1x4 2% 5-6 4x4 2x5 1x 10

Conditioning 8 1x10 2x 10 1x4 2x6 4 x4 2x10 1x10

"Radcliffe and Farentinos (54) use the term “Depiigd’
"Height increased by 5 centimeters.



general elastic strength to concentric strengtedoentric strength as suggested
by Mackenzie (39). Pogos were done as a groupevihd other exercises were
performed individually in round-robin fashion, withe wait in line acting as
recovery (approximately 15-60 seconds dependinth@mexercise and the number
of athletes). All exercise sets of single-leg Idrivere preceded by sets that
worked both legs as a form of preparation. Atldetere closely supervised by
the investigator for maximal effort and correctiieicue; and feedback was given
on each repetition as needed.

From the beginning, the intention was to use th@immg program as a
general guideline. Often, alternate leg boundsewapot performed, and
occasionally, neither were leg stair bounds. Afsu,all warm-up drills would be
used in a given session due to the time constraiSisnilarly, progressions in
training volume or intensity were modified slightly fit each individual athlete’s
needs based on constant feedback and observatmmsthie athletes and the
researcher.

The initial height of drop jumps was determined hwthe aid of the
reactive strength index (RSI). Briefly, the reaetistrength index is the ratio
between vertical jump height and contact time dyran drop jump. It is
considered a measure of the neuromuscular systaipilisy “to tolerate stretch
load and change movement from rapid eccentric pad reoncentric” (51). The
experimental subjects performed four maximal jurapsa ground force sensor
plate (Bertec 4060ABertec Corporation, USA):. a counter-movement jumgd a

three drop jumps from a height of 30, 45 and 53iceters. The optimum height
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for drop jump training was estimated from the diegghts that yielded the
highest reactive indexesFor practical reasons, a single conservative valag
chosen for the entire group: 30 cm for double-legpdumps. For the sixth and
seventh week of the training program, progressiaa aided by a similar protocol
in selecting heights for single-leg drop jumps a&dlas in adjusting the height for
double-leg jumps.

Each plyometrics session did not last more thartytiminutes, as each
athlete had to rejoin the team for official praeticHowever, extra sessions were
held outside of official practice days to make wp ¢ancelled sessions due to
public holidays and personal schedules. Theseossswere not as constrained
by time so all warm-up exercises and plyometridsdwere performed. Feedback
for sprint, and by extension general running teghej was also offered to the
experimental group with the idea that physiolog@ma&ptations from plyometric
training—whether neuro-muscular or musculo-tendgewnay require some
degree of running technique to utilize. Verbaldtesck was given after each of
four to six 40-meter sprints at close to maximuneesp These full sessions
would last for approximately 45 minutes, with ardiéidnal 15 minutes when run
technique was being coached.

Run training program

The team’s regular run training was monitored bysesbation, and
through the coaches’ training plans and recordsvel$ as training diaries (a
Microsoft Excel file) electronically sent and dibtited to all research

participants. The run training program was degigioge the team’s coach around
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speed endurance, using low volumes and high intessiAthletes were expected
to attend team practices on Mondays, WednesdaysFaddys and adhere to
specific workout plans. Over the course of theeexpental period, the general
weekly pattern followed for those training for 8ft&ter races was: one session
focusing on speed; one session focusing on ruraingO,max using short, fast
intervals; and one interval training session thhanged about every week,
alternating between long intervals (generally 200-8neters at 3000-meter race
pace) and short intervals (generally 100-400m & &0 1000-meter race pace).
For those training for 1500- to 3000-meter rackes,general weekly pattern was:
one session focusing on speed; one session focasimgnning at V@max that
changed every week, alternating between short ang Intervals; and one
interval training session that changed every waé&rnating between aerobic and
anaerobic intensities. On other days of the wéghkt recovery workouts were
officially prescribed but seemed to be generalldarstood as optional or
variable.
Analysis

Complete data was obtained from 12 subjects foningneconomy. Data
for eleven subjects (E=6, C=5) was used for runpiegormance. Data for ten
subjects (E=5, C=5) was used for tendon force dmagation. Incomplete data
sets were due to errors in measurement protocol.

A between-group analysis-fest) was conducted after random assignment
to check for probabilistic equivalence before plgbne intervention. This was

repeated after subject drop-out. For reliabilitgecks, technical error of
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measurement as absolute values and as coeffiéntariation was calculated
according to the methods promoted by the Austréiparts Commission (7) and
summarized in Appendix E. Tendon variables wemteashally analyzed using
the intraclass correlation coefficient (two-way eux effects model average
measure reliability with measures of absolute agee#) orICC (3, k) as per
Shrout and Fleiss (60).

For the primary variables of running economy, ragniperformance,
maximum tendon force and maximum elongation andldenstiffness, a 2x2
factorial repeated measures ANOVA was used. Aetway repeated measures
ANOVA was used to evaluate changes in the slopmimfiing economy at three
speeds for two groups over time. Absolute (L « thimelative (ml « kg « min™),
and allometric-scaled (ml * Kg « min') running economy were all tested. A
Tukey post-hoc test was intended for any signitidanatios found. Chauvenet’s
criterion was used to confirm the presence of atiesua secondary analysis
without the outlier and utilizing a form of selesicomparison was performed on
primary variables and stride parameters using tlaaivWVhitney test. Percent
differences before and after plyometric intervemtiovere used. Statistical
significance was set a priori ak@05 for all analyses. All statistical analyses
were performed using SPSS 17.0 (SPSS Inc., USAjlatadare reported as mean

+ standard deviation, unless otherwise noted.
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Chapter 4
Results

The control and experimental groups remained neakcfor running
economy despite subject drop-out soon after thenpeevention testing period.
Excessive variability in tendon measurements wasiaed by undoing a failed
corrective step. An outlier and issues of subjeocmpliance prompted a
secondary analysis of fewer subjects using desegipstatistics and a non-
parametric test to explore trends. Descriptivetisites were also used for
qualitative data collected before each run tesl. lide graphs use group means,
and error bars represent one standard deviation.
Plyometric training program

During the experimental period, a total of four negractices were
cancelled: two due to public holidays and two doevénue availability and/or
local race participation of individual runners. i¥meant that team members had
to perform the run workouts on their own, but itscalmeant cancelling
plyometrics sessions since these had to be supdrviShere were also individual
reasons for missing official team practice houréccordingly, a total of 5
plyometric training sessions were scheduled outsfdée planned weekdays, in
addition to running several multiple sessions imag (morning and afternoon, or
before and after run training) to accommodate iddial schedules. Two subjects
attended at least 3 special sessions with run@olgnique feedback, one subject
attended two, and one subject attended one. Ageamtigndance for plyometric

training was 17 sessions, with a range of 11 tos@8sions attended (or 2.1
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sessions per week with a range of 1.4 to 2.9 sesger week attended). In
addition, one athlete with a minor soft-tissue igjincurred outside plyometric
training) was provided a reduced load; specificaiyf single-leg work was
withheld. This is shown in Figure 4-1.
Run training program

On an individual basis, athletes skipped or altéezin training sessions
so that any generalizations about the run traignggram must be made with
caution. Half of the research participants retdrigeir training diaries (n=6).
Three of these athletes were from the control grang@ three were from the
experimental group. Five were in the 1500m trajngroup while only one
belonged to the 800m training group. Only key-vemtkdays were assessed, the
three days of the week when the team trained tegetithe last two of twenty
four sessions in the experimental period were ebedudue to incomplete data;
there was some confusion about the training sckaduhe last two days as these
fell on the Easter long weekend (Good Friday andtétaMonday). Table 4-1
summarizes run training compliance as interpretedanfthe returned training
diaries. Data from these training records sugdkat on average, athletes
performed 68% of all scheduled workouts, altereéoldnd skipped 14%; also,
about 8% of scheduled sessions were spent on fahas of training. Sessions
were classified as “altered” when athletes perfatnman training that was
different from the planned team workout, often ¢liénjury, personal reasons or
individualization by the coach. This category alsoludes workout sessions

completed a day before or a day after the origsshkedule. In contrast, sessions
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were classified as “replaced” when some form ahing other than running was
performed. This was often resistance or strengdimibhg, or cardiovascular
training on a bike, rowing machine or elliptical chane, often performed due to
injury or personal reasons. Reasons for skipp@sgiens included illness, injury,
and other personal reasons. Categorizing a fewioses involved subjective
judgement as some athletes performed extra woidtloer days that may or may
not be considered as a substitute or modificationaddition to the type of extra
training performed, the frequency of these sessi@ng&d from never to almost
always in the six athletes who recorded their tngin The two athletes who did
not report any extra training were both in the lfemgerimental group.

Reliability checks

Data pertaining to the reliability of running ecomp measures are shown
in Table 4-2. Self-reported fatigue, soreness,rhai sleep from the previous
night, hydration status and volume, timing and type food intake were
comparable between tests except for one subjectrefmarted more fatigue and
slightly more hours of sleep prior to the seconésaeement.

Ranges for temperature, barometric pressure andditynrespectively,
were a constant 22 degrees, 693-704 mmHg, and 3atWation in the pre-
intervention running economy tests while they wé&@20 degrees, 700-708
mmHg, and 2-16% saturation in the post-interventesting period. Therefore,
between the two testing periods, runners expercmrewironmental differences
of 2.58 (£0.5) degrees, 6.0 (£5.2) mmHg, and 6 B§¥6. For the 3000-meter

run performance trials, ranges for temperaturegrpatric pressure and humidity,
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respectively, were 20-23 degrees, 695-702 mmHg, 3hd% saturation in the
pre-intervention testing period, and constantlyd2rees, 701-708 mmHg, and
4-19% post-intervention. Environmental differencesperienced by athletes
between these tests were 0.75 (£0.9) degrees, &33/) mmHg, and
4.83 (£3.2)%.

Results of reliability testing for tendon variabka® presented in Table 4-3.
Table 4-4 shows a secondary reliability check uswg measurement sites and
Table 4-5 presents the variability in ankle jointation within subject trials and
between subject means as well as by group and saniplkse tables are based on
data from the main experiment while Table 4-6 sholes results of reliability
testing in maximum ankle joint rotation.
Running economy, performance and tendon properties

Values of running economy and running performarefere and after the
plyometric intervention may be found in Appendix \Where absolute rate of
oxygen consumption is presented with body mass tesatmill speed as the
derivation of the different calculations of runniregconomy. Measurement
protocol errors led to the exclusion of data frone subject in the control group
for all analyses involving time trial performancedafrom one subject each from
the control and plyometrics group for all analyse®Iving tendon properties. A
detailed table of tendon variables per measurewients provided as Table 4-7.
Changes in running economy, running performance tandon properties by
group over eight weeks are presented in AppendiXN®.significant differences

were found.
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Allometric-scaled running economy slopes over ¢hireadmill speeds are
presented in Appendix H. Absolute (L » M)nrelative (ml « kg « min?), and
allometric-scaled (ml « K& « min™) running economy were all examined and no
significant differences were found.

Secondary analysis

One subject from the control group revealed that slas relatively
detrained at the start of the experimental periddl.check using Chauvenet’'s
criterion revealed that pre-post differences inning performance and running
economy (allometric-scaled running economy athaitté speeds and consolidated
running economy) were consistently outliers amdmg ¢ontrol group (n=5 and
n=6), and that this trend was true only for thistipalar athlete. This subject’s
data set was removed for the secondary analysis.

In addition, issues of subject compliance gave goeason fortwo
experimental groups, one described as having ‘gamimpliance” and another as
having “full compliance”. Attendance records wewsed as a guideline in
determining partial or full compliance. A minimuwof two plyometrics sessions
per week was deemed necessary for any measurabiengy effect, so this was
used as the cut-off for “full compliance” (recalbbre 4-1). Even when reduced-
load sessions are considered as sessions atteedatls from a Mann-Whitney
test support a significant difference between tpartial compliance” and “full
compliance” groups in terms of number of plyomesassions attended (p=0.05).
Figure 4-2 shows the distribution of number of gessattended by athletes from

the two training subgroups.

46



Moreover, two of the three subjects in the part@mpliance group had
minor injuries, so that performance was affectedeafrom plyometric training
compliance, with one subject reporting after hestpotervention time trial that
she had “never run that slow since Grade 10”. fhmel subject in the “partial
compliance” group missed plyometric training sessiodue to frequent
competition and actually improved her 3000-meteetitrial performance. This
subject had a highly individualized run trainingpgram. Therefore, data from
this group are presented as descriptive statishias are excluded from
comparisons using non-parametric statistical tests.

Group means and standard deviations of runningcagrand running
performance are presented in Table 4-8 for theetig@ups formed. Changes
over time of these variables are also reporteceasept differences: group means,
standard deviations and 95% confidence intervads pgesented in Table 4-9.
Positive values are improvements (i.e., lower submal oxygen consumption,
lower performance time). Running economy and mgrperformance percent
differences over time are illustrated by Figure &l 4-4. Similarly, group
means and standard deviations of tendon variabepr@sented in Table 4-10,
with changes over time reported as percent diftexerin Table 4-11. Positive
values are improvements (i.e., greater tendon fa@lo@gation and stiffness).

Changes in running economy, running performancetandon properties
over eight weeks for the three groups are presemiefippendix I. Running

economy slopes are shown in Appendix J.
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Figure 4-5 depicts percent differences in the séapnvariables related to
stride, after the percent differences over timpaxfed running and sprinting stride
parameters were normalized to reflect their redatoontribution to the run
performance trial (14 laps and 1 lap, respectivelylgure 4-6 is the same graph
using individual data and excluding the partialynpliant group.

Non-parametric statistics between the control groamd the full
compliance group showed no significant differenc&ven that the sample size
of the experimental compliant subgroup is low (n=8)e following non-
significant differences are reported: the full cdiance group showed a higher
time trial performance difference versus the cdrgroup (p=0.101) as well as a
higher stride frequency difference during pacedinm (p=0.101); also, tendon
stiffness measured at the fascicle-aponeurosissqomt decreased more for
controls (p=0.077) but this suggestion is not doorated by tendon stiffness
measured at the myotendinous junction (p=0.724)] amaximum tendon
elongation increased more for controls (p=0.077) this suggestion is not
corroborated by maximum tendon elongation measatedhe myotendinous
junction (p=0.289).

Qualitative data

A summary of subjects’ self-reports on training/pbal state just before
run tests is shown as Table 4-12. It presents staoirs that may have
potentially affected running economy measures amshing performance. The
factors were flagged based on comparisons of sisbj@sponses in the two time

points (pre- or post-plyo). With regard to meahitig, the time elapsed after food
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intake was considered with the volume of food takédmrch is not reported.
Information on the most recent training session was$ processed due to
incomplete and highly variable data.

Table 4-13 uses the assumption that self-repodetbfs affected running
economy and performance by completely preventing iemprovement, so that
descriptive comparisons can be made between pi@tictand outcomes.
Running economy outcomes were determined basedemem change minus
relative technical error of measurement (2.2% ftonaetric-scaled measures
according to the reliability check). Time trialtoames were based on previously
reported variability (1.3%) in a group of fast wamr@inners participating in cross
country and road races of 2500 to 12000 meters ae@milar time period (25).
Positive values are improvements (i.e., lower submal oxygen consumption,
lower performance time). Due to the small sampe,gescriptive statistics are
presented. For running economy outcomes, 5 ort70bd2 cases refute the
hypothesis that self-reported factors affected theasurement (outcome is
opposite of prediction, including better performanafter no change was
predicted); so that also 5 or 7 out of 12 casepatighe hypothesis that self-
reported factors affected the outcomes (outconsanse as prediction, including
worse performance after no change was predictdé)r running performance
outcomes, only 4 out of 11 cases refute the hypmthbat self-reported factors
affected the measurement.

Finally, none of the subjects were of the opinibatttheir menstrual cycle

was a factor in the running economy and performaests, in addition to recent
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work showing that tendon properties are not aftétte hormonal changes related

to the female reproductive cycle (13, 30).
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[ Regular session
[ Reduced-load session

Subjects in Plyometric Training Group

0 5 10 15 20 25

Total plyometrics sessions over eight weeks

Figure 4-1. Compliance to plyometric training of members bé tplyometric
training group in number of sessions attended bR#dotal sessions (n=6).

Table 4-1. Compliance to run training of members of the oolrdnd plyometric
training groups who completed training diaries unmber of assigned sessions
followed, altered, replaced or skipped (n=6). \ésluare presented as Mean
(Range).

Category or descriptor Number of training sessions (out of 22)
of training session Mean (Range)
Followed 15/ 22 (12-20)
Altered 2.17 /22 (0-6)
Replaced 1.83/ 22 (0-5)
Skipped 3/22 (1-5)
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Table4-2. Results of reliability testing for running economgasures (n=3 x 3 speeds).

Technica Coefficient of
Mean Values -
. Error of Variation
Running Economy Measures .
Test1 Test?2 Measurement (Relative
(TEM) TEM)
Absolute (L smin™) 1.76 1.76 0.04 2.5%
Relative (ml skg™ « min™) 29.83 29.88 0.68 2.3%
Allometric (ml « kg™« min™) 39.80 39.84 0.86 2.2%

Table 4-3. Results of reliability testing for tendon measunrda fascicle-
aponeurosis cross-point (final variables, n=5; passondition, n=5 x 10 angles
x 3 trials; active condition, n=5 x 5-6 time poinsS trials).

Intraclas
Correlation ICC
Coefficient p-value

Technical
Error of

Coefficient of
Variation

Measurement (Relative

(ICC) (TEM) TEM)
Final Tendon Variables
(before re-correction)
Maximum Force (N) 0.970 <0.001 113.79 7.2%
Maximum Elongation (mm) 0.680 0.173 2.78 19.0%
Stiffness (N « mri) 0.575 0.203 25.30 22.5%
(after re-correction)
Maximum Force (N) 0.970 <0.001 113.79 7.2%
Maximum Elongation (mm) 0.930 0.007 1.57 8.0%
Stiffness (N « mri) 0.901 0.005 7.99 10.1%
Passive Condition
Elongation (mm) 0.969 <0.001 0.84 14.9%
Active Condition
Elongation (mm)
(before re-correction) 0.874 <0.001 2.52 29.4%
Elongation (mm)
(after re-correction) 0.947 <0.001 1.95 16.1%
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Table 4-4. Results of reliability analysis between fascig®aeurosis cross-point
and myotendinous junction measurement sites (n=10).

Technica Coefficient of
) ] Mean Error of Variation
Final Variables Differences Measurement (Relative
(after re-correction) (TEM) TEM)
Pre Post Pre Post Pre Post
Maximum Force (N) 107.05 147.10 105.54 116.38 6.2%.3%
Maximum Elongation (mm) 1.11 1.65 1.17 1.41 6.0% 3% .
Stiffness (N smm?) 52.35 33.44 58.16  32.12 49.7982.7%

Table 4-5. Coefficients of variation for maximum ankle joitation per subject,
by group, and overall (per subject, n=5 trialsgbyup n=5 subjects per group;
overall, n=10).

Maximum Ankle Join

Group Subject Rot'?/lt(ieoar;] (Ejse[g))rees) Coefficient of Variation
Pre Post Pre Post
Control A 10.6 (1.9) 8.1 (1.8) 18.4% 22.5%
B 6.6 (0.4) 7.7 (0.8) 5.5% 10.3%
C
D 8.1(0.4)  8.8(L9) 4.8% 21.7%
E 8.1(0.4)  7.9(0.9) 5.2% 11.4%
F 5.8(1.2) 11.4(2.4) 20.1% 21.0%
Group Values 7.8(1.8) 8.8(L5) 23.4% 17.5%
Plyometric G
H 5.8(0.8) 7.9 (0.6) 14.2% 7.0%
| 11.4 (1.2)  9.2(0.6) 10.5% 6.2%
J 7.2(1.0)  10.0 (1.5) 13.8% 14.8%
K 8.2(0.7)  10.1(0.8) 8.6% 8.4%
L 4.6(0.7)  9.1(1.0) 14.7% 11.4%
Group Values 7.4(2.6) 9.3(0.9) 34.7% 9.6%
Sample Values 7621  9.0(12) 27.7% 13.4%
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Table 4-6. Results of reliability testing for maximum ankéart rotation (n=>5).

Mean Values Technical Coefficient of

Error of Variation
Measurement (Relative
Test 1 Test 2 (TEM) TEM)
Maximum Ankle Join 95 78 3.2 37.0%

Rotation (degrees)
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Table 4-7. Tendon variables measured in trials using twdediht measurement sites before and after an 8-\wheknetrics

program (n=10).

Maximum Force (N)

Maximum Elongation (mm)

Stiffngdse mmi*)

Myotendinous

Myotendinous

Myotendinous

Group Subject  Fascicle trials junction trials Fascicle trials junction trials Fascicle trials junction trials
Pre Pos Pre Pos Pre Pos Pre Pos Pre Pos Pre Pos
Control A 1880.4 1213.7 1753.8 11775 16.92 1457578 1354 111.1 83.3 90.9 83.3
B 2068.0 2180.5 2260.6 1916.8 16.54 23.99 18.09 .5019 125.0 90.9 90.9 90.9
C
D 1405.7 11585 1594.2 1034.7 9.84 21.46 11.16 2219. 142.9 52.6 90.9 40.0
E 909.7 1189.8 936.2 1336.2 10.92 1547 11.23 315.883.3 76.9 71.4 100.0
F 1212.7 1575.8 1218.1 1457.7 19.40 18.91 19.49 .4917 62.5 83.3 58.8 58.8
Group Mean 1495.3 1463.7 1552.6 1384.6 14.72 18.88 15.15 17.12 1050 774 80.6 74.6
(SD) (476.2) (435.0) (508.8) (337.3) (4.1) (4.0) (3.8) (2.5) (32.2) (14.7) (14.8) (24.7)
Plyometric G
H 1468.1 1746.4 1802.5 1690.5 19.09 22.70 23.43 981 76.9 76.9 58.8 62.5
I 1838.8 1471.3 1839.4 1611.2 25.74 16.44 25.75 .648 71.4 83.3 90.9 83.3
J 2626.3 2608.1 2489.2 2465.6 28.89 33.04 27.38.9931 90.9 76.9 83.3 111.1
K 1355.1 1343.4 1303.2 11824 18.97 11.13 1825 .3112 71.4 90.9 71.4 76.9
L 2047.6 1962.9 2054.4 1679.2 2457 18.62 24.65 .7916 83.3 100.0 1111 90.9
Group Mean 1867.2 1826.4 1897.8 1725.8 23.45 20.39 23.89 20.34 78.8 85.6 83.1 85.0
(SD) (507.7) (498.9) (430.2) (463.4) (4.3) (8.2) (3.5) (7.4) (8.4) (9.9) (19.8) (18.0)
ample
I\S/Iearl? 1681.2 1645.0 1725.2 1555.2 19.09 19.63 19.52 18.73 91.88 8152 81.86 79.78
(SD) (503.8) (480.9) (480.0) (422.5) (6.1) (6.1) (5.8) (6.5) (26.1) (12.6) (16.5) (21.1)
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Figure 4-2. Distribution of plyometric training sessions aded for partial
compliance (n=3) and full compliance (n=3) plyonettraining groups.
Significant difference at.05.
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Table 4-8. Running economy and performance variables foitrohrpartial compliance and full compliance plyanw training
groups before and after an 8-week plyometrics @mgirunning economy: n=5, 3, and 3 respectivel{303th time: n=4, 3, and 3).
Values are presented as Mean (SD).

Consolidatec

Allometric-scaled Running Economy . 3000-m time
(ml « kg™ mir') Running Economy s)
Group (ml kg™« km)
8.0kme h* 9.7kme h* 11.3kme h*

Pre Pos Pre Pos Pre Pos Pre Pos Pre Pos
Control Group 34.7 33.9 41.3 40.6 48.6 48.5 193.9 191.3 719.34  713.77
(0.95) (1.49) (1.66) (2.48) (2.12) (2.85) (6.88) (10.15) (46.22) (36.71)
Partial Compliance 34.6 34.3 40.0 39.7 44.9 45.6 186.8 187.0 689.58 711.18
(2.57) (0.18) (4.51) (1.10) (5.44) (3.37) (19.07) (5.69) (29.43) (61.27)
Full Compliance 37.6 36.8 43.1 42.8 49.9 49.7 203.9 201.8 753.21  731.32

(3.39) (3.01) (4.01) (3.43) (4.33) (5.79) (18.37) (18.40) (32.47) (35.47)
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Table 4-9. Running economy and performance variables aepenmmprovement for control, partial compliance dmiélcompliance
plyometric training groups over an 8-week plyonastgprogram (running economy: n=5, 3, and 3 resgagti3000-m time: n=4, 3,
and 3). Values are presented as Mean + SD (95%deone interval, Cl).

Consolidatec

Allometric-scaled Running Economy . 3000-m time
75 . 1 Running Economy
(ml . kg * Min ) (ml . kg 1, km_]_) (S)
Group 8.0kme ™ 9.7kme h™ 11.3kme h?
Mean + SI Mean + SI Mean £ SI Mean £ SI Mean £ SI
(95% CI) (95% CI) (95% CI) (95% CI) (95% CI)
Control Group 24377 1.7+2.98 0.1+4.35 1.4+3.36 0.9+1.67
(-2.3t0 7.1) (-2.0t0 5.4) (-5.3t05.5) (-2.8t05.5) (-1.2t0 2.9)
Partial Compliance 0.6 +7.62 -0.2 £ 10.65 -2.0 £5.68 -0.7 £8.00 -3.0 £ 4.63
(-18.3t0 19.5) (-26.7 to 26.2) (-16.1to 12.1) (-20.5t019.2) (-14.5t0 8.5)
Full Compliance 20+2.26 0.4 £3.49 0.5+8.58 0.9+4.99 29+1.16
(-3.6 10 7.6) (-14.7 t0 15.4) (-20.8 to 21.8) (-11.5t0 13.3) (0.03 to 5.81)*

859

*Statistically significant at $£0.05.



Table 4-10. Tendon variables for control, partial compliarc®l full compliance plyometric training groups befand after an 8-
week plyometrics program (n=4, 2, and 3 respegtjveValues are presented as Mean (SD).

Maximum Tendon For¢ Maximum Tendon Elongatic Tendon Stiffnes:
-1
Group (N) (mm) (N« mn")
Pre Pos Pre Pos Pre Pos

Control Group 1566.0 1435.6 13.56 18.87 115.58 75.95
(518.72) (497.09) (3.70) (4.58) (25.12) (16.56)
Partial Compliance 1653.5 1608.8 22.42 19.57 74.18 80.13
(262.10) (194.54) (4.71) (4.43) (3.88) (4.53)
Full Compliance 2009.7 1971.4 24.14 20.93 81.89 89.28
(636.47) (632.48) (4.97) (11.14) (9.82) (11.62)
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Table 4-11. Tendon variables as percent improvement for ohrpartial compliance and full compliance plyonetraining groups
over an 8-week plyometrics program (n=4, 2, andspectively). Values are presented as Mean + S& &nfidence interval, CI).

Maximum Tendon Forc Maximum Tendon Elongatic Tendon Stiffnes.
(N) (mm) (N« mm?)
Group
Mean + SI Mean + SI Mean + SI
(95% CI) (95% CI) (95% CI)
Control Group -4.2+28.71 -5.3+5.88 39.6 +35.75
(-49.9-41.5) (-14.7-4.0) (17.3-96.5)
Partial Compliance -0.5+£27.54 2.8+9.14 -6.0 £ 8.42
(-247.9-246.9) (-79.2-84.9) (-81.6 t0 69.7)
Full Compliance -1.9+1.94 3.2+6.45 -7.4 £ 18.56
(-6.7-2.9) (-12.8-19.2) (-53.5t0 38.7)
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Figure 4-3. Percent differences in running economy measweshe control
(n=5), and partial compliance (n=3) and full coraptie (n=3) plyometric training
groups over an 8-week plyometrics program. Clogkewfrom top-left:
allometric-scaled rate of oxygen consumption ak81@ h*, 9.7 kme b, 11.3 ke h?,
and consolidated running economy. Descriptivassied only.
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Time Trial Performance Difference (%)
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Control Partial Full

Figure 4-4. Percent differences in running performance mesastar the control
(n=4), and partial compliance (n=3) and full coraptie (n=3) plyometric training
groups over an 8-week plyometrics program. Detggstatistics only.
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Figure 4-5. Percent differences in measures of stride paeméor the control

(n=4), and partial compliance (n=3) and full coraptie (n=3) plyometric training
groups over an 8-week plyometrics program. SFkaestfrequency, SL=stride
length, paced=paced running (first 14 laps), spsgptint running (last lap).

Adding the relative contributions of each parametpproximates the percent
change in time trial run performance. Descripstagistics only.
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Figure 4-6. Individual analysis of percent differences in swaas of stride
parameters for the control (n=4) and full complamdyometric training group
(n=3) over an 8-week plyometrics program. SF=stritcequency, SL=stride
length, paced=paced running (first 14 laps), spsaptint running (last lap).
Adding and subtracting the relative contributiomgach parameter approximates
the percent change in time trial run performandescriptive statistics only.
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Table4-12. Summary of self-reports on physical states gaaun tests with flagged potential confounders.

Hours of sleep

Hours since last food

: - :
Group Subject Fatigued or sore? (previous night over normal) intake (meal or snack) Hydration
Pre Pos Pre Pos Pre Pos Pre Pos
Normal N " . a bit
Control A (sniffles) a bit fatigued 7175 75/75 25 1.75 ok thirsty*
Normal a little sick, . .
B (stiff legs) tired* 7517 6.5/7 3 15 ok not ok
c Normal Normal 7175 75/75 1 075 | alite ok
' ' ' ' dehydrated*
D Normal —bitofcold, — g,756 75,758 35 3 ok ok
(a bit tired) allergy
E Normal tred, sore ¢ 5,65 10/6.5 3.75 1.75* ok ok
muscles
F a bit fatigued* Normal 717 716 15 2.5 ok ok
. o a bit fatigued
Plyometric G a bit fatigued (headache) 9/9 9/9 15 3.75 ok ok
a little sore  a bit fatigued, . a little
H (localized)  injured knee* 7518 8/8 L75 1 dehydrated* ok
sore abs, a little
I Normal injured ankle* 817 1077 3 2 dehydrated* ok
a little sore a little sore, no
J (ocalized)  a bit tired 7518 85/6 2 preakfast oK ok
a little sore, a bit sore
K tired* (localized) 6/5 6.5/5 25 2.25 ok ok
tired*, sore a bit sore . a little
L (ocalized) (localized) 6/8 8/8 2.75 35 gehydratear K

<9

*Potential confounders in test-retest.



Table4-13. Table of predictions and outcomes assuming thisgnpial confounders affected the run tests categjby.

Outcomes
Categorical .
Group - Allometric-scaled Running Economy (ml 'Ky min™
Prediction 9 y (ml +'Ky ) 3000-m time (s)
8.0kme h* 9.7kme h* 11.3kme h*
Control Worse Better Better Better
(+5.€%) (+6.2%) (+6.7 %)
Worse Better Better No change No change
(+4.€ %) (+3.2%) (+0.7 %) (-0.7 %)
Better Better No change No change Better
(+2.7%) (-1.2%) (+0.€ %) (+3.4%)
No change Better No change Worse No change
9 (+2.4%) (+1.1%) (-2.5%) (-0.5 %)
Worse Worse No change Worse No change
(-3.€%) (-0.E%) (-4.S%) (+0.€ %)
Better Better Better Better Better
(+14.5%) (+14.7%) (+9.5%) (+6.2%)
(-7.%) (-12.£%) (-8.E%) (+2.1%)
Worse Better Better No change Worse
(+3.C%) (+5.C%) (+1.2%) (-6.8 %)
Worse Better Better No change Worse
(+6.7 %) (+6.€ %) (+1.4%) (-4.2%)
Worse No change Worse Worse Better
(+0.1%) (-4.1%) (-9.4%) (+1.€ %)
Better Better Better Better Better
(+4.5%) (+7.2%) (+5.5%) (+4.2%)
Better No change No change Better Better
(+1.4%) (-2.1%) (+5.4%) (+2.€ %)
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Chapter 5
Discussion

The main result of this study indicates that aéight weeks, there is no
difference between run training with supplementalgpmetrics and run training
alone in a group of 12 female University runnerthwegard to running economy,
running performance, and Achilles tendon propertietnfortunately, this
research suffered from issues of attrition and poonpliance so that this finding
is inconclusive. In addition, while measurementsrwnning economy and
performance were fairly straightforward and relkglthe same cannot be said of
the measurement of tendon properties via ultrasouhdarger sample size and
better control of sources of variability in tendomeasurements are the two
primary recommendations for future research.

After controlling for compliance, it was found thaubjects who
performed plyometric training at least twice a we@kproved running
performance but not running economy. As a grogse subjects improved more
than those who performed only run training, altHodlgis is not supported by
statistical analysis due to the small sample simeaddition, future research might
further explore a potential link between performargains from plyometric
training to an increase in stride frequency.

Plyometric training and run training

Plyometric training was consistent in the threeled#is categorized with

“full compliance” (Subjects D, E and F, Figure 4-Ijhe training adjustments in

plyometrics due to schedule, venue, and individaabbn were negligible.
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Specifically, schedule and venue only dictateditimdusion of stair bounds and
alternate-leg bounding or slightly affected the dirfor in-depth feedback in
jumping or landing technique; individualization @ited only that one athlete
performed depth jumps 5 centimeters higher. Unfately, while controlling for
compliance makes plyometric training consistent am@hningful, it unbalances
the equivalence of run training groups by having ontwo in the control group
training for 800-meter races without any counteiar the experimental group.
Information from returned training diaries indicaitethe athletes’
compliance to the run training schedule (see Tdble. This conclusion is
applied to all the research participants despite 38% return rate of training
diaries because attendance records confirm thaethuno did not complete their
training diaries were regularly at practice duriegm training days. It is the extra
training outside of the fixed run training calendlaat was variable (and in half of
the sample, unknown), which may have influencediltes This possibility,
however, is not very likely. For one, based on tilaéning diaries, none of the
athletes performed extra work in the form of plybmeeexercises, not even the
experimental group due to the requirement of ssugtervision. Most of the extra
work was unstructured recovery runs or other camdoular work, with one
athlete performing some resistance and core muaisgteng. In addition, two of
the participants in the fully compliant plyometti@ining group did not do any
extra work at all apart from regular run trainingdasupervised plyometrics.
Therefore, with plyometrics limited to the experimted group, any extra training

should primarily benefit the control group’s perfance, if at all.
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Ultrasound measurements

Maximum tendon elongation, maximum tendon forece #ndon stiffness
were examined on three levels: comparison withiptesly reported values in the
literature, comparison between consecutive testthersame subject (inter-test
reliability check), and comparison between the tweasurement sites involving
the fascicle-aponeurosis cross-point and the myatens junction (inter-site
reliability check). The main source of error seetos be inter-individual
variability, specific but not limited to the manngr which the test movement
(ramp isometric plantar flexion to maximum) was fpened. The final
conclusion is that the tendon measurements wereacable to be useful.
Reliability

Given that the range of values reported in thedttge varies according to
methodological differences, the results of the @néstudy are best compared
with recent work by Kubo et al. (36), who usedmaikir ultrasound methodology
to track changes in tendon properties after a pgtomintervention. Kubo et al.
(36) reported stiffness values of 129.0 (+35.8) iirei* before and 154.0 (55.2)
N « mm® after a mechanistic plyometric intervention. Titesent study’s range
of tendon stiffness for subjects who underwent pigtric training was 71.4 to
100.0 N « mnit when estimated using a fascicle-aponeurosis croiss-and 58.8
to 111.11 N « mil when estimated using the myotendinous junctiorhese
stiffness values underestimate those of Kubo et(38) possibly because of
tendon elongation that is unattributed to anklatjootation; otherwise, the values

would be comparable. Also, Kubo et al. (36) actednfor antagonist
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coactivation of the tibialis anterior. When coweation is unaccounted for as in
the present study, Achilles tendon force tendsetaifiderestimated by 2.6% (44)
or 4.3% (6). Meanwhile, the range or spread of nteasurements resembles
more closely the results of Burgess et al.,, whodusesubstantially different
measurement set-up (11).

The present study’s reliability test results (Tabid) showed that stiffness
measurements via fascicle-aponeurosis cross-poirthe present study suffer
from a typical error of 10.1% (7.99 N « rifijp so that an increase of more than
22.60 N » mnit is required to achieve significant change at gor@pmate 95%
confidence level. This value is within the meaare reported in the weight or
resistance training condition of Kubo et al. (12¥.85.8 to 165.9 + 43.7 N « mih
which was significant at p<0.05 (36). The intrasl@orrelation coefficient (ICC)
of Kubo et al. was 0.89 (32, 36), while Burgessle(11) reported a similar ICC
of 0.82 for their different set-up. A reliabilitytudy by Mahieu (45) using a
method similar to that of Kubo et al. and the pnéssudy yielded intraclass
coefficients of 0.82 and 0.80 for the left and tidgg, respectively. The present
study’s reliability test produced a comparable 16€£0.90. In addition, the
present study’s relative error for stiffness wasl¥) compared to Mahieu’s
15.9% and 13.0% for the left and right leg, respett. Despite the seeming
reliability of the present study's stiffness estiesa based on these indices,
scepticism is directed towards the stiffness meamants because the previous
reports measured inter-day (36) and “inter-weekB) (4ariability, while the

present study was limited to taking two measuremansuccession. In addition,

70



the present study’'s reliability test was performasl a check later in the
experimental period when testers have likely impbtheir technique.

Because the reliability check was performed late the study,
measurements taken in the pre-intervention peri@y mave suffered more
variability than what is shown by the reliabilitydices. One possible indication
of this is the closer agreement between stiffnesasarements at the fascicle-
aponeurosis cross-point with those at the myotendinunction in the period
after plyometric intervention compared to the perioefore (see Table 4-4).
Stiffness estimates from the two sites vary by apipnately 49.7% before
training, but only by about 32.7% after the tragnimtervention. In addition,
these high numbers reveal that the two measuresig® do not consistently
produce comparable tendon stiffness estimatesnd®ob. An examination at the
individual level confirms this, with the presencé smme non-systematic and
sometimes dramatic differences in tendon stiffnressmates between the two
measurement sites (see Table 4-7).

Interestingly, maximum tendon elongation and maximtendon force
were consistent between the two measurement s@eging respectively by an
average of 6.0% and 6.2% before and 7.3% and 7{&%¥the plyometric training
period (Table 4-4). The consistency of tendon gdbion between measurement
sites suggests that the two sites are comparablhifomeasure. This is counter
to previous reports that tendon elongation measaté¢lde myotendinous junction
is less than what is measured at the aponeurosi85(649). The discrepancy

could be due to measurement error or the fact tti@tpresent study utilized a
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fascicle-aponeurosis intersection as close as lhdesso the myotendinous
junction. In any case, in a static measurementigethere a fascicle-aponeurosis
cross-point can be tracked manually by an expeeniechnician, the use of the
myotendinous junction is not recommended as a meamnt site. It appears to
be more subject to deformation during muscle catita and more difficult to
discernibly track along a single, narrow path, la® @bserved by Muramatsu et
al. (49). In the current discussion, reliabilitgtiveen measurement sites is used
merely to gain insight into the reliability of theitrasound measurement in
general. The other measured variable, maximumoteholce, is independent of
any ultrasound measurement, so that consistenewdbr this variable merely
reflect the consistency of isokinetic dynamometetpats and electrogoniometer
readings in the first three trials against the tesst.

Unfortunately, the actual reliability of maximumnton elongation
measures via ultrasound—regardless of the site-usw®licates a highly variable
measurement, despite potential practice effectghentesters’ technique (see
Table 4-3). Reported coefficients of variationgarfrom 0.4%-11.3% (23, 28,
31, 44, 49, 50, 68) in varied measurement conditiom the present study, the
standardized technical error of measurement of 89%ithin previous values;
however, this implies that an increase of more thdnmm is required to achieve
significant change to approximate a 95% confideles®l. Or conversely, a
change of less than 4.4 mm in maximum tendon etwmas interpreted as no
change. In contrast, the study by Kubo et al. (86hd a significant increase in

tendon elongation after a plyometric-type interi@miwith a mean increase of 1.3
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mm with ten subjects. In addition, the presentiggimaximum elongation mean
values (range of 9.84 to 33.04 mm via the fasaqeneurosis site, Table 4-7)
likely overestimate those reported in the literat(range of 5.2 to 24.7 mm) (6,
11-13, 23, 27, 29-31, 33, 36, 40, 42, 44-45, 4958),because tendon elongation
due to joint rotation was not completely accourftedg also, the variability of the
present study’s maximum elongation measuremerdnadatd deviations from 4.0
to 8.2 mm, Table 4-7) are higher than those prehoueported (standard
deviations from 0.6 to 5.8 mm, via different sitesd techniques) (6, 27, 29, 31,
33, 36, 40, 42, 44, 45, 50, 56). The range ofalmlity in the literature already
reflects methodological differences in additiorréported inter-subject variability
(27, 35, 49). Lastly, the presence of isolated lmusystematic and dramatic
changes in maximum tendon elongation at the indadidevel in the present study
(e.g. 9.84 mm to 21.46 mm after 8 weeks of runningi alone, Table 4-7)
completes the reasons to doubt the actual coneisteh maximum tendon
elongation measurements.

Estimates of maximum tendon force in the presamdysappear reliable.
The range of maximum tendon force values of 908.Z2608.1 N when estimated
using a fascicle-aponeurosis cross-point and 986.2489.2 N when estimated
using the myotendinous junction are consistent wighbroad range of previous
findings (875 to 3255 N) (13, 23, 29, 42, 44, 56).5 The trend of reliable
maximum tendon force scores, followed by slightlysd reliable tendon
elongation measures, and even less reliable stgfestimates (see Table 4-3) is

reflected in the reliability study of Mahieu (45)yho performed three separate
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measurements on 21 male and female volunteers,seaaek apart at the same
hour of day. This trend indicates that variability measurements using
ultrasound is more crucial to control than thafate output. As confirmed in

the present study, the extent of the contributibrulrasound measurements is
directly proportional to the variability of the nsae. That is, tendon force was
calculated outside of ultrasound measures, tenttmygation was measured via
ultrasound, and stiffness variables compound ther®rin tendon force and

elongation measures.

Given the questionable consistency of ultrasoundsmements of tendon
elongation in the present study, and the factt#radon stiffness is based on these
measurements, all tendon variables are considenedid in light of the small
sample size (n=5). To clarify, the reliability atethnical error of measurement
of tendon stiffness appear acceptable, excepthbatontext of the reliability test
casts doubt on these indices. Given that thehigiatesting was likely affected
by learning effects, and that it still showed inquigte tendon elongation accuracy
from which stiffness is calculated, then the cosdn is to consider ultrasound
variables invalid, including tendon stiffness déspiseemingly acceptable
reliability indices.

Inter-individual variability

The source of variability in tendon elongation seeta lie in inter-
individual variability, as also previously reportgel7, 35, 49) but specified here,
though not limited to, variations in the performanof the experimental

movement.  This supposition comes from the lowechtecal error of
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measurement in the passive condition (0.84 mm) ithéime active condition (1.95
mm) (see Table 4-3). Also, experience with tragkiendon movement with
ultrasound suggests that the actual measuremeahaddn displacement is largely
valid. One could easily confirm visually that thedeo frame of reference did not
move while the anatomical landmark was tracked ista#tly; this was also
confirmed by an experienced radiologist. This @®rice in the ultrasound
visualization and measurement is limited by twosiderations previously raised
(43): first, the potential for tester error ancgsiin measuring distances, and
second, the assumption that tendon landmark moveisiéimited to the sagittal
plane. In the present study, extraordinary care ta#en during displacement
measurement, and while bias was conceivable, it wgsobable due to the
obscure and isolated nature of the task. In additmost of the measurements
were confirmed by an unbiased radiologist. Thesdaconcern is more relevant.
The commitment to accurately track the tendon-apm®s landmark meant
movement was sometimes followed manually in thramedsions, while
displacement was only measured in two. (Usingntilgetendinous junction was
even more variable, as the measurement site wagerbgnd subject to more
variation in movement, shape and size.) While eaas taken to select landmarks
that were easy to track along a flat plane, theas definitely variability in the
kind of landmarks chosen between and even withijests.

The tracking of a tendon landmark seems legitinaai@ measurement of
its displacement adequately reliable. Howevers itinclear how much of the

tendon movement was due to muscle shortening dotestretch, and how much
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was due to ankle joint rotation; and the relatieatabution of each is likely
variable between subjects or even trials. Theofisecorrection method from the
literature (44, 49, 56) resulted in excess varigbihile an alternative approach
(40) still overestimated tendon elongation, hintatgstill unaccounted for tendon
displacement from joint rotation. Conceptuallyflated tendon elongation
measurements will lead to underestimated stiffnedaes. In practice, joint
rotation will also be related to the manner of thevement, which can vary
between trials, and likely more so, between subjectn the present study,
maximum rotation of the ankle varied within subgedver five trials by an
average of 11.6 (+5.6) % before the training int@tion, and 13.5 (£6.2) % after
the training intervention. (The difference in \adoility over time is likely tester-
related error, probably in the less consistenttedgoniometer attachment during
early testing.) Between subjects, the variabditynean scores was 27.7% before
and 13.4% after the training intervention. The meaaximum rotation of the
ankle in the present study was 7.63 + 2.21 dedrefesse and 9.02 + 1.70 degrees
after the training intervention (Table 4-5).

These values seem comparable to those in thetliteravhich report a
range of 3.2 = 0.9-1.8 degrees (41, 44, 49, 5&)gusi method similar to the
present study, while a more accurate method usidgovcameras reported
maximum ankle joint rotations up to 17.8 + 2.8 de&y (6). The ranges in the
present study, 4.6 to 11.4 degrees before and ¢/.I1t4 degrees after the
intervention, also reveal some (isolated) individidifferences, given a technical

error of measurement of 3.2 degrees (Table 4-8) that differences greater than
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4.5 degrees can be said to be real inter-individifldrences at a confidence level
of approximately 95%.

The reliability of joint rotation data is an inhetdimitation of the method
(the electrogoniometer assumes movement along twoengions) and
undoubtedly contributed to the unwanted variability the initial correction
method used. After the failed correction was umddowever, tendon elongation
measurements remained more variable in the actweliton than the passive
condition. This implies that the active movememtcibuted to the variability in
measures, and despite the lack of precision imtéasurement, maximum ankle
joint rotation can be implicated as one aspecthef éxercise movement that
varied between individuals tested.

In addition to ankle rotation, knee rotation caftue@nce tendon movement
since the gastrocnemius muscle is biarticular; ko¢e movement was not
monitored in the present study and cannot be ralgd All in all, the level of
inadequacy in accounting for tendon elongation wu@int rotation at the ankle
or knee may have been different for each subjexttributing to the high inter-
individual variability.

Tendon force was also found to be underestimatezkbyiuch as 2.6-4.3%
when antagonist muscle coactivation was not aceaufar (6, 44) as in the active
measurement trials of the present study. Agam,nlanner of the movement—
this time in the extent of muscle coactivation—yilalysvaried between trials, and
likely more so, between subjects. Because thista@dion was not accounted for

in the present study, the contribution to high nnbelividual variability is
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unknown. Tendon force calculations are also adfétty the tendon moment arm.
In some studies, the moment arm is assumed to stard for all subjects at the
neutral ankle position (21, 33, 45). The presdntys is marginally better at
accounting for inter-individual variability by estating the moment arm based on
ankle joint rotation and each subject’s lower lindngth, using formulas
determined in previous studies (22, 62). Whilelaqint rotation was measured
during actual contraction, tendon length at eactleanvas estimated using a
regression formula from cadaver analysis. It hasnbestablished that the
Achilles tendon moment arm changes from rest to imam voluntary
contraction due to effective muscle belly thickenfrom contraction, even when
ankle angle is controlled (41). Because ankleeamsyhear impossible to control,
the moment arm can also shift along the line of, @rld also with a shift in the
point of force application due to forefoot-rearfomibovement and soft tissue
deformation (5, 6) or when the leg slides forwdahg its long axis and shifts the
axis of rotation (40). None of these were accodifive in the present study, so
inter-individual variability cannot be traced tcetlariability of the moment arm,
which is subject to the different degrees of “tleckg” of contracting muscle
bellies, the variability in ankle joint rotation drmgeneral manner of performing
the test movement.

The insufficient stability of the foot in the dymameter footplate
certainly led to the unwanted movement, which mayehbeen excessive beyond
correction and variable between subjects of diffefeot shapes and sizes. In

addition, the mechanical compliance of the dynamemaétself must have
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contributed to the error in tendon force estimatiaa previously reported by
Arampatzis et al. who used a Biodex dynamometeb)5,Based on subjective
experience, this dynamometer provides more rigiditgn the older Cybex
isokinetic dynamometer used in the present study.

Finally, another methodological problem in tendowasurements via
ultrasound is the property of tendon structureadcease the tendency to elongate
over time as a result of muscular contractionsdgencreep) (6, 42). This
measurement limitation may have been aggravatdatienpresent study by not
having initial maximal trials for preconditioningln addition, total number of
trials per subject as well as the sequence of meamnt trials with complete data
varied between subjects and over time.

Running economy

Measurements of running economy were reliable @a&bR) and quite
similar to those in a previous study involving agp of older women with similar
body mass, training frequency and training volur@é).( However, previous
studies have shown an increase in running econaray little as 6 to 9 weeks of
plyometric training (54, 58, 63, 65). In the pnatsstudy, there was no apparent
change in any of the running economy values, inopdhe slopes of the VO
speed relationship (see Appendix H and Appendix The only instance of an
obvious improvement in running economy values (@0L5%) was that of the
athlete who had joined the study in a detrainedestand whose scores were
excluded as outliers (Appendix F, Subject F). Tdosld indicate that running
economy may not be as easily altered in trainegestshas published studies may

suggest. The only report of unaltered running eaonatfter plyometrics is that
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of an unpublished thesis (38). It is left to sdattan how many other plyometric
training studies did not yield changes in runningbr@omy and were never
reported. Even among published plyometric traimiegearch, running economy
improvements were not reported at all speeds getbf four studies (54, 63, 65).

The present study’s highest submaximal test speayl mave been too
slow for any effects to be seen in trained Unitgrainners. Significant changes
in running economy at this speed was found onlg igroup of regular but not
highly trained male and female runners (65). Tioeeg better running economy
closer to race speed may have been found, and ichvdase, the V@speed
slope would be altered to reflect a non-metabalapaation (58).

Another possible reason for the present study'shanged running
economy over time is the small sample size. (Tinaber of subjects in the four
published studies range from 7-10 runners in theeemental group and 8-9
runners as controls.) This problem was aggraviayedsues of compliance in the
plyometric training group.

Running performance

The fully compliant runners in the plyometric traig group improved
3000-meter time trial run performance by 1.8, 4@ 8.8% (Figure 4-6). These
numbers are similar to the 3.1% mean improveme@0DO-meter time (54) as
well as the 2.7% mean improvement in 3000-metee t{BB) in trained male
runners after run training with plyometrics over v@eeks and 6 weeks,
respectively. The sample size in this analysis3jrdoes not guarantee that the
confidence interval or even the relatively low @ace of the mean improvement

is due to a genuine effect or mere chance (seeeT&ll). In addition, non-
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parametric statistical tests only hint at a differe in performance improvement
between the fully compliant plyometrics group amhtcol subjects (p=0.101).
For these reasons, a generalization cannot be treneept perhaps in light of
other research or possibly along with a coach’s pmafiessional experience.

In the literature, improvements in run performartiee to plyometric
training have been linked to improvements in rugnatonomy (54, 63). This
finding was not replicated in the present studyollécted data (Appendix F)
demonstrate that the three subjects categorizeld “futl compliance” did not
experience any change in running economy beyondathaormal variability as
previously reported (48) or as established in bdltg testing (Table 4-2). And
yet, descriptive statistics in Figure 4-4 also shbat these individuals improved
3000-meter run performance beyond the approximatmsal variability of 1.3%
found in fast women runners over a similar timarfea(25). This may be an
indication that running economy measures do noayweflect performance
improvements in the short term. Or again, therg have been running economy
improvements at the higher speeds which were natred by testing.

Two general mechanisms are proposed with regarcthpoovements in
running performance (and economy) without concombitamprovements in
metabolic performance indicators: those relatingchanges in tendon structure
properties and those relating to neuromusculartatiap.

Spurrs et al. (63) proposed that plyometric tranincreased tendon
stiffness and elastic recoil, so that greater fodnaropulsion was achieved at a

lower energy cost, possibly increasing stride fesmy or stride length. However,
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Spurrs et al. did not measure stride parametersthd present study, tendon
measurements were too variable to be meaningfalpbrformance gains from
plyometrics seem to be associated, albeit nonssitatily, with increases in stride
frequency (see Figure 4-5). This generalizatimmfra small sample size is not
strongly confirmed by a scrutiny of individual resyses (see Figure 4-6). For the
three subjects who were categorized with “full céiemre”, stride frequency
increased to make up for a decreased stride length, addition to an increased
stride length. In contrast, the runner who imprbyeerformance time in the
control group (+3.4%) did so exclusively througkremses in stride length, with
some decrease in stride frequency. Control subpbio did not exhibit much
change over time (-0.5%, +0.6%, and -0.7%) incr@asade length but suffered a
decrease in stride frequency, or were unable tdicsritly increase stride
frequency to offset decreases in stride length.

Paavolainen et al. (54) were one of the first toppse that neural
adaptations were responsible for distance runniegiopmance, outside of
metabolic adaptations. They proposed that thetatiaps to explosive strength
training that they found were due to enhanced atany input to working muscles
or reduced inhibitory input, or both. These inigeors cited shorter contact
times in controlled-velocity running (among otherarkers) as a possible
indication for this neural adaptation. If athleteed been tested at the speed of
their improved time trial run, Paavolainen et ahynhave also seen increases in
stride frequency together with the decrease inamiritmes, assuming flight times

were shorter or the same at a maintained or inedeatride length. In other
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words, the runners may have found the fixed vejoslbwer, so that they had to
increase flight time. In the present study, théivildual responses mildly suggest
that the addition of plyometrics increased strideqfiency to supplement
increased or offset decreased stride length. Heweasontact times and flight
times were not measured in the present study. pecudate, if stride length
increased (only true for two of three plyometricdbjscts), flight time is more
likely to increase or stay the same than decre&seen that stride frequency also
increased for these two subjects, it is reasoralpeopose that contact time must
have been reduced. However, even if the presady stere to have an adequate
sample size, decreased contact times are stilleodimeasures of motor nerve
activity or neural adaptation.

In the fully compliant plyometrics group, the twobgects who increased
stride frequency more than stride length were @ who did not engage in any
additional training outside of regular team pragtibelping isolate the effects of
the plyometrics sessions. However, they were thlsdwo runners who received
the most run technique training. This raises tbeegal question of how much
performance improvement is attributable to the mpigtric training or to the
running technique feedback. Put in other termsthe absence of tendon
measurements, the present study cannot make acjus@m if the performance
gains were due to changes in the elastic propesfi¢sndon structures or neural
adaptations.

In addition, providing feedback to improve runnieghnique likely leads

to different degrees of improvement, depending ow lefficient the current
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technique is. It is possible that the athleteshm present study who improved
performance by consistently performing plyometriid not possess effective
techniques to begin with. Optimal running is medehs several cycles of well-
coordinated motor neuron activity that optimizeg thse of elastic recoil, a
hallmark of which is a relatively short ground cactttime (9). Therefore, the
increases in stride frequency of the three fullynpbant runners in the present
study may be an indication of improved overall taghe, but only because their
stride frequencies had room to improve. On thesrottand, stride frequency is
thought to be almost constant among experiencadndis runners regardless of
running speed (17). If the performance gains viamgely due to improvements
in technique, then the training program suggesezd may not be as effective for
runners who already have efficient technique.

Unlike other studies that measured metabolic markeich as Vémax
and lactate threshold (54, 58, 63), the presenystannot completely rule out the
contribution of metabolic adaptations. Arguablge tcontrol group must have
experienced the same cardiovascular adaptationsaje more so because more
athletes in this group went on extra run trainingsae of team practice hours.
Also, running economy did not change for eitherugroand this metabolic
measure is generally accepted to be linked morgebido running performance
than VOQmax, if not lactate threshold, in a homogenous g@iurunners (52, 57).

The present study also cannot rule out any psygidbeffects that being
in the plyometric training group may have providetlvhile all athletes were

encouraged to produce their best 3000-meter ruhtlagir inherent competitive
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nature seemed to urge them to perform at their, bieste could have been extra
motivation or confidence on the part of those whezeived supplementary
plyometric training.
Conclusion

The results of the present study are inconclugilk regard to the effect
of supplementary plyometric training on running m@my, performance and
Achilles tendon properties. This was primarily dagssues of subject drop-out
and poor compliance as well as the excessive vhtyain tendon measurements
via ultrasound. Increasing the sample size andralling the sources of
variability in tendon measurements should increthge likelihood of detecting
improvements in running economy, performance andde properties as a result
of plyometrics—or provide more certainty when namfes are seen.
Limitations

The main limitation of this study is the small sdenpize as a result of
subject attrition and inadequate compliance. Rdlab the latter is the problem
of controlling the variables of general run tragimand plyometric training;
specifically, keeping these the same between cbatid experimental groups.
Variations in run training due to the team’s traghgroups were accounted for as
much as possible after subjects dropped out ceddib adequately comply with
the research requirements. However, even if ingirs successfully kept uniform
for all participants, there will still be individudifferences in the response to the

same training.
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Also a potential confounder is the physical orrtireg state of the research
participants prior to testing. Activities beforesting could not be controlled,
although the present study made an attempt to atéouthese. The descriptive
statistics derived from Table 4-12 do not suggegtsystematic effect of reported
potential confounders on test results.

Another limitation is that treadmill speeds weré higher for the running
economy tests. It is accepted that the contribubibelastic recoil increases with
running speed (14) so that improvements in run@ognomy may have been
found. However, running economy is also generadlgepted as linear (15, 16),
so that values at slower speeds may already reflecing economy up to higher
speeds. Finally, the present research does not raal¢ distinction between
plyometric training and running technique feedbicknaximize that training.
Recommendations

A proposed sample size of 24 participants was ddrfvom the literature
a priori. Two previous studies on the effect ofgwhetrics on tendon properties
used sample sizes of 13 and 10 participants penfigra different exercise on
each lower limb (11, 36). This is supported by tegoent studies that used a
sample size of 17 and 19 divided into two groudy @8). However, the study
with the sample size of 17 eventually analyzed ¢enstiffness results from only
13 subjects (6 experimental and 7 controls) duerte outlier and technical
reasons pertaining to the usability of some ultwasiovideos; this study did not
find any significant differences in tendon stiffeeseasures between groups (20).

The four studies that showed plyometrics improwathing economy (54, 58, 63,
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65) used 7 to 10 subjects in the experimental grangh 5 to 9 subjects in the
control group. Subject attrition rates in eitheoyp were two for every ten or
twelve, or one-for-eleven in two studies (54, 63he other two studies reported
no drop-outs (58, 63). It is recommended thatri@search form two groups
with a minimum of 12 subjects eachis should allow for sufficient statistical
power across the primary dependent variables alsamgirotect against possible
subject drop-out or non-compliance.

In addition, runners of similar abilities should $tedied. If the sample is
not homogenous but large enough, categorizing gyaatits according to run
performance or economy will control variability agell as gain insight into
training effects by running ability. Another pdssty is to design a study that
separates training with plyometric drills and rumpitechnique feedback as
independent variables, possibly categorizing swbjemccording to running
techniqgue. However, a larger sample size also méaet plyometric training
sessions may take longer than the minimal time rntedp depending on
equipment, venue, and other considerations.

With regard to limiting variability in tendon maasments via ultrasound,
the use of a more advanced isokinetic dynamomaterld lead to less extraneous
movement at the ankle, although Arampatzis etlab seport compliance of the
dynamometer itself (5, 6). Perhaps a more seousern is properly accounting
for ankle joint rotation and more accurately ismigttendon force. For this, in
addition to high frequency ultrasound, equipmeotmira biomechanics and/or

neurophysiology laboratory is required, particyavideo cameras for a more
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accurate modelling of mechanical forces and moraemss. In addition to video
capture and analysis, a plantar pressure insolpdont of force application will
help locate moment arms, and electromyographic dsa account for
coactivation of antagonist muscles, as in the pettsed by Arampatzis et al. (5,
6). While seemingly simple, the experimental mogatquasi-isometric plantar
flexion to maximum) should be considered a compleamechanical and
neuromuscular event if the goal is a valid measergnof tendon properties.
Currently, there are still research designs like gresent study that rely on
reliable but not necessarily valid measuremensmply track changes over time
(20). In the future, true reference values may dstablished, and three-
dimensional models of real-time, task-specific dailalikely be employed.

As for running economy measures, higher treadmpélesls may lead to a
higher probability of a significant finding, or few doubts when there is none.
Contact times may also be measured during the edfonmance trial given the
right equipment, rather than rely on mere speautabiased on stride frequency
and stride length. The same applies to directlgsuang motor neuron activity.
Application

This plyometrics program with minimal running teafue feedback may
help improve performance beyond that of run trgnalone. In particular, it
might be useful for developing more efficient rumpitechnique, whether by
direct instruction or by physiological adaptatiomslthough hardly conclusive, it
is possible that under this program, runners areremiikely to couple

improvements in stride length with those of strilequency. This means
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potentially developing shorter contact times and arrall technique that
optimizes the use of muscle-tendon elastic redoil,a minimal investment in

training time and materials.
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Appendix A

Initial Survey Form
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Name:

Age:

Birthdate: Years of Running:

Have you experienced any form of spinal injury?eéBe check one.)

a
a

Yes.
No.

Have you performed structured plyometrics work be?o(Please check one.)

a
a
a
a

Not at all.

Not in the last year.

Not in the last 6 months.

Not in the last 3 months.
Yes, within the last 3 months.

Have you had any injury to the lower limbs? (Péeelseck one.)

ooooad

Not at all.

Not in the last year.

Not in the last 6 months.

Not in the last 3 months.
Yes, within the last 3 months.

100



Appendix B

Qualitative Questions before Run Tests
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RUNNING ECONOMY AND 3000m TIME TRIAL

How are you feeling today?
Feeling fatigued? Sore?

Did you get enough sleep last night?
and/or How many hours of sleep did you get lashittig
How many hours do you usually get?

What time was your last meal?
and/or Did you have anything to eat before thit?tes
or How long since you had something to eat?

Do you feel properly hydrated?
or Do you think you've been drinking enough water?

Do you feel that your menstrual cycle affects
your running performance in any way?

[If answer is YES]
How?

SUBJECT

TEST
DATE

NOTES:

Do you think it affected your peformance in thevioas treadmill test and time trial?
Do you think it affects/will affect your performaman this treadmill test and time trial?

*Mark date of test on training diary; note lastdh&@aining session.
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Appendix C

M easurement Protocol for Stride Parameters
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A digital video recorder operating at 60 Hz (GR-D¥800, JVC,
Germany) was set up with a clear view of the ldsimeter straight segment of
the track. The start and end of this segment (é@:mmark and start/finish line,
respectively) were marked by lines using athletipet Additional lines were

placed one meter and half-a-meter before and tiése two lines (Plate A-1):

1.0m 40 m 05 m

| A 1
[ Y N 1

s 4

Start/
Finish

Plate C-1. Diagram of line markers on Lane 1 of an indoockraval for stride
frequency and stride length measurements.

Video analysis was subsequently performed usingneencially available
software (Studio DV Version 1.2.6.0, Pinnacle Systelnc., USA) at 30 frames
per second. Stride length was estimated from timeber of steps counted within
the measured segment (effective distance of 38-@2n3). The same part of the
shoe (heel, mid, or toe) was used as referencenpasured segment whenever

possible. In like manner, the two reference licbssen showed as similar a
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relative position to the foot as possible (seed”®aR). Therefore, a conservative
estimate of the accuracy of this distance measureise0.5 meters. Because
runners altered their running gait almost immedyatdter completing the time
trial distance, neither of the two lines after fimsh line was used for the last lap.
Stride length was calculated as follows:

SL =DT/FC
where SL is stride length in meters, DT is distattegelled in meters, and FC is
the number of foot contacts over the establishethdce. Because the lowest
number of steps measured over the distance wadu2iBi§ one runner’s sprint to
the finish), a conservative estimate of the acquadchis stride length estimation
is within 2.17 centimeters (0.5 meters divided BysBeps). Stride frequency was
estimated using the video recorder’s timer anddhewing formula:

SF = (FC/T) « 60 seconds
where SF is stride frequency in steps per minut,idthe number of foot
contacts over the established distance, and Ts itn seconds. Care was taken
so that the duration of the measured video segmegan and ended with the
runner in the same body position—as close as pestibhaving both knees on

the frontal plane during the stance phase.
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Plate C-2. Video-captured photographs of start and end aflestparameter
measurement segment representing one lap, as aelhdy foot and body
position.

Since measurements were only made over approxiyngbel last 40
meters of each lap, the average estimates of téielid laps were considered as
the average stride length and stride frequencyheftime trial (pacing), and the
values of the final lap’s last 40 meters were cdei®d as the stride length and

stride frequency of the finishing kick (sprinting).
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Appendix D

M easurement Protocol for Leg Lengths
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Leg lengths were measured to coincide with Grievale (22) as the
distance from the estimated axis of rotation of l#feknee to the estimated axis
of rotation of the left ankle as viewed on thedateside of the left leg. Knee axis
of rotation was estimated from the medial and &tepicondyles and actual knee
movement while ankle axis of rotation was estimdtech the medial and lateral
malleoli and actual ankle movement. Leg length sueaments were performed
three times if the first two measurements werewittin 0.2 cm of each other.

The two closest measurements were taken and average
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Appendix E

Calculation of Technical Error of M easurement
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Absolute technical error of measurement (TEMhe $quare root of the
sum of the squared differences of each test aedtrealue over twice the number
of paired measures:

xd?
2n

TEM =

whered is the difference between one subject’s test atest measures ands
the number of subjects.

Relative technical error of measurement (% TEMiscdute TEM
normalized against the average of the mean ofitfienieasurement set and the

mean of the second measurement set and expresaqieesentage:

TEM

WTEM = [—
’ My M,) /2

]xlOO

whereM; is the mean of the first set of measurementd\vinid the mean of the

second set of measurements.
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Appendix F

Collected Data for Running Economy and Performance
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Table F-1. Running economy and performance variables befm@ after an 8-week plyometrics program (runningnetny
variables: n=12; 3000-m performance: n=11).

Body Mass (kg) Submaximal L « min™) 300(&’3 time
Group Subject 8.0km= h’ 9.7kme 11.3km e« h~
Pre Pos Pre Pos Pre Pos Pre Pos Pre Pos
Control A 57.4 59.8 1.46 1.43 1.73 1.69 2.08 2.02
B 57.5 55.9 1.48 1.37 1.71 1.61 2.01 1.94 679.98884.920
C 64.3 62.3 1.74 1.64 2.04 2.00 2.45 2.36 776.81050.400
D 60.5 59.3 1.60 1.53 1.98 1.92 2.30 2.31 736.68240.201
E 44.8 46.6 1.14 1.23 1.36 1.42 1.56 1.70 683.89479.548
F 61.4 63.1 1.81 1.59 2.18 1.91 2.43 2.26 780.59632.531
Plyometric G 59.7 53.8 1.42 1.38 1.57 1.59 1.75 11.7 661.425 647.242
H 55.5 55.3 1.48 1.43 1.70 1.61 1.91 1.88 720.14369.384
I 54.3 58.6 1.49 1.50 1.79 1.80 2.03 2.16 687.17816.919
J 67.0 68.1 1.94 1.97 2.23 2.36 2.50 2.78 783.09268.711
K 54.2 51.9 1.64 1.50 1.88 1.67 2.21 2.00 758.541027.095
L 61.6 62.0 1.56 1.55 1.78 1.83 2.11 2.01 718.01898.147
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Appendix G

Changesin Primary Variables of Two Groupsover Time
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Figure G-1. Running economy measures for the control (n=@) pigometric
training group (n=6) before and after an 8-weelopigtrics program. Clock-
wise from top-left: allometric-scaled rate of oxygeonsumption at 8.0 kmh™,

9.7 kme« h*, 11.3 kme h?, and consolidated running economy. No significant

differences.
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Figure G-2. Running performance measures for the control (1a=8l) plyometric
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Top: measurements using fascicle-aponeurosis @oigs- Bottom:
measurements using myotendinous junction. No fegmit differences.
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Figure G-4. Maximum tendon elongation measures for the corftieb) and
plyometric training group (n=5) before and after@week plyometrics program.
Top: measurements using fascicle-aponeurosis paes- Bottom: measurements
using myotendinous junction. No significant di#aces.
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Figure G-5. Tendon stiffness measures for the control (n=5) plydmetric
training group (n=5) before and after an 8-weekopigtrics program. Top:
measurements using fascicle-aponeurosis cross-poButtom: measurements
using myotendinous junction. No significant di#aces.
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Appendix H

Running Economy Slopes of Two Groups by Time
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Figure H-1. Allometric-scaled running economy slopes over threadmill test
speeds before and after an 8-week plyometrics panogr Top: measurements
from the control group (n=6). Bottom: measuremefntsn the plyometric
training group (n=6). No significant differences.
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Appendix |

Changesin Primary Variables of Three Groupsover Time
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Figure 1-1. Running economy measures for the control (n=%) @artial
compliance (n=3) and full compliance (n=3) plyontetraining groups before and
after an 8-week plyometrics program. Clock-wisenfrtop-left: allometric-scaled
rate of oxygen consumption at 8.0 krh?*, 9.7 kme« h*, 11.3 kme+ h?, and
consolidated running economy. Descriptive stagstinly.
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Figure 1-2. Running performance measures for the control (na#y partial
compliance (n=3) and full compliance (n=3) plyontetraining groups before and
after an 8-week plyometrics program. Descriptiaistics only.
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Figure I-3. Maximum tendon force measures for the controdfn=and partial

compliance (n=2) and full compliance (n=3) plyontetraining groups before and
after an 8-week plyometrics program. Top: measergm using fascicle-
aponeurosis cross-point. Bottom: measurementsg usigotendinous junction.
Descriptive statistics only.
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Figure I-4. Maximum tendon elongation measures for the coiitre4), partial
compliance (n=2) and full compliance (n=3) plyontetraining groups before and
after an 8-week plyometrics program. Top: measergm using fascicle-

aponeurosis cross-point.
Descriptive statistics only.

Bottom: measurementsg usigotendinous junction.
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Figure I-5. Tendon stiffness measures for the control (n=4)J aartial
compliance (n=2) and full compliance (n=3) plyontetraining groups before and
after an 8-week plyometrics program. Top: measergm using fascicle-
aponeurosis cross-point. Bottom: measurementsg usigotendinous junction.
Descriptive statistics only.
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Appendix J

Running Economy Slopes of Three Groupsby Time
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Figure J-1. Allometric-scaled running economy slopes over ¢hteeadmill test
speeds before and after an 8-week plyometrics progrTop: measurements from
control group (n=5). Middle: measurements fromtiphicompliance plyometric
training group (n=3). Bottom: measurements froh é@mpliance plyometric
training group (n=3). Descriptive statistics only.
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