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Foreword and acknowledgements

Since its first internet posting over four-and-dflyears ago, it has been heartening to witnessubrdwide
distribution of this guide, including citations ¢lme Association of British Cycling Coaches web,site well as
others in New Zealand and France, and even a ataoslinto Polish. In this third edition, the amemains
unchanged, albeit on an expanded scale: to prdadie concepts and methods of training in genaral,with a
power-measuring system in particular. It is writfer road cyclists who are new to using this tgbelevice,
with perhaps no more than a rudimentary understgndf how their body works during exercise, so with
being too deeply grounded in the underlying phygjmal mechanisms of human endurance performanie, i
meant to stimulate riders to assess themselveas dinelop and administer their own training regirhiaw and
then, | stray into areas with only tangential fielato power-based training (such as diet), siheg tan have a
significant effect on power production, but suclkwsions are kept brief or else merely referential.

It all began with an attempt to gather, review, aaddown the principles that have guided me, hadraining
habits | have tried to cultivate, in 20+ years aedous ‘performance’ (and occasionally competitigyclist,
and that initial purpose may have been somewhfsisebut the larger motive was to fill a perceiveskd for a
basic guide, made available free of charge. Tfigtegrew in scale beyond what | could have aptted,
paralleling the increase in my knowledge of the pethvased approach, as well as training in gendrathe
intervening time, at least one mass-market boogawer-based training (available frovielogearandAmazon

has been published, but it seemed worthwhile teraff updated and expanded edition of the origjaie.

Initial proposal of this guide at an internet foruvas met with reservations about the “cookie-cutture of
these books and manuals. Each person needs diffeaing.” As should become apparent rathecklyj the
purpose here is not to prescribe any sort of poe-fme-size-fits-all plan. A sample plan is ing@ddfor a
portion of the training year, but is meant onlyiltostrate one possible alternative for a particupplication.
Further, a generalized model is also presenteditbpurpose is to help stimulate you, the ridercieating a
customized program that fits your capabilities,lgoand schedule, using the training principlesdejines, and
functional tests presented here, as well as threxgkrimentation as to what works best for you.

Another objection expressed was that “a coachdd#st way for an athlete to improve, and . . ef-aducated
coach knows how to make adjustments when life vet@gs.” This is fine for some, but the vast majooif
riders are self-coached, and | believe it is imgairtto educate thenoo, rather than just tell them to ‘get a
coach’ (and if theydo get one, the better informed they are, the béltiiey will understand and carry out any
training program). You are capable of coachingrgel, in fact,you may just be your own best coach.

That said, | emphasize that no intent exists herairtdercut any of the various fine and highly cégab
individuals who pursue coaching as a professioly, amecognition that most riders are self-coacls@e they
either cannot afford, or simply do not choose te lasinyone. On the contrary, a basic understarafipgpwer-
based training will likely help riders see that #gerience, knowledge, and objective viewpoinewt by a
coach could benefit them, and a brief directorgadiches who are versed in power-based trainingcladed.
Educating riders will allow them to have greatenftdence in whatever advice they receive, thus nkiiem
more receptive and coachable, and may even spawicaaches from the more technically inclined.

Admittedly, the self-sufficient approach has itmitations and is not for everyone, as some rideperhaps
many or most of the best — prefer to save timelaade the mental task of their training plan, dizgis, and
prescription to a coach. Indeed, the author'siepequest for training information from one ofgtdountry’s
most distinguished competitors brought the respdnden’t know, ask my coach.” For the true prcfiemal
athlete, who must balance media obligations, demadfidtravel, and much higher training volume, not t
mention competitive pressures, a professional coaall be a necessity. Still, numerous elite athletee
deeply and involved in their training; Greg LeMoodce remarked that he didn’'t do as well in sch@oha
could have because he was often thinking aboutraising plan. It is for the rider whose inter@strace
preparation is beginning to dawn that this guiderigten, in the hope of nurturing that nascentiiaation.

| am deeply in the debt of Andrew Coggan, Ph.Dx. his review of this manuscript, his generous dbations
throughout the text, and his unfailing willingnesdreely share his profound knowledge of exersisence.

Charles Howe
June, 2007



Introduction

Perhaps unique among all endurance athletes, tsybliwe the capability of accurately measuringrtbeternal
work rate, or mechanical power output, while “ire fireld,” i.e., on the road, trail, or track, usiogmmercially
available power-measuring systems from Ergomo,déBRolar, Saris/CycleOps Power-Tap, Quarg, and SRM
(Schoberer Rad Messtechnik). These hold greanpates training aids, since power is the true snea of
imposed stress load, i.e., exercise intensity, andsuch, directly determines physiological and gl
responses to exercise. They are particularly gpjate for road cycling, where resistive forcesfaoward
motion vary greatly from one moment to the nextdlation to terrain, wind velocity and directioanges in
speed, and road conditions. Indeed, many reatt aiitbelief at how “jumpy” the current power disples
when using any of these devices for the first tiare] question the readout’s reliability. This fen a result of
having become accustomed to heart rate and beoilgddy its delayed response to changes in inteirgib
thinking that the energy requirements of cycling eelatively steady, however, the wide and rapitbtdlity of
power output on-the-road is easily verified by camipg power data collected outdoors to that obthiinem
any indoor trainer.

In their initial attempts to quantify exercise ins&ty, cyclists somewhat naturally took their coeni distance
runners by adopting pace guidelines for time arstiadice. The concept of goal and date pace wasevieadr
from perhaps its most widely known advocate, Ursitgrof Oregon track coach Bill Bowerman. This aggch
can be reliable at a given velodrome, so long mpésatures do not vary significantly and the acdhn, but it
loses precision under the ever-varying grade anadwvgonditions present on the road, with the possibl
exception of a standard (and sufficiently steep)ilupourse. The ‘paradigm’ for measuring exerdisensity
in-training was changed in 1977, when Polar intostl the first wireless heart rate monitors (HRMSs).
Accurate, reliable, and about the size of a writthvathey became progressively more ubiquitoushagtice
inevitably came down over time. As becomes appavben correlated with power, however, HR is lirditeot
only by its slow response to changes in intendity, also since it can vary considerably for a givaitage
(much moreso during outdoor cycling, as comparedin@oors on a constant-load ergometer) due to
physiological and environmental factors. Indeeat] howermeters preceded HRMs, the latter might haver
been marketed and sold as a separate device lyl-ihhhas always been possible to gauge intetmitifeel,” or
perceived exertion (PE), preferably with the redi4®-point category-ratio scale proposed by Guiiuag, or
else his original 6-20 point linear scale. PELubjsctive in nature, with its precision limited acdingly, and
yet, perceptual responses to exercise are an edyremportant source of feedback during exerciggesthey
actually incorporate more physiological informatitvan HR. As we will see, the integration of P aower
information serves to modulate effort in traininglaven some race situations.

Power-based training has long been possible, alsepwith a calibrated bicycle ergometer, but ir& power-
measuring device for use “on the road” did not appmtil 1988, when the SRM system was introdudédvas
followed by the Power Pacer (Balboa Instrumentsl)lasok Max One hubs in the early '90s, neither bich was
a commercial success. SRM received a significaistowhen it was embraced by several national roycli
federations, as well as humerous professional ltedriglers including Greg LeMond, but it took tRewer Tap
(1998, Tune Corp., purchased by Graber Produdeén2000, now branded as CycleOps), and the o0
(2001) to bring accurate and reliable power measent within reach of most any rider. (Ciclospodduals are
not considered here, since they make only a crsiila&te of power, based on weight, speed, andagrapli

BENEFITS OF POWER-BASED TRAINING

1. It eliminates guesswork from gauging exercisensity. As the true and objective measure of how hard
you are working, power output directly determinbggological and perceptual responses to exercise,
and even those with exceptional “feel” are unlikilyudge their wattage any better than to within
perhaps 10%, whereas a powermeter is accuraitoor less, allowing workouts (the training “dose”)
to be more closely controlled.

2. Similarly,power-measuring systems allow the demands of rdcibg quantifiedusing interpretive tools
such as Normalized Power and Quadrant Analysis;iwdiie covered in Part 1l of this guide. Oncedhes
demands are known, training programs can be mgn@ppately and more realistically constituted.

3. It allows fitness to be precisely quantifiecc{iing identification of strengths and weaknesses)
training regimes to be objectively evaluatethis requires that a training log of relevant kit data be
faithfully maintained, so that performance canraeked from month-to-month and year-to-year.
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4. It allows training load to be more realisticaldgsessed and effectively managaghin, with the
analytical tools Training Stress Score (TSS) aralriimg Stress Balance (TSB) discussed in the second
part of this guide. Training programs become legshazard and the training progression can beedarri
out precisely, making peak performances easierddigt, while helping prevent overtraining and imju

5. Powermeters have other uses, such as pacinggitime trials and even breakaways in mass startsa
aerodynamic testing; stationary trainer calibraticand possibly as an aid to dieting and weight calnt
Previously, aerodynamic drag could be accuratelgsueed only in a wind tunnel, but under carefully
controlled conditions, it may be possible to da tia field testing and analysis of power data.

Leave it to a layperson from thattage Forunto offer aprécis. . .

“Imagine training in a gym where you can't see hanwrch weight you're lifting. You can’'t see numbers,
or even how many plates you have on the bar.nktiiwould be a rare lifter who could maximize i
in that environment.

Riding outdoors without a powermeter is like tragin a numberless gym. Yes, there are other csatfi
intensity, but they are distorted and skewed byenaus environmental, physiological, and dynamic
factors. So, for me, the powermeter has ‘put nugnte the plates,” with all that entails in feedkand
inspiration, from ‘Man, I'm having a bad day’ to &, I'm getting stronger.” — Jens Kurt Heycke

and another . . .

“Itis true that power data will not tell yowhy your performance was sub-par, but it is the ondy wo

tell if it truly is sub-par. For example: | recently gatelled at a bi-weekly race | can usually finisfiR
was not out of the ordinary. The power data shotheat, no, | wasn’t having a bad day at all, rathtre
race was much harder than usual. On the other héwel had some surprisingly high power outputs on
days where | felt bad, but after a long warm-up di@utes) and an easy start, things went greae '
also had days where | felt similarly bad but 5 nbésuinto a 20 minute interval, | called it quitschese |
simply couldn't hang on.—Andy Birko

DRAWBACKS TO TRAINING BY POWER
Still, any advocate of power-based training shdwdde an appreciation of its limitations:

1. It appeals to the more analytical and technigaltiented. Not everyone is inclined, whether by
background or temperament, to take a quantitapyecach to training, furthermore, feedback during a
ride or race may only serve as an unwelcome distrgaather than provide valued information.

2. It lends itself to a structured program, whikendanding discipline and patiencblse of a powermeter
and a periodized training plan go hand-in-handpiany, the planning, structure, analysis, and cor
keeping required by such a system are an addetkhasssport that is time-intensive enough already
and exactly what they seek to escape through ayalvhile its “training by the numbers” aspect seems
mechanical, unimaginative, constraining, and slowi¢ld progress. Practical considerations, lie |
and family, may make it difficult or impossible ¢tosely follow any plan, however well-conceived.

3. It is conducive to solitary trainingAs Andrew Coggan points out below, the levelkimpower-based
training schema are referenced to “the athlete’'s omique (and current) ability,” which may mean
training alone, at least during more intense andtgired workouts. Again, this is directly congrém
one of the primary reasons why many riders arac#d cycling in the first place, namely, the stlare
effort and companionship of training together.

4. Even the most affordable models are expengyeling is a costly enough sport as it is, and mailly
simply not be able to justify the added expensgebfinother “gadget.” Powermeters will probablyere
be priced comparably to HRMs, and like any eledtralevice, they can malfunction and be unreliable.
Still, they are less expensive than many of thestagxotic frames and crazy-light components which
seem so ubiquitous, while arguably of much grelageefit.



Energetics of road cycling

Mechanical power outpu®, expressed as Watts in the international systdjnofSunits, is the rate of external
work Win Joules, such th@& = W/ t, where elapsed timet is in seconds. Since work is the product of tbe n
sum of forces F, in Newtons, resisting the forward motion of theyble/rider system through a distari@ein
meters, the previous equation becofes( F x X)/ t, or simply the product of force and the road spesfthe
system in meters per second, iRz F xs. This is perhaps the best way to think of powenv fast you can
travel against a given resistive loadRearranging to solve for speed giges P F. Thus, to maximize speed, the
two fundamental tasks of the competitive cycligt @rincrease power output through optimal trainprgper diet,
and adequate rest, while reducing the forces #wastrforward motion, first of all, by minimizingeeodynamic
drag, and to a much lesser extent, by reducinghtieig

Using an expanded motion equation for cycling tbeesection on aerodynamic testing in Part 1l of tuide),
the power requirements of cyclingi¢s. 1-4 are plotted to show how widely and rapidly they wary, moreso,
perhaps, than any other endurance sport, furtherntbis model assumes constant wind speed andidirec
Even a rolling 30-second average for a relativedllywaced, flat time trial is surprisingly variab(gig. 5, let
alone 5-second average power for the same Fage %9, or even more still, for a road race or criteriurh
follows that several different metabolic pathwagsenergy systems, are called upon to meet thesardss,
with the extent to which each is taxed dependingaer and course characteristics, wind, race tgpé, pace.

ENERGY SYSTEMS OVERVIEW

Muscular contraction represents the conversiorhefrical energy to mechanical work, which resultslg@and
directly from the breaking of a high-energy phosphzond within a molecule of adenosine triphospkaiieP),
producing ADP (adenosine diphosphate) and inorgahasphorous (P ATP—ADP +P, + energy. There
are three sources of ATP supply to the working rass@ able J:

1. The phosphagen syster very limited supply of ATP — enough for ~5 eads of all-out effort — is
stored directly in the working muscles, while respphorylation of the ADP byproduct from
phosphocreatine (PCr) stores provides enough toncen(albeit at a declining rate) for 12-15 secmd
total before glycolysis begins to come “on lind.his process achieves the highest power outpuld®fe
the three systems, so it is recruited most heaihng the early portion of any maximal accelenatio
such as the initial “jJump” of a sprint or hard aka Since this system does not produce lactic, dasl
sometimes (and rather confusingly) referred tosemérobic alactic.”

2. Non-aerobic glycolysisSo called because it does not use, but willgedan the presence of oxygen,
this energy pathway is stressed most heavily (thawg exclusively) when strong but submaximal
demands are made, such as high-intensity effoi3©-df20 seconds. Type llb, or fast-twitch muscle
fibers, are the locus for glycolysis, with musclgcggen (stored glucose) the substrate (fuel sQurce
Also called the Emden-Meyerhof Cycle, or the laetitd system, it is capable of producing large
guantities of ATP at a high rate for a very shioniet but much less efficiently than aerobic metesno)
since it does not utilize oxygen and cannot fullstatolize the glucose molecule. The byproduchisf t
is pyruvic acid, which at moderate intensitiesssdito make ATP by the aerobic system, but at highe
intensities is produced more quickly than it canrmabolized or removed from working muscles (think
of a funnel backing up). The excess is convertéallactic acid, which is eventually carried awayhe
bloodstream. This is accompanied by fatigue, aeapid drop-off in power-generating capability
(colloquially known as “blowing up”), as the prot@mydrogen ion, or H+) associated with the lactate
molecule causes muscle acidity (pH) to exceed éimaprange.

3. The aerobic systemMuch (19 times!) more efficient than glycolysisproducing ATP, this pathway,
also known as the Krebs Cycle or tricarboxylic §di@A) cycle, provides the majority of energy
required for events longer than 75 seconds. ltigcprimarily in Type |, or slow-twitch muscle fitse
(although there is a continuum within Type Il fisesome of which display characteristics of thenken),
and for fuel, relies on fat (which contains morergy than carbohydrate — 9 kcal/gram vs. 4.1 4ut
less readily metabolized) at lower intensities gpessing to carbohydrate (CHO) as intensity in@eas
As exercise duration wears on, there is a gradifilis CHO fuel source from glycogen stored in the
muscles to blood-borne glucose acquired exogenaisingested CHO.

5



The capacity of each system can be assessed indilyjidy the following four functional tests, anderpreted
collectively as described in the chapterRower Profiling Of course, how much training emphasis to plate o
each system depends on such factors as rider thiastics and training status, as well as the demani the
event being prepared for, as discussed in theogeoti formulating a training plan.

1. Maximal neuromuscular powes obtained from average power in a 5-secondudlieffort from a near-
standing start, so data should be collected evescbnds, preferably less. Large, fast-twitch hessc
that can “fire” (contract) rapidly determine perfance in this test.

2. Maximal anaerobic poweran be represented by average power for a 1 mialldeut effort. While the
result is largely reflective of energy productida mon-aerobic glycolysis, the systems which “pdece
and “follow” (neuromuscular and aerobic in thiseazspectively) will play a lesser role as weilktjas
they do in testing for . . .

3. Maximal aerobic powerThe upper limit or “ceiling” for steady-state (abic) power output, this
associates with its physiological determinant, meioxygen uptake, or V.. No protocol is
presented here for a functional equivalent of gmifiar incremental (“ramped”), laboratory-admieistd
test (sedic Stern’s articldor that), but the quintessential event suited togh VQax (though still with
a significant contribution from anaerobic capacisphe individual pursuit, or a prologue time ltia&
similar duration, hence the 5 minute test suggesseal proxy here. Often considered to have a igenet
basis almost entirely, this system is now seeretmbre trainable than previously thought (training-
induced increases of 15-25% are typical, and 9% may be possible), such as through workouts of
5-6 intense efforts lasting 4-7 minutes.

4. Functional threshold power (FTPAIthough there are alternative tests for it (Beet 11 of this guide), as
presented here, this is determined simply as aegrager for a 40-60 minute, flat-terrain time trial
which serves as an excellent practical alternatveeramped lab test, since it correlates veryetyosith
VO, at lactate threshold (LT) and gives a “bottom lirfanctionalmeasure of endurance performance
that integrates all three of its physiological deti@ants: 1) VGnax 2) VO, at LT; and 3) efficiency, or
the ratio of energy output to energy consumed.

VO, at LT is determined in the lab during a Mg test as an increase in blood lactate concentrafion

1 millimole/liter over low-intensity baseline (atthgh power output at LT, as determined in the \l,

be 10-20% lower than average 60 minute TT powed,largely forms the basis for determining
endurance cycling performance, as well as traitémgls in the schema presented below. The resgecti
relationship between VQa.xand VQ at LT may be likened roughly to that of an engsngaximum
horsepower to its governor, in that the latter maatwhat portion of the former can be used:

a. VOmax Sets the upper limit of ATP production via aeraimetabolism, and is determined primarily
by cardiac output (Q), the ability of the hearptomp oxygen-carrying blood to the working
muscles, rather than the ability of the musclesxtoact Q from the blood; Q in turn depends on
cardiac stroke volume (SV) and maximum heart 1Qte:SV x HR (the Fick equation)

b. VO, at LT determines the percentage of Qthat can be utilized for an extended (>3 minutes)
time, and is correlated with several morphologa@ahponents within the working muscles: the
proportion of Type | fibers, the density of mitociia (locus of aerobic ATP production), as well
as the extent of capillarization (by which metabelaste is removed), adaptations that increase to
varying degrees in relation to years of sufficigmtitense, specific endurance trainifigble 3.

The drawback to functional field testing is thaisiself-administered, rather than carried out urlle watchful
eye of a coach or an exercise physiologist in d@rotbed lab setting, and can therefore be affettg@nviron-
mental conditions, the motivation and concentratibthe test subject, as well as (to a lesser &xtes or her
judgment and skill in pacing correctly. For cotesig and reliable test results, make sure youested, with no
illness or infection present, and avoid extremedeofperature (especially heat) and wind. Flatateris
recommended, but a steady, continuous uphill gifiee, and even a rolling-to-hilly course will dficdhe same
one is used each time (average power on a rolilhg/tourse, or in variably windy conditions, wilbe
somewhat less than for a windless, constant-geesteot similar duration).
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It may take a few attempts to get the pacing jigitrand the wattage “dialed inFig. 6), but once it is, average
power achieved in any carefully executed threshedd should be highly repeatable from day-to-dayyour
first test, just as in the initial, transitionalrimel of powermeter use, you will likely need to UBE and HR
guidelines to gauge intensity, while monitoring mowbut by the second test, power can be useditie gace.

Finally, although there is no functional test forgross mechanical efficienayates mention as the ratio of
mechanical work actually accomplished to energyeeded metabolically to produce it. Since movenient
cycling is mechanically constrained almost entinglthin the sagittal plane, cycling efficiency istrrelated to
smoothness of the pedal stroke — elite riders siregkert greater ‘downstroke forceFil. 7) — but rather is
determined by muscle fiber composition, being diyegroportional to the percentage of Type | fibpresent
(Table 3, and typically falls within a range of 20-24%ennding upward very slightly as intensity increases,
declining as exercise duration wears on (most efotiner 76-80% is lost as heat). Efficiency img®sglightly
over years of training, as there is a gradual ciee wherein some Type 1l fibers begin to functasType I;
of the three endurance performance variables,i@fity changes the least (and most slowly) withningj,
VO2omaxis intermediately affected, and LT responds thstiar is the most “elastic.”

ENERGY SYSTEMS IN PERSPECTIVE: AEROBIC/ANAEROBIC INTERACTION

Unfortunately, there is often a lack of context witkescriptions of each energy system are pressefstately,
and along with illustrations such B&y. 8 (which is widely used in exercise physiology cas)s this can lead to
misinterpretation of road cycling energetics. kdewide and rapid variation in the energy demasfdoad
cycling has led none other than Dr. Arnie BakerDMo call road racing an “anaerobic sport” in bikerwise
fine bookSmart Cyclingbut this is contradicted by what is already known

1. Again fromFig. 8 most energy for any single, maximal effoveer 70 secondsstarting from a rested
state, comes froraerobicsources

2. In four30 secondouts of exercise, each separateddaypleterecovery, most of the energy utilized by
the third bout comes fromerobicsourcesKig. 9), and the predominance of aerobic metabolism besom
even more pronounced during longer exercise béugs 10, not to mentiorcontinuousexercise, such as
any road race, where intensity is lower, and regoigenot nearly as complete.

3. The extent to which limited anaerobic energysesi are taxed (and blood lactate is produced) tpven
set of race demands will be determined by how naunthoften threshold power is exceeded, therefore,
the higher it is, the less they will be called upahile the more often it is exceeded, the morelqyi
they will be depleted. Furthermore, within the teoth of any road (i.e., endurance) event, recofrem
short “jumps” is actually more reflective of aerolnot anaerobic fitness, since 1) fatigue durimgrise
exercise is related to changes in high-energy giaisgATP) levels; 2) 100% of ATP resynthesis withi
working muscle occurs via aerobic metabolism; anih& rate of ATP resynthesis is correlated with
mitochondrial respiratory (i.e., aerobic) capacity.

4. Racing categories and time trial performancé lootrelate much more highly with sustainable thoés
power than with anaerobic capacity or sprinting pow

Thus, it often goes unrecognized the ability toirgpor attack in most all race situations restsaolequate
aerobic capacity, since short-term power producisoreduced when the effort is initiated from prétercise
(as opposed to starting from a rested state), Fisdd¢duction is in direct proportion to high-eneghosphate
levels within the muscle. In other words, the Ise&dtrong” riders seem to be able to attack repelgt or when
the pace is already very high, and then recoveemarckly than others, largely because their mgsate more
aerobically fit, rather than having markedly greater “lactédéerance;” despite the seeming importance of
sprinting ability in determining race outcome, stmore the case that the sprinter with the higtiesshold
power wins. Adam Myerson, a pro/elite-level fislgrinter, summed it up nicely by noting that spnigtability
may be what helps you win the game (race), butrgagi high threshold power is what allows you toyitee
game in the first place, and influences how well gan play at the end, while Andy Birko offered gabther
astute comment:



“When rested, I've got a pretty decent sprint @Cat. 4) at around 1100 Watts or so. When | lsdek
wheel etc., in a long race, | can produce about 84its or so in the final sprint. When I'm pulljraipasing
etc., I'm lucky if | can hit 650 Watts by the efithere’s another guy in my club whose sprint sgeadhout
the same as mine (I don’t know his power), and wiedo sprint drills, the results are split aboG{%0.
When we do our monthly time trial, he goes abowgelfdnds faster on his road bike than | do on mpiké.
Guess who beats whom more often when we do onirgaiaces.

Anaerobic capacity is like a bank — every time gowver LT, you're drawing from the bank, and again
the further and longer you go above LT, the quigkmrre withdrawing. You can only replenish thenba
when below LT, so recovery from anaerobic effaridiiectly related to how much you go above LT and
long you stay there, and the higher your LT, thergjer your anaerobic efforts can be without draopi
the bank as much.”

This interpretation is spot-on, and is essentialhat appeared asracent studypublished in theJournal of
Applied Physiology It explains why “genetic sprinters” need to eeful to “conserve their sprint” throughout
most any road race; as Jim Martin (masters natior@th sprint champion, but only a Cat. 3 on thadjo
describes it: “I often to spend the whole racergjtin and suffering, waiting for the 1 km to ggsi” Further,
world and Olympic match sprint champion Marty Nagiis was generally unable to contest for the wioeotine
‘smack’ really started to go down in national-ley&ints races and Madisons on the track, as wetbad
criteriums; despite his world-class sprint abiléyd although he greatly improved his aerobic @ghithreshold
power), as evidenced by his win at the 2003 NewkZity Championship (a 100 km criterium), it wail stot
enough to handle the repeated surges thrown abyinders such as Colby Pearce, Jame Carney Eaten for
a points racer, the great bulk of training timd sieeds to be spent working on threshold powehoaigh the
rule change awarding 20 points — but no other lienrdbr lapping the field tends to tip the balaracbit more
towards those who can sprint well.

Or in other words, “It's amerobic sport, damn it!”

Special thanks to Andrew Coggan, Ph.D. for his r@ouations to this section.



Power Profiling™
By Andrew Coggan, Ph.Xoriginally postedvay 19, 2003

THE ISSUE

It is simply human nature to wonder how one compaveth others for any measurement, and cycling powe
output is certainly no exception to this rule. Sequently, there have been numerous calls for,sante
attempts at, generating guidelines or benchmankpdaer output based on rider category (i.e., Cag, etc.)
Aside from satisfying people’s natural curiosityptigh, such category-based values would seem ®lmaned
practical use; after all, the best measure of er'sdcompetitive ability relative to that of othasstheir actual
race performance, not their power output. If, hesvevalid standards were available for power acifferent
durations that represented different physiologotelracteristics or abilities, then it would be plolesto identify
a particular individual's relative strengths andaleesses based on their “power profile.” In suclamalysis,
the primary comparison would therefore be the ratginst themselves, and not (directly) againstrsth Such
information could be then used to help plan an @gmiate training program, evaluate the effectivertbgereof,
and to possibly identify events where an individugdht be expected to achieve the greatest sucdédss goal
of this effort was therefore to develop rationaidglines that could be used for this purpose.

THE APPROACH

In theory, tables of standards for power outputdidierent durations could be generated by simmlecting
data on a large number of cyclists of widely vagyiability, however, very few (if any) coaches oheut
individuals are likely to have access to a suffitielarge database for this approach to be vecyiate. As an
alternative, estimates of power output for riddrgitfering abilities could be derived from actysdrformance,
e.g., in time trials, but this approach requireskimz somewhat tenuous assumptions regarding bodys,ma
effective frontal areadpA), etc., and is particularly complex when appliedghorter duration, non-steady-state
events (e.g., the kilometer). The present tableseiherefore instead generated using a third appravhich
was to “anchor” the upper and lower ends of eadgeaabased on the known performance abilities ofidvor
champion athletes and untrained persons, respBctividhe advantage of this approach is that it enba the
validity of comparisons across event durations,, eag“world class” power output should be equivalen
regardless of whether the duration over which me&asured is 5 seconds or 60 minutes. The resuwidues
for intermediate performances were then cross-atkedgainst available data to assure that this appro
resulted in valid guidelines.

Since records are not kept for times, only distanegcept for the fabled hour, any estimate of wheat‘world
record” holder could maintain must be just thateatimate. There is also the issue of obtainimyi@te data
with respect to both power and weight (more todfe). For the 60-minute record, | relied on ChrizaBiman’s
56.6 km World Hour Record in September 1996. Bipatly, based on careful measurement of his pewer
speed relationship in training, Boardman’s coactePkeen estimated his power to have been 442 \We T
guestion is, how much did he weigh? Keen himsa{f ftated that Boardman must have maintained a0¥O
5.6 liters/minute, or 81 milliliters/minute/kilogma during the attempt, which means he must have heeig9
kg. That makes his power 6.40 W/kg, however, lusthanention that Ric Stern has been told by Keext th
Boardman was closer to 67 kg at the time of then®ahus contradicting himself.

So what could Boardman have maintained for 5 matutéVell, using &pA value consistent with his 56.6
km/h, 442 W effort, and accounting for stored kineinergy carried across the finish line, it isreated he
averaged 543 W (7.86 W/kg) during his 4 minute édosd world record pursuit. (Note that the stestdye
power estimated this way — i.e., 501 W — agree®siiraxactly with the power just eliciting 100% ad§ 16.22
L/min VO2max at his stated efficiency of 22.6%. This is asemtpd, given that anaerobic capacity is fully
utilized during roughly the first 2 minutes of arpuit, meaning that it is entirely “pay as you gbe rest of the
way.) If these values of 6.40 W/kg for 3600 secoadd 7.86 W/kg for 251 seconds are then pluggedan
critical power analysis, it is possible to estimiitat Boardman could have maintained 7.60 W/kdfarinutes,
and 6.62 W/kg for 20 minutes. (The same criticalver analysis also demonstrates what an unusueittal
Boardman was, combining an extremely high aerobwgp with a very high anaerobic capacity.)
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Based on both wind-tunnel measurements of his geevdic drag and lab/trackside measurements of blood
lactate, Spanish sports scientists estimate thgudlilndurain averaged 510 W during his hour recokis
stated body mass was 81 kg, or 6.3 W/kg. | brimg tip not to directly compare him to Boardman, $iatply

to point out the consistency of the power estimftas the two best-documented hour records.

Performance in flat-terrain time-trialing is besegicted by W/rh of CpA, and since body mass has minimal
effect in such a context, it might seem that alieghower in Watts alone would be preferable in sithations,
but in fact, sinceCpA correlates with body mass, W/kg should still beetter predictor across a wide range of
sizes and abilities, even though mass per se ttlasglifect on flat-terrain. Further, few peopleokv theirCpA,

so the choice is either W or W/kg, possibly with thtter scaled allometrically, e.g., \/\/(/)If’d.

The argument for using W/kg or Wﬁ(@fin the Power Profiling tables is stronger becahseddea here is to be
able to evaluate someone’s relative performandéyabiver a broad time range (i.e., 5 seconds torbiutes)
which reflects various physiological charactersticThis requires that the normative scales bevatgrit, e.g.,
the 75th percentile on one is equal to 75th peileeoh another. This would not be possible if ymed only
Watts for this purpose, since having additionahl&ady mass contributes more to short-term powépubu
(when G delivery is not limiting) than to long-term poweutput. As it stands, road riders already oftemeo
off looking as if they lack neuromuscular power iethin fact they do, at least when compared to &iggore
powerful athletes, who typically compete on the&kraMost important of all is to remember that thbles are
meant to determine relative strengths/weaknesse$ predict performance or racing category.

Across a range of body masses, there are goodetiwdrreasons why power should scale with bodysntas
the power, i.e., as W/KG”, but in the field of allometric scaling, theorydareality don’t always coincide, and
the actual exponent that best describes the redtip is probablgloser to unity

The other issue is what one is attempting to asicelty expressing the data in this manner. Cleavhen
riding uphill, it is W/kd that matters, not W/KG”. On the other hand, effective frontal area deieem the
power required to overcome air resistance, and asenclosely related to height than to mass. Taken
conjunction with the fact that the actual exponienprobably higher than 0.67, | therefore see nefieto
using W/kd®". Finally, | think that such allometric scalingght be beyond the average person’s grasp, at least
without extensive explanation.

CHOICE OF TARGET DURATIONS

Index efforts of 5 seconds, 1 minute, 5 minutes]y & minutes were chosen as those best reflecting
neuromuscular power, anaerobic capacity, maximalgex uptake (V@h.y), and lactate threshold (LT),
respectively. This should NOT be taken to implatthfor instance, a 1 minute all-out effort is cdoetgly
anaerobic (in fact, roughly 40-45% of the energyirdusuch exercise is derived aerobically) or fullflizes
anaerobic capacity (which generally requires 1%5rinutes to deplete), or that a 5 minute all-dtdreentails
exercising at precisely 100% of ¥Qx (most athletes can sustain a power that wouldt l@5-110% of their
VO,max for this duration). Rather, power output overstdarget durations would simply be expected to
correlate well with more direct measurements of¢hdifferent physiological abilities. Secondarilye index
efforts were chosen in an attempt to increase degmibility (e.g., use of 5 vs. 1 second power agdicator of
neuromuscular power), and for convenience (e.gecten of 60 minute power as an indicator of poaeLT).
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Power Profiling is a registered trademark of Tnagieaks, LLC. Originally presentedtabular form it is now available in graphical versiolis as well.
Here are blank scales for men (left) and women:

AVERAGE POWER OUTPUT (Watts per kilogram)

WORLD
RECORD

UNTRAINED

AVERAGE POWER OUTPUT (Watts per kilogram)

WORLD
RECORD

UNTRAINED



APPLICATION AND INTERPRETATION

To create a rider's Power Profile, simply locatel dwghlight (or circle, if using a printed copy)etipeak or
maximum power they can generate for 5 secondsnliteyi5 minutes, and 60 minutes, then connectahees
horizontally. If his or her performance falls beewn tabled values, which will often be the cassigasthem to
the nearest ranking. It is critical that the valused in this analysis be truly reflective of #itlelete’s very best
effort over that duration — otherwise, the resulamofile may be distorted, leading to flawed carsobns and
inappropriate actions. For instance, even thoughynpeople have the motivation to go really, realgally
hard for many minutes in a row only when racingsisomewhat unusual to match 1 or 5 minute basisgl
mass start races, because you don't get to stnteftorts from complete rest (necessary to be wbigilize all
of anaerobic capacity), and you generally can'oraffto go all-out for such periods, because if g you'd
blow up completely and get dropped.

While each individual is likely to have a somewbaigue pattern that may change slightly over tisoene typical
patterns and general guidelines for interpretati@ngiven below. In considering the following, fexar, keep in
mind that performance at each duration is beintuated in comparison to the world best — thuspimgarison to
match sprinters, road cyclists will tend to appetatively weak in 5 seconds and, to a somewhaefesxtent, 1
minute power, whereas non-endurance track racdirkely have relatively low 5 and 60 minute powelative

to their abilities at the shorter durations. (Tpassibility of developing road and track-specifables was
considered but rejected, in part because manysricdempete in both disciplines.) Also consider,tbased on
physiological considerations, an inverse relatigmnstight be expected between the anaerobic (igecbnd and 1
minute) and aerobic (5 and 60 minute) efforts, whera positive association might be expected bateaeh pair.
(The scientific literature is in fact split on whet there actually is an inverse relationship betwshort-term and
long-term power, however, there is clearly a pesitissociation within each category.)

The shape, or profile of the resulting plot, wéllfin to one of several categories:

(=) Generally horizontal plot, i.e., all fourlwas falling at about the same point on their re8pe range: this
pattern is characteristic of the typical “all roend i.e., a rider who doesn’t necessarily excedrat one
thing, but is likely competitive in their categaagross a broad range of events. Given the fatbtig
specialists will likely truly excel at the extrerdarations (i.e., 5 seconds and 60 minutes), vexy fe
individuals will show this pattern and still fall the upper end of each range. On the other hhadjast
majority of non-elite athletes will likely show &gerally horizontal power profile.

(\) Distinctly down-sloping plot (especially beten 1 minute and 5 minutes): this pattern would be
characteristic of an excellent sprinter/“fast twec,” i.e., an athlete whose naturally abilities skewed
towards success in short duration, high power eveBince aerobic ability is quite trainable, sagoh
individual may be able to turn themselves into nafran “all-rounder” by appropriately-focused tiaig
— however, if they have already been training Hiaranany years, they may always still be better at
anaerobic vs. aerobic efforts. If so, focusingewants that favor these abilities (e.g., trackmgci
criteriums) may result in the most success.

(™) Sharply inverted-V pattern: an athlete chteazed by both relatively high anaerobic capaaitg aerobic
ability, and thus well-suited for events such asghbrsuit. Alternatively, a potential “all-roundevho
simply hasn't focused on raising their lactate shadd to its highest possible level.

(/) Distinctly upsloping plot (again, especidigtween 1 and 5 minutes, but also from 5 to 6Qtes): the
classical time-trialist pattern, i.e., weak in re@auscular power and anaerobic capacity, but witdatively
high aerobic power, and especially a high lactateshold. While such riders may improve their
performance by working on their weaknesses, thismo&necessarily be true if it results in a dexlimtheir
strength, which is sustainable power.

(V) Sharp V-pattern: an unlikely combination, givine expected inverse relationship between neusouhar
power and lactate threshold, and the positiveioziahip expected between YQ.and lactate threshold.
Should such a pattern be observed, care shoulzkba to assure that the values being used are truly
representative of the athlete’s abilities, anddsbre that the pattern isn’t simply being misipteted
(i.e., considering a generally horizontal or “w'tfgan to be a “V").



AVERAGE POWER OUTPUT (Watts per kg)

ALL ROUNDER: Masters 45+ criterium/points racer (male)

AVERAGE POWER OUTPUT (Watts per kg)

PURSUITER: U.S. national champion (female)



AVERAGE POWER OUTPUT (Watts per kg)

SPRINTER: Cat. 3 roadie with “amazing sprint” (male)
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AVERAGE POWER OUTPUT (Watts per kg)

TIME TRIALIST: Elite Australian Road Racer (female)



HOW THE ABILITY LEVELS WERE CHOSEN

The upper and lower bounds of each range, of cowsee fixed based on known power outputs of world
champions/record holders and untrained individugdspectively, while the values in between wereeagpr
equally (i.e., linear relationship assumed), simpigause at present there is not enough datatty jdeing
otherwise. Remember, the purpose of the tablesdempare relative ability across different exeeailurations
reflecting different physiological characteristicmt to assign categories or describe riders dt &ae@l; strip
the ability levels away, and the tables would bgt s useful. This is why a normal distributionswaot
assumed and the values were not spread that watymight better reflect reality (or might not — owe has the
data to say for sure), but it has the disadvantdggueezing everything together toward the middiaking
anyone who isn't well above or well below averagpear to be an “all rounder.”

The scales tend to be skewed from a road racerspeetive, as they are based on the performansgeafalists
(match sprinters for 5 second power, kilo ridens¥oninute, etc.) To state it another way: comgdoea true
sprinter, most people racing on the raachave relatively low neuromuscular power, howevenn't think one
really can or should try to develop discipline-spedables. First of all, too many people crosgioto different
disciplines, thus making it difficult to develop lihstandards, especially since the only point oipesing
discipline-specific tables would be to improve tteegory guidelines, which is not the point of thbles.
Secondly, discipline-specific tables would devifiten the logic that was used to develop the talvidbe first
place, namely to help assist riders in evaluatiegy tability over a range or durations.

If you assume there is a big enough population bgkéng it out to be “top dog” in each specialiyseems to
me that ensures the scales will align properly (ttost important part). Logically one would expeath scale
shouldnot be linear (thus addressing the point about theems), but instead be normally distributed. lldou
for example, have assumed that world champion/weddrd performance is, say, 5 standard deviatose
the mean, and the lowest level of the untrained$ Below, or something like that, however, thatsidealter
the comparison across scales, and has the disadesaft crowding together all values in the middle.

To reiterate: the ability levels, as specifiedhetabular versionare just rough approximations, i.e., most riders
of a certain category can generate the specifieeepdéor the specified duration, but that doesn'amé¢hat all
can, nor does it mean that you should be a cecttiegory (although it does indicate you have thergal).
Another factor to keep in mind is that no matterawduration you choose to look at, it will never d&e
absolutely “pure” reflection of a single physioloai trait. For example, somebody could have a Bighinute
power relative to their sustainable power as alregthaving an unusually high anaerobic capadityvhich
case you'd also expect their 1 minute power toreé&ygood as well).

LIMITATIONS AND CAVEATS

There is a paucity of direct data on the power wistmf female cyclists. Thus, as a first approxiorathe
standards for women were simply fixed at 85% ofdbeesponding standards for men. This corredéotor
was based on typical male-female differences in\anaerobic capacity, etc., as reported in thensfiee
literature (differences that are largely, but natirely, due to differences in body composition)/Vhile
relatively crude, the accuracy of values generatgdg this approach appears to be sufficient, a$iec: by
comparison to available data, e.g., known powepwstof elite Australian road cyclists.

The standards are based on the performance cagagfityoung adults, and thus do not account foetfeets of
aging (or development). The possibility of devéhgpage-specific standards was considered, buttegjedue
to the lack of sufficient direct data as well as tomplexity of attempting any corrections baseckoown
physiological changes. For example, while M8 declines by ~0.5 milliliters/minute/kilogram peear (or
~0.35 ml/min/kg per year in women) starting at aage 30, muscle strength and power are genevally
maintained until around age 50, then begin to deciomewhat more rapidly thereafter. Such obsenst
imply that, for maximum accuracy, different agedzhsorrection factors might need to be appliedhéoaterobic
(i.e., 5 and 60 minutes) and the anaerobic (i.eecdonds and 1 minute) standards. It is unlikedyyever, that
these differential changes with age are sufficiergignificantly alter a rider’s “profile,” and i suggested that
the tables simply be applied “as is” regardlesa otler's age.
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Power-based training levels
By Andrew Coggan, Ph.D{originally postedDctober 15, 2001

In developing the following schema, | have drawanfra number of sources, including Peter Jansdexttate
Threshold TrainingThe Cyclist's Training Bibleby Joe Friel, and the British Cycling Federatsiraining
guidelines (developed by Peter Keen), in additomy own background in exercise physiology and ggpee
of training and racing with a Power Tap hub sin@® | would also like to recognize all the peopleo
responded to my initial request for power datathas has helped me to verify and refine the systélinbegin
by describing the various ‘levels’ in the systemstfi followed by a table of the adaptations indubgdeach,
then move to a discussion of some of the details.

AVG. TYPICAL
INTENSITY | POWER* PE | DESCRIPTION WORKOUT
Level 1 <55% <68% <2 “Easy spinning” or “light pedal pressureg. 30-75 minutes
Active very low-level exercise, so as to minimize
recovery muscular force requirements; too low in and of

itself to induce significant physiological
adaptations. Minimal sensation of leg effort/
fatigue. Requires no concentration to maintain
pace, and continuous conversation possible.
Typically used for “active recovery” after
strenuous training days (or races), between
interval efforts, or for socializing.

Level 2 56-75% 69-83% 2-3 | “All day” pace, or classic “long slow distance” 2-5 hours
Endurance (LSD) training (note that “slow” is in relation tg
the very high intensity, interval-centered traini
programs that were popular when the term w3
coined in the 1970s). Sensation of leg effort/
fatigue generally low, but may periodically rise
to higher levels (e.g., when climbing).
Concentration generally required to maintain
effort only at highest end of range and/or duri
very long rides. Breathing more regular than
Level 1, but continuous conversation still
possible. Frequent (daily) training sessions o
moderate duration (i.e., 2 hours) at Level 2
possible (provided dietary carbohydrate intake
adequate), but complete recuperation from
longer workouts may take more than 24 hours

Level 3 76-90% 84-94% 3-4| Typical intensity of fartlek work, ‘spirited’ 1.5-3 hours
Tempo group ride, or briskly-moving paceline. More
frequent/greater sensation of leg effort/fatigu
than at Level 2. Requires concentration to
maintain alone, especially at upper end of
range, to prevent effort from falling back to
Level 2. Breathing deeper and more rhythm
than Level 2, such that any conversation mus$
be somewhat or very halting, but not as
difficult as at Level 4. Recuperation from
Level 3 training sessions more difficult than
after Level 2 workouts, but consecutive days|of
Level 3 training still possible if duration is no
excessive and dietary carbohydrate intake is
sufficient.

D
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INTENSITY

Level 4

Lactate
threshold

Level 5

Maximal aerobic
power

Level 6

Anaerobic
capacity

Level 7

Neuromuscular
power

AVG.
POWER?*

90-105%

106-120%

121%

n/a

AVG.
HR*

95-105%

>106%

n/a

n/a

PE

4-5

6-7

>7

*%

DESCRIPTION

Just below to just above FTP, taking into
account duration, current fitness,
environmental conditions, etc. Essentiall
continuous sensation of moderate or evel
greater leg effort/fatigue. Continuous
conversation difficult at best, due to deptl
and frequency of breathing. Effort high
enough that continuous cycling at this ley
is mentally taxing — therefore typically
performed in training as multiple ‘repeats|
‘modules,’ or ‘blocks’ of 15-30 minutes
duration (totaling 30-60 minutes).
Recovery between efforts need be no
longer than required for a mental break o
to turn around. While consecutive days (
training at Level 4 may be possible, such
workouts should, in general, be performe)
only when sufficiently rested/recovered
from prior training, so as to be able to
maintain intensity.

Longer intervals (3-8 minutehwi:30-5:00
recovery) meant to raise V. Strong to
severe sensations of leg effort/fatigue, sug
that completion of more than 30-40 minutgs
total training time is difficult at best.
Conversation not possible due to often
‘ragged’ breathing. Should be attempted
only when adequately recovered from prid
training — consecutive days of Level 5 work
generally not desirable even if possible.

=

Short (30 seconds — 3 minutes), high-
intensity intervals designed to increase
anaerobic capacity. Nearly complete
recovery in between. Heart rate not usef
as guide to intensity due to non-steady-
state nature of effort. Severe sensation ¢
leg effort/fatigue, and conversation
impossible. Consecutive days of Level 6
training rarely attempted.

Very short (<25 seconds), very high
intensity efforts (e.g., jumps, standing starts,
short sprints) that generally place greater
stress on the musculoskeletal rather than
metabolic systems. Complete recovery in
between efforts. Power useful as guide, Q
only in reference to prior similar efforts, nqt
FTP.

c
=1

TYPICAL
WORKOUT

2 x 20 minutes
@ 95-100% FTP

5-6 x 5 minutes

h@ 110-115% FTP

8-15 x 1 minute
@ ~150% FTP

5 x 15 seconds
(2-3 sets)

*As % of average in a 40-60 minute time trial.*Maximal
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10 point perceived exertion scale
0 Nothing at all
Y Extremely weak (just noticeablq)
1 Very weak
2 Weak (light)
3 Moderate
4 Somewhat strong
5 Strong (heavy)
6
7 Very strong
8
9
10 Extremely strong
** Maximal

Magnitude of adaptations of by training level.

P D P OLO A RA
D » .- A A.AI A .

Increased plasma volume

Increased muscle mitochondrial enzymes
Increased lactate threshold

Increased muscle glycogen storage
Hypertrophy of slow twitch muscle fibers
Increased muscle capillarization

Interconversion of fast twitch muscle fibers (type
Ib type lla)

Increased stroke volume/maximal cardiac outpu

Increased VGhax

Increased muscle high energy phosphate
(ATP/PCr) stores

Increased anaerobic capacity (“lactate tolerancey’)

Hypertrophy of fast twitch fibers

Increased neuromuscular power

Note: this table is meant to indicate the relatpaency’ of each training level, i.e., the extémtwhich training at a
particular intensityor a given period of time expected to induce the listed adaptations, kewehere will always be a
trade-off between training intensity and trainir@ume, which is unaccounted for here. With respedatcreasing resting
glycogen stores, for instance, this means that@enlbt (whatever that is) of training at Level 2gint be just as, if not
more effective than much less training at, sayel8v
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DISCUSSION

Average power during a ~60 minute time trial, andtional threshold power (FTP), provides a logluasis for
training levels since it correlates very highly kvftower at lactate threshold, the most importagsiathogical
determinant of endurance cycling performance, nating VOnay the percentage of it that can be sustained,
and cycling efficiency (although, if you define Las a 1 mmol/L increase in blood lactate over theelrae
observed during low-intensity exercise, the comesiing wattage will be some 10-20% lower than FTP).
Indeed, beyond the first few seconds of exerchee entire power-duration performance curve candseribed
quite closely using just two mathematical paransgtegpresenting anaerobic capacity and power &itéac
threshold, respectively. While shorter efforts ntigpe more convenient, 60 minutes was chosen bedaus
corresponds roughly to the former standard TT disteof 40 km, and because it is only slightly lgemn that
generated during shorter TTs. In theory, one cdelive specific correction factors to be used wldha during
shorter TTs (e.g., power during a ~20 minute TT lél ~1.05 times that of 60 minutes) in order testich data
into the system, but given individual variation time exact shape of the power-duration curve, dajato
variability in performance, and the breadth of specified power levels, this may only convey adaense of
precision. Along somewhat the same lines, onedcbake a system on laboratory-derived measurel,asic
lactate threshold itself, but relatively few peopleve access to such measurements, as opposetptg gbing

out and measuring their own power during a TT. eosely, one could dispense with using one sirghehor’
measurement, and simply reference all workouts badke maximum power that can be generated fdr tha
duration (i.e., Friel's ‘critical power paradigmhowever, such an approach requires much moragetian
simply using average TT power, while providingditif any practical advantage, in my opinion.

There is about a 3-5% tolerance to each trainimgllee.g., if your Level 1 recovery rides are upb®60%
instead of <55% of your “true” threshold (60 minufower, because you have estimated the latter tom
shorter test, it really will not make any differencAny more than 3-5%, though, and things do begithange
significantly, meaning that the percentages usextdhe training levels would have to be adjudien which
arises the question, “what is the shortest TT duvihich your power will be no more than 3-5% gredi@n
what you could sustain for 60 minutes?” The ansmibivary somewhat between individuals. For imste, my
own power for a ~20 minute TT is only about 4% leigthan over 60 minutes, so it would work prettyl vie
me personally, however, my power-duration curvéflater” than the vast majority of people out theone
study, for example, found that average power duaird® km (not 20 minute) TT was 107% of that dudang0
minute TT. Consequently, | am leery of basingnirag levels (using my system, without any adjusttsean
the results from anything shorter than a 30 miedfiert.

Determining the appropriate number of levels is ewimat arbitrary, since the physiological responses
exercise really fall on a continuum, with one irgién domain blending into the next. In other wortlere
really is no clear distinction between high Levedr®l low Level 4, it is all just shades of grey.cémpromise
was therefore struck between defining more leweldetter reflect this fact, and fewer, for simjtlis sake.
The seven levels specified were considered thenmoimi needed to adequately describe the differerstyyb
training required to meet the demands of competitiycling, so the range within each is somewhaadirout
this should not be a major disadvantage, for séveesons. First, there is obviously an inverdatianship
between a given power output and how long it carsisained, thus, it is axiomatic that shorterniray
sessions or efforts will be conducted at the higivet of a given range, whereas longer sessionfastsewill
fall towards the middle or lower end of a givengan Second, since power is a more precise indigto
exercise intensity than, for instance, heart raterkouts should still be adequately controlled desphe
seemingly large range in power within each leviéinally, as with all training systems, exercisesgrgtions
should be individualized, in this case taking iatwount the power the athlete has generated inguiegimilar
or identical workouts . . . the primary referenterefore, is not to the system itself, but to afielete’s own
unique (and current) ability. In this regard, giresent classification scheme should be viewedariiynas an
overall framework, not a detailed plan.
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The suggested heart rate ranges must be considsrémhprecise, because of individual differenceshe

positive y-intercept of the power-heart rate relaship. That is, even when power is zero, heggtisanot, with
differences between individual in this ‘zero powdriot resting) heart rate significantly influencinbe

percentage of average 60 minute TT heart rate sporeding to any given power output. Because af thilo

not believe it is really useful to try to derivevper ranges from heart rate ranges (as Friel’salngtitempt to do
so readily shows). Expressing heart rate as eeptage of the range from that at zero power (dérbxeback-
extrapolation of the linear power-heart rate relahip) to that at FTP — akin to the Karvonen fdarfar heart
rate reserve — corrects for this individual effand allows you to more precisely specify the levssed on
heart rate, however, | rejected this approachraplgibeing too complex, especially given that ikis power-
based system. Nonetheless, | have derived guaefor heart rate (as well as perceived exertimh fpower
data, which can be used along with power to heigegtraining.

Guideline values given below for perceived exertiwa from Borg’s 10 point category-ratio scaleteas of
the original 20-point scale that is probably mamiliar to most people, since the category-ratadesexplicitly
recognizes the non-linear response of many phygicad variables (e.g., blood and muscle lactateyl tus
provides a better indicator of overall effort. &mnperceived exertion increases over time, evem @instant
exercise intensity (power), the suggested valugarges are for relatively early in a training g@s®r series of
intervals.

While this system is based on the average powenglarworkout or interval effort, consideration matso be
given to the distribution of power within a ridé&or example, average power during mass start tgpeszlly
falls within the range defined as Level 3 (‘tempdjut races are usually more stressful due to teater
variability (and therefore higher peaks) in pow&imilarly, due to soft-pedaling/coasting down $yillhe same
average power achieved during a hilly (or even nminous) ride will not reflect the same stress megual
average power achieved during a completely flatkkeat. To some extent, this variability is taketoiaccount
in defining the various levels, especially Levelar®l 3 (training at the higher levels is likelyi® much more
structured, thus tending to limit variations in po)y and can be accounted for more precisely udieg
Normalized Power™ algorithm presented in Part thi§ guide. Nonetheless, a workout consistingay, 30
minutes at Level 1 (as warm-up in transit from abamized area), 60 minutes at Level 3, and andBer
minutes at Level 1 (as warm down) would best besrilesd as a tempo training session, even thoughathve
average power might fall within Level 2 (‘enduraice

A final caveat: defining various training ‘levels’ only the first step in developing a trainingrglavhat matters
as well is the distribution of training time or @ff devoted to each level. Discussion of suctofed shortly, but
two points | wish to emphasize are: 1) | believat thaining should be highly individualized, to aaat for each
athlete’s unique abilities, goals, and state ofettgyment (e.g., age, training background), andopared to
some, | tend to place more value in training atdlew?, 3, and 4 — indeed, what many consider tquiné
training.” In that regard, my philosophy apparembrallels that of Peter Keen, or at least howidkms are
reflected in British Cycling Federation trainingidelines.

20



Training principles

In any program, certain concepts underlie the ingiprescription, no matter for whom it is preparefs you
review the next chapter on formulating a trainitep some of the following trends will become agpdr

1. Individualization. Training prescriptions must be shaped by thetfedtdifferent individuals may respond
in significantly varying degrees, and have varyiecpovery needs, for a given workout or traininglloa
Other factors to be taken into account are agejngastatus/history, individual characteristicg(e
strengths and weaknesses, as assessed with Pofiland)r weather, training opportunities (e.g.¢#b
availability of roads/trails, terrain, traffic), Wwoschedule and other responsibilities, competierities
and preferences (which races you want to do weglivich you want to use for training, and which you
enjoythe most, since motivation will determine howgkintly you train), role within a team, etc.

2. Periodization. Training programs are organized by periods oétieach with a specific purpose and
emphasis, the aim being to make performance censiand predictable while preventing overtrainingd a
injury, by applying the appropriate training stréasghe proper amount, at the proper time, thusdang
excessive and rapid changes in training load artiriee variables (frequency, duration, and intgnsi

This process is often likened to the structure pyr@mid, perhaps Aztec or Mayan rather than Egypti
since the targeted event or period of competittomdore accurately represented by a plateau rdthera
classic peak. Another analogy might be to higlileication, where introductory courses that are bioad
scope provide the basis for advanced courses Vihergledge is applied more narrowly, as related to a
particular area.

Similarly, physical training proceeds from gendra., aerobic) to specific conditioning, while oak
training stress must be increased gradually, ctamglg, and incrementally (see “Progression” below)
Typical designations for the pre-season preparggriod are “Base” (or “Foundation”), “Build,” and
“Specialization,” followed by periods of competiti@nd recuperation/rebuilding, then finally off-sea
phases of “Stabilization” and “Maintenance.”

3. Progressive overloadThe story of Milo of Croton from the 6th centByC. illustrates this principle
perfectly. Every morning, according to legends thieatest of ancient Greek athletes of wouldlift
young calf overhead and carry it across a pastiiseit grew, Milo lifted a little more each day, tilrhe
could carry the full-grown bull.

Similarly, training adaptation, and hence impropedformance, is induced by stress loads that
“challenge” the body (exceed existing fitness Isyand fatigue it to an appropriate degree (sde Set
Hosmer’s fine summary of theorkout/recovery cycléor more). As an old and fundamentally useful
maxim runs, “Train where you are, or slightly begtpnot where you want to be.” In response, aner aft
adequate rest/recuperation, the body’s plastidityva it to “defend” itself, and “supercompensate”
rebound to reach a higher level of fitness. Ihiguantifying the imposed stress load, especally
higher/variable intensities, that power-measuriegices and analysis software are most useful.

4. Balance “Variety” is often cited as a training principleut it is often desirable for training compositio
to vary little for weeks on end (such as a peribdesobic conditioning), and while it is importdot
avoid boredom and remain motivated, variety sinfiphjits own sake can produce sub-optimal training.

Instead, it is better to strive for optinfalancein a training program, which depends on the ebeirtg
prepared for as well as rider characteristics. ifFstance, if preparing simply for a long, flatiatevely
“isopower” time trial, an appropriate training ba¢a will include little anaerobic capacity trainjribany
at all. At the other extreme, competitors in th@0® meter team pursuit must strive for the moatlge
“perfect” combination, or comprehensive balancegrderobic, maximal aerobic, and threshold
capacities, plus adequate neuromuscular poweerafberiod of rather unvarying aerobic conditignin
which is identical to that needed by road competito
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More generally, periods of competition must be bedal with structured training. Racing (especially
criteriums) and group rides impose specific neusgualar demands as well as wide, rapid variations of
intensity that structured training does not norynedplicate, leading some to place excessive engphas
the notion that ‘the best training is racing,” heeg it is not as effective as 2-3 hour steadyest@tnpo
rides or long (40-60 minute) intervals at lactateshold in creating consistent aerobic demand and
increasing muscle respiratory capacity. After agokof competition, aerobic endurance and lactate
threshold need rebuilding through structured workou

5. Specificity. This exists in varying degrees; stated in the tngemeral terms, to get better at a given
activity, you must do that activity, e.g, ridingetlvike is more specific to cycling than runningesen
though both have similar training effects. Thusypgplemental” training activities (e.g., cross-doyn
skiing, speed skating, running, etc.) should betdichto periods of injury and “active recuperation”
during the off-season.

Aerobic conditioning (base training) consistingpoblonged (90 minutes-4 hours), moderately intense,
fairly steady-state rides is specific to all roamnpetition, but to optimize performance in a giexent,
you must train (stress) the systems that undevriiied way that more closely mimics event demands.
Thus, after a sufficient period of base conditigpitmaining becomes more specific, i.e., narrowigused
or specialized in reference to the task (event)derepared for as it draws near: to get readp fonger
(30+ minute) time trial, do long (~20 minute) refseat threshold intensity on a course like the racite
(the actual course is best, if possible); to be &ablbridge gaps or prepare for prologue TTs, eh@it
minute) intervals at ~150% threshold power aredatdid; to improve at climbing, climb hills of siamil
grade and length to those you will encounter, etc.

A broader concept may fsemulation which includes specificity but goes beyond iattempting to
duplicate race conditions, as well as physiologilsahands, as closely as possible. What is theglene
lay of the course, and what are the particularattaristics? Where does the road narrow? Whéahare
road conditions? What is the weather forecast® likely to be rainy, hot, cold, sunny, cloudy¥hat
are the prevailing winds, and where are they nikslylto be a factor? What is the elevation raofjthe
race course? What time of day do you normallyrfrand when does the race take place? Have you
prepared in these conditions?

6. Reversiblility Just as fitness gains (adaptations) occur attain rate in response to training, so too does
the loss of fitness follow a predictable time ceuirsresponse to inactivity or a reduced trainmepl
This must be accounted for upon a return to trgimifter injury or illness, during the transitiontte off-
season, and when tapering/peaking, which is defasestrategic manipulation of training variables to
enhance or accentuate supercompensation and prpdakgerformance for selected events.

7. Evaluation. Periodic testing, careful record keeping of ral@wvorkout/race data, and meaningful
analysis are essential to assessing progress amdféittiveness of any training program.

8. Rest, recuperation, and dietlaximum fitness gains are realized when trairstrgss and recuperation,
as well as energy production and intake, are keppproximate equilibrium, i.e., there is suffidiime
and rest between long/intense workouts, plus adegui@ke of proper nutrients both during and after
each workout.

From a broader perspective, training and compatitieed to be balanced with some time off altogether
(complete rest), as well as periods of “active pecation” where fitness is stabilized and maintdine
Just as large increases in training load are &@vbaled, neither should you let yourself fall tao éut of
condition. A friend recently remarked to me, “btihought the off-season was the time to drink lzeet
smoke cigars."NOT! Once again, consistency is truly the key.
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Towards an annual training plan
“It seemed that all my past life was but a preparatfor the hour and trial at hand.”
—WINSTON CHURCHILL, 1940

Some may protest that proof is lacking from a ddierstandpoint, but there is little dispute amahgse who
practice theart of coaching that periodized training works, intthdelps to make performance predictable and
helps prevent overtraining, even injury, by budugtiraining volume (weekly stress load) and thérithstion

of time spent at each training level in a measugeddually progressive fashion. A question mokelyi to
provoke useful discussion might be whether a tngirgrogram should prepare the rider to peak foreent,

for several (and if so, how much time should sepatiae peaks), or should lead to a more prolongetbg
where form is maintained like a plateau, or “mesagxtend the topographic analogy.

While nearly everyone has a race or two they woodst like to win, the ‘single peak’ approach hasdtaw-

backs, since everything points to just one or twenés, thus creating too narrow a focus where ticeess or
failure of the entire year may end up being judged single performance. Athletes invest untoldams of

time, effort, passion, and money to achieve thealgy making sacrifices in other areas of theediand even
risking health, all to take part in events where dutcome can turn on the smallest events and nsrgnd
where pure chance can determine the differencedagiiriumph and disaster, so it hardly needs betgubiout
just how problematical athletic success can bes iBhespecially true for cycling, and even morgsthe races
that count the most, since many other riders heaiaed to peak form as well, making wins hard tmedy

even for the most talented. The same passionribpires hope and belief can turn to an even mooéopnd

disillusionment when a single event-goal is chogaimted toward throughout the training year, dmehtis not
realized. Finally, and as discussed in more dstzoirtly, there will almost inevitably be disrupi®to the
training plan at some point, which may compromiseppration for the targeted event.

The first edition of this guide contained a custzaie plan/log, which derived weekly training prgstons by
distributing time among each level of intensity @cling to percentages of total volume (hours) adibfor the
week; from there, daily workouts were suggested,some examples given. Weekly hours, in turn, based
on time budgeted for 3-6 week periods called “cy¢levhich in turn were a fraction of “phases” (4-Mgek
periods), which in turn were a percentage of tpéarly hours.

Accounting for training time in this manner may tigeful, particularly for riders who are new to gitative
training methods, as it can serve as a startingtdor planning out the year, and give a senseetitive
proportion, ebb and flow, etc., but the author (lépwgrew skeptical of its underlying approach, angads for
the most part scrapped, for several reasons:

1. for higher annual training volumes, such a ‘pmipnal’ method of planning produces unreasonable
durations at Levels 4-6, and reducing the percestatjotted to higher intensities means you areally
taking a proportional approach anyway

2. it may actuallyetard a sense of judgment and proportion; half the fimveuldn’t know what the last
workout was, or what the next one would be untihécked the plan, due to the constantly-varyingneat
of each cycle

3. especially among the more obsessive-compulsieam) with a healthy awareness that training must be
customized, such a precisely-specified training gian become an end-in-itself, rather than a means
an end; you become a slave of it, and trainingagerto fit the plan, rather than the plan beingetan
relation to the demands of the particular eventigpprepared for, and adjusted in response to palrson
responses of the rider

4. it is complicated, time-consuming, problematisaimewhat arbitrary, and of questionable valuzd¢ak
down races and longer mixed-intensity rides intwetat each intensity level; Training Stress Sco(é%35),
presented in Part Il of this guide, has largelyiated this practice, if it ever had much legitimadtall

So the old log was given up for one that tracky doiration and power in its several varieties: agerwattage

with Os (coasting time) and without (pedaling tiomy), ‘normalized’ power as defined later on, phasrk in
kiloJoules, TSS, and workout details.
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Instead, a simplified approach (based on ltigdiard mode) is proposed here, which identifies key weekly
workouts and prescribes duration/intensity for easen though TSS is the preferred means to agsessg
load, weekly volume in hours is used here, untiETcan be discussed in detail later on. Each pkagieen a
name intended to identify its purpose. Hieseasor(“Stabilization/maintenance”), though not detaiteate, is
for mental relaxation, fun, a break from competiti@and perhaps even from riding itself. Cyclingnist
discontinued entirely; a weekly training load ofhmgos half the previous season’s peak is recomnoermle
this is supplemented with aerobic activities sushrinning, cross-country skiing, skating, etc., aedhaps
strength training. Muscles, tendons, and joines @fowed to recover and rebuild from the racingsse
through this “active recuperation” process, ratih@n by total rest. Bicycle fit and medical isssésuld also
be resolved at this time.

Controversy persistas to whether resistance training ultimately makey difference in road cycling
performance. Most likely, similar results can lohiaved through ‘strength training on the bike,ddrevel 7
workouts can be done year 'round to maintain neusmmlar power, since the metabolic strain incuiged
limited so long as duration remains under 15 sesq®d repetition. Nonetheless, if a strength ingiprogram
is undertaken, conventional wisdom generally hdld® multi-joint movements, in sets of 8-12 repertis,
should be used to strengthen cycling-specific nasselithout adding mass, with maintenance througtioait
year. Weight training is generally not recommenfiedchildren under 16, or prior to the closingtibé growth
plates. For a complete discussion of an annual glee Joe Friel'She Cyclist’s Training Bible

As laid out above, the purpose of the Pre-SeasepaPation Phase (17 weeks) is largely aerobic tondig,
with 3 weeks of anaerobic capacity training at\wbeey end. In the sample plan above, written foidar with
limited training time and an emphasis on hilly reading, functional threshold power (FTP) testingarried
out weekly throughout Period 1, and of course, dashcounts as a Level 4 workout (“training idites and
testing is training”). Depending on the type aedel of activity maintained over the winter, a la$s-10% in
from the previous season’s peak FTP value is fagpycal for a mature rider, depending on how tffeseason
went. In the very first test, just as in the mlititransitional period to power-based trainingnéy be necessary
to use PE and/or HR guidelines to gauge intengityle monitoring power, but by the second test, goean
guide pace. The rest of each week’s training isrspent at Levels 2 and 3, and is ridden mainl{?By plus a
couple short Level 1/2 rides (not shown) as neddeckcovery.

Power in the weekly FTP test is increased increalgnévery other week throughout Period 1, unttheget
value is reached at the end of the phase. Fariost if 300 W was your peak FTP the previous yeaslue of
270 W might be initially assumed or determined dst,tthen be raised by ~2% (5 W) every other weelkhat
~290 W is reached after 9 weeks. Hilly terraitingted during this period, and each workout shdelave you
feeling “pleasantly tired,” looking forward to timext day’s training. Level 7 workouts are addedeotraining
moves outdoors in late February/early March, bytrasiously noted, these can be done most anytam are
omitted during indoor training only because margtishary trainers do not allow all-out sprintingjedto
slippage at the tire/roller interface. Group ridksing this period should be controlled, with catifive

tendencies firmly curbed. To invoke an old anddamentally true bromide, “Too often people trainifais

were racing, then race as if it were training.”

The purpose of the weekly FTP testing is as a cloégkogress, to calculate TSS, and to providefereace
value that is used to calculaseiggestednterval intensities; as pointed out previouslpwever, “exercise
prescriptions should be individualized, in thiseaaking into account the power the athlete hazigead in
previous similar or identical workouts . . . thénpary reference, therefore, is not to the systeselfit but to the
athlete’s own unique (and current) ability.” A fidepractice to help gauge interval intensity isadopt a
standard set of representative workouts for eaghitrg level, e.g., 1 x 40 minutes for threshold'keaits, 5-6 x
5 minutes for Level 5, and 8-12 x 1 minute for Liewve

By the end of Period 1, lactate threshold will hdeen raised sufficiently to allow more productixed
sustainable Level 5 training, so a 5 x 5 minuterwval workout is substituted for the weekly FTR iesPeriod
2, to bring aerobic fitness to a peak. While thesssions are meant to be challenging, it showldya be
possible to complete them without a life-and-desithiggle, i.e., with a little bit to spare, and soohallenge
remaining for the next workout.



Once aerobic development is as complete as pos8ideof weeks of anaerobic capacity (Level 6)nirag in
Period 3 close out the Preparation phase. Siresetworkouts require at least 48 hours of recoardyimpede
further aerobic training, they are interspersedhshort/easy Level 1 recovery rides, and a weeRr- Level
2 ride is scheduled at the end of the training weakaintain aerobic fithess. Terrain for Levehtervals may
be flat and/or uphill; as always, the exact comjmsidepends on the demands of the event as weleas
individual. An old maxim runs, ‘Train your weakises, race your strengths,” and indeed, events yshi to
peak for should be chosen to fit your abilitiest your strengths may become less so if you do nain them,
too. Weaknesses should be trained simply to mz@nthem as much as possible, not with a goal atlisap
transforming yourself into a different kind of ride

Finally comes a 1-2 week period of specific tragniwherein the neuromuscular demands of racing are
simulated, followed by a week of tapering off arshhdrpening.” Training races are included for jinstt
purpose — to induce race-specific adaptationsydieg rapid accelerations, practice sprints, bi&kediing/pack
riding skill, tactical preparation, etc. — not s@y will take on a competitive priority in their awight.

The most specific way to prepare for any race is #ntron the actual course to be used, but this tesnof
impractical or not possible at all. The next kb#g is a course map and profile, but if it is uaidable from
the race organizer, the route can be “remote-viéweth http://gmap-pedometer.cqrthe TopoFinder feature
at Trails.com(fee required), or witifopo! interactive terrain-mapping software. Here ig@fife of a local 36
mile circuit race held annually on the second adtBunday of May, used by some as one of theirraces for
which they attempt to peak, and for which the algample program is written:
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The entire course lies within a heavily wooded paFtom the base of the climb to the start of tihéshing

straight, 120’ in elevation is gained in 0.3 milagrade of 7.6%. The ‘backstretch’ is techniagih numerous
curves and short but steep climbs, while the dollvhiag a few very gradual curves, allowing unbrokescent,
and the finishing straight is a 200 meter falsevihich heads southwest, into prevailing winds.e Témainder
of the course is largely sheltered from any wifidaining in the two weeks prior would ideally beustured so
as to reflect these characteristics. Note thateadhiration during the week of the race is ~55%hef week
before, frequency is only one day less, and intginsay actually béncreasedslightly.

26



Miscellaneous notes on training

SPRINT AND INTERVAL WORKOUT TIPS

A distinction can be drawn between “training” angithg” the phosphagen system. The former imphes t
training adaptations from very short (<12 secorttigation exercise are somehow linked to the ratenefrgy
production and although some studies show increased leVe&sting phosphocreatine (PCr) stores as a result
of sprint training (in rats), the change is smaifi,the order of 10% at most. Moreover, the enzygsponsible

for PCr breakdown/ATP synthesis, creatine kinasescot alter its overall activity in responsertirting, so

the inherent limited adaptability of the phosphaggstem, rather than the short durations at whichtrained,
makes it much less responsive to training thaninstance, V@n.xand lactate threshold.

On the other hand, the term “neuromuscular powas”ddopted from Dr. Jim Martin) places the emphasis
factors determining the rate of energtilization, i.e., neural recruitment, muscle mass, speed udcha
contraction and hence rate of ATP hydrolysis, etnd in fact, most (if not all) of the adaptatideading to
improved performance in a rider’s initial “jump”erelated to increases in these factors, rather ithenergy
production. Thus, what is actually being accon@dsis the training of neuromuscular power, eveudin you
have to use the phosphagen system to do so.

Furthermore, it is difficult to pin down the pregimmoment at which depletion of phosphocreatine tnesoan
important factor contributing to muscle fatigue,tiasre are clearly other mechanisms that are likedy as, if
not more, important in causing the early and ragédline in muscle power, such as failure of excitat
contraction coupling (motor nerve fires, but musddesn’'t respond); again, regarding thaximalpower that
may be generated (versus the ability to sustgithié issues are how big the working musclestare, rapidly
they can contract, and how well your motor system activate them, not the availability of energys(aning,
of course, that we are discussing an effort whitdrts from rest). Combine this with the fact thiae
phosphagen system is at best minimally trainabid, ia emerges why thinking in terms of “neuromuscul
power” instead of “anaerobic (phosphagen/alacteyqy” is desirable. Is this simply semantics?a way, but
recognizing the distinction can help put the pieafethe puzzle together.

So then, as the conventional wisdom goes, spriaterorn more than made, and indgeghksprinting power
depends more on genetics, and less on training, ang other functional test, but just as it was antgnt
previously to evaluate each of the energy systentise context of endurance exercise, so it mayseéulihere
to distinguish between sprinting in road racescwiseriums. For instance, Jeff Braumberger, alletige rider
and former professional who clocked 53:16 for &#d0Otime trial without aerodynamic equipment in 1986
sometimes let down by his sprint in criteriums,reagainst some Cat. 2 competitors, if he is unebleeaken’
them sufficiently or break away. On the other haralrecently won the Ohio District Road Race nadasily
in a 3-up sprint, since he had the best ‘kick’ lefer among the climbers that the course had selefor.
Again, despite the traditional “train your weakresgsrace your strengths” advice, shortcomings shoel
trained just enough to minimize them in relatiorptmcipal opponents, so for example, a naturahloér/time
trialist should not aim to transform himself ingdield sprinter, at the neglect of his strong p&in

If duration is kept under 15 seconds, sprint (LeRelvorkouts can be done at any time during the;y&ace
stored ATP is the primary fuel source, the metabstifess is limited, as indicated by the fact thetic acid is
not produced in any significant amount. Recovarybetween repetitions should be complete (at ldast
minutes), as the goal is to maximize the power gdad, and such workouts are usually scheduleg gathe
training week, just prior to an endurance or temge. As with other intense workouts, they shduédtailored
to the event being prepared for. Is the finistoupgownhill? Does a tailwind or headwind preva(Be sure to
note this during the race.) Is there a landmaak liles at the desired distance from the finish nehgu want
start your sprint (especially important in a pdioHpoint race)? A®dam Myersonhas pointed out, someone
with a high maximum wattage should typically gcefati.e., follow wheels, save their burst, and carffea
wheel at the last moment, whereas a rider withagetanaximum but a good average sprint wattage nieegs
early and try to hold on until the finish. Addmially, positioning, teamwork, timing, and other tfas will
influence the result as much as peak and averagerpao the finishing meters, but further discussodrsprint
tactics and technique is beyond our purposes here.
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There are several component parts to a sprintinitial “jump,” when the resistive load is highg$tom the
change in kinetic energy, or so-called ‘inerti@itde, due to rapid acceleration); the wind-up, atdie portion,
when acceleration continues, but slows, and speédought up nearly to maximum; and the final stageen
cadence and speed are at their highest, but paveedlining (each of these phases is analogouseto t
start/drive, transition, and maintenance phases00fand 200 meter sprints in track and field, respely.)
Traditionally, advice for how to structure sprinbrkouts has been based on what type of sprinterayeuand
which aspect you are trying to improve. Hard jurfosn a low speed (walking pace), in a high geaomman
uphill grade (not too steep), lasting under 10 sdspwere recommended to improve initial accelenatind
maximum power, while ‘undergear’ efforts (or in armal gear with a tailwind or downhill), of ~25 seds,
might be prescribed to improve legspeed and paglédiohnique (neuromuscular coordination) at high fpr
the final part. Another related drill is to ‘jumpt high speed out of another rider's slipstreamthie latter
stages of a 25 second effort. Over against ttpsageh is the view which holds that a skill is Hesirned when
it is practiced as a continuous whole, to be diseddurther in a later edition of this guide.

* * * * * * *

Perhaps in no other aspect of quantifying exertigensity will a powermeter have greater impactntien
pacing, during both interval training and time Igjaespecially in the initial stages of each; tbhéaged response
of PE and HR, coupled with the anticipation of nge effort, make it all too easy to start out taodh Fig. 6
depicts pacing profiles of the author’s initial asubsequent 30-minute time trial tests with a poveter, and
the difference is dramatic. Use the average watthigplay in interval mode to ease into intervald aTs;
average power at 1 minute should be ~10% undepléreed final average, and ~5% under after 5-mgute
By that time, PE will have caught up to the effavith the risk of going too hard subsiding corrasgiagly.
Don’t worry about starting too easily — worry abbeing consistent in the final stages of the latsrizal.

(As previously noted, new powermeter users are stlimvariably surprised at how “jumpy” the currgrawer
display is, with some even concluding it to be mog and although this variability may be partlyedto
instrument artifact, the energy demands of roadimyclo indeed fluctuate rapidly, frequently, aniiely, even

at relatively constant average power on flat tecrarhus, a rolling average of 30-60 seconds ifepable to
instantaneous wattage for pacing, but some modelsthis capability, and an overall average isgbal for
each interval, anyway. Keep in mind, though, that interval feature gives @mulativeaverage, so as the
interval proceeds, this value becomes more and riveeeghted,” i.e., based on an increasing number of
samples, and is therefore progressively less tefeeof change. For instance, if you average 300015
minutes, but drop to 299 W in 1 minute, your averfog the 16th minute was just 284 W.)

Begin interval workouts with ~10 minutes at Levebrbgressing to Level 2, followed by ~5 minuted_efel
3/4, and then a brief period to pedal lightly amthkla bit. The week’s first interval session shibbe the
shortest and most intense, while “mixed intensityerval workouts (e.g., Level 6/5/4), should pregg from
the shorter, more intense efforts to the longespwhich helps keep intensity up throughout thekaot (uphill
efforts may be performed slightly higher than thogsimilar duration on flat terrain). At least dinutes of
Level 1/2 cool-down time should follow each Levebd 5 workout, with perhaps 15 minutes allowed rafte
Level 6 workouts. In addition to post-workout dafawnload and analysis, interval duration/averagegy,
PE, and other appropriate data should be recoaiddtire reference.

Traditionally, recovery time between work and riestrvals has been a function of heart rate, bdiods little to
indicate if you are ready to go again, and sometimeomplete recovery is not desired anyway. Aebetay
of determining recovery is by muscle energeticer #oth Level 4 and 5 intervals, all that reallyots is what
you do during the work interval; you are only tryito keep the intensity up, and not manipulating th
work:recovery ratio to alter metabolism. No mohnart a brief mental break is really necessary foreLd
intervals, and taking more than the minimal amaoointest really serves only to prolong the workouise
whatever is convenient, such as how long it takettn around on an out-and-back course and taieeh
drink. With Level 5 efforts, given that the haifiel for phosphocreatine resynthesis is about 2@&tbnds,
muscle energetics should be almost completely exealvin 2.5 minutes, or ~5-6 half-lives. Othendas, of
course, contribute to fatigue, and it may evenyuatlicumulate, such that stretching recovery to utes will
allow power levels to be maintained in later e8pliut using longer rest periods throughout theeemtorkout
is unlikely not allow overall intensity to be ragssignificantly.
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Level 6 sessions are more complex. If the purp®ge work on both musculoskeletal power and artsiero
metabolism simultaneously, or if you are in a pegkphase, then longer recovery periods may be Lisefu
they will allow you to maintain the highest overpiwer. What is long enough is a matter of feelyedoped
through experience, and will vary with the indiveduas well as practical considerations such agerou
characteristics (e.g., how long it takes to getkbdmwn and turned around during hill repeats.) tf other
hand, if you are trying train anaerobic capacitynal, then incomplete recovery may be the way tsga@s to
“stack up” the metabolic stress, but wito short a recovery, the average power may be topdod it ends up
being a quasi-aerobic effort. So the test of wietlecovery is sufficient is simple . . . if it ig&rd, but still
possible, to complete the last repetition withinD%l of the third rep or so, then wattage was coyract
recovery was adequate. If average power fallsifisgntly before the last effort, then either it svepo high, or
recovery was too short, or perhaps some of bothstly, if you can complete the workout too eadihgn the
wattage was probably too low. Thus, pacing is irgma throughoutthe full workout (just asvithin a single
effort), so for instance, if you feel strong in tirst interval of a workout, stay at the plannedttage and save a
little for later on, trying to finish strongly, fa¢r than fade in the last repetition. The except®Level 6
intervals, when done only to increase anaerobia@gp which suggests they be done “all out,” st fhower is
very high initially, then is allowed to decline duy the interval.

* * * * * * *

Fig. 12is an attempt to show the relationships of phygjmlal strain (i.e., response to training stresgximum
tolerable or achievable training duration/volumed d@he training effect (in terms of the increasemuscular
metabolic fitness/functional threshold power) dsraction the training intensity (expressed relatwé-TP).

Obviously, as exercise intensity increases, sodoes physiological strain, in a quasi-exponentshfon,

whereas the maximum duration/total volume of tragnihat can be performed decreases in essentiatiyrar-

image manner. The increase in metabolic fithesaglrer, approximates an inverse-parabolic functrvery

low intensities there is no overload, and hencetraming adaptation, while at very high intensifi¢ke

adaptations induced are either qualitatively défer(e.g., true sprint training), or, due to therewmcreasing
physiological strain, you simply cannot do enougtalt volume to achieve the same degree of overboat
resultant physiological adaptation (increase in T between these extremes you are, to a laeggeed,
simply trading volume for intensity and vice-versath little impact on the overall magnitude of ttraining

effect (the colored zones are simply meant to dest¢he general nature of these relationships fiopgses of
illustration, and should not be held to hard arsf)faEven so, there tends to a “sweet spot*,” segijnaround
the border between levels 3/4, where the combinaifantensity and volume is maximized while avaiglian

excessive increase in physiological strain, and interesting to note this is where many peogte to train

when they fall into the mode of banging out hald-igles day-after-day, yet this is precisely whabften

considered the classic “no man’s land” in termsraining intensity. At least one coach, howeveyihg had
great success with his athletes by training therfsa-Level 4,” has suggested that the preceditgrsa of
training levels be modified to include this addit#b level, or that Level 4 be split such that thvwér part results
in the largest increase in threshold power, with tipper part to be avoided until you need to sqeez the
last per cent of improvement. While such a suggestppears premature, it does seem that oncergoabave
FTP, the increase in physiological strain/reductiortraining that can be performed tends to outtveigy

benefit from increasing the intensity, such thad2108% of FTP is something of a grey zone, anddlaive

efficacy of ~10 minute intervals seems questionable

Two final cautions: the above referenced figurevghtheabsoluteeffectiveness of Level 3/4, in that you get
more of an effect since the stress is lower thareL4, and you can go longer (plus you get the dddmefit of
more glycogen storage). In fact, you must you MUdTlionger to get the added effect, so if you drdye an
hour to ride (or if trying to wring out the lastwaenths of a per cent in improvement just befareegent such
asaTT), a 2 x 20 interval workout would be adyethoice since it gives you more “bang for theldjuice., is
relatively more time-effective. Secondly, it isportant to realize that stress, duration, and ingieffect are
plotted as a function of percent of FTP, not Noimtal Power (as explained in Part Il of this guidé)though
the two often get used interchangeably, when tigei® large difference between them (i.e., when, gyois
highly variable), there will be less training effec

*Thanks toFrank Overtonfor suggesting the term ‘sweet spot.’
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OVERLOAD . AEROBIC AND NEUROMUSCULAR

“Racing is the best form of training,” runs an @ldd oft-repeated maxim, and much was initially matithe
wide and rapidly variable nature, not simply ofdagycling (as contrasted with an indoor trainelconstant-
load ergometer), but of road racing in particuard criterium racing most outstandingly, as becoamsarent
from analyzing power data collected during compmtit Focusing excessively on this phenomenon, kiewe
ignores what we alreadyo know about the effect, if any, of variations inwss on both acute and chronic
adaptations to exercise.

The latter point is key. For example, one possdaeclusion that might be reached after carefuliglyzing
power data files is that the variability of enedgmands while racing is so important that it mwstbplicated
in training as closely as possible (e.g., by maoipg), but we know already that conventional frajnwvorks
well as preparation for racing, especially road stadje racing. That in itself suggests that pexhapiability is
not nearly so important, and/or that there is sbingtelse going on.

In fact, both are true. First, consider what haysp&hen you start lifting weights: you get strongerry quickly,
before any significant hypertrophy can occur. Tisaevidence of the extent to which performance lsan
improved through changes in motor control, and hapidly such adaptations can occur, so it makesestrat
just a few weeks of “sharpening,” (either spedifaining, training races, or races used as trajrimgnough to
prepare for racing, even if you have just been githm away, putting in steady-state miles for weeksend
beforehand. Conversely, though, highly-variabééning for months on end will not prepare you adeely,
for the simple reason that such efforts entail gispour muscles the way they “want” to be used, i.e.
intermittently, relying on bursts of glycogenoly&is energy, even in Type | (aerobic) fibers. Teéisates much
less of an overload condition in terms of metalmojibecause you keep giving your muscles a breaiknglu
which time they resynthesize some creatine phosphafresh @ stored locally within the myoglobin, etc.
Logically, if you want to induce an increased cafyaior aerobic energy production (i.e., higher asihondrial
density), you need to make the muscle fibers workinuouslyfor a longer period of time than they are used to,
or “want” to, thus forcing them to adapt. Thisdspecially true of the fast-twitch fibers that havéower
inherent aerobic capacity to begin with.

As affects training, this indicates much time spagiit around lactate threshold, since that ispbiat at which
fast-twitch fibers are brought into play, plus mdagg, relatively steady miles which fatigue thestaerobic,
most easily recruited muscle fibers, requiring aséhose further “up the spectrum;” and perhapsipdations
that further enhance fast-twitch fiber recruitmestch as extended low-cadence/high-force (“ovetpéadervals,
or the classic approach of going hard at the enal lohg (3%2+ hour) Level 2 endurance ride. Whaloisn't
mean is a lot of short intervals, motorpacing, aging, since, while they can be highly effectivaratreasing
muscle power and even ¥ux each is likely to be less effective at increadimg respiratory capacity of the
recruited fibers, simply because the “energy crisiat is the signal to enhance mitochondrial faiorais just not
sustained long enough, and indeed, this is borhbyoseveral studies in the scientific literature.

Thus, despite the great importance of specificdgjng is notprimarily or exclusivelythe best training. The
‘race twice a week and everything else easy’ dictallowed by many riders throughout the year resuita
gradual decline in aerobic fithess, and insertingeaover and rebuild’ period of tempo rides plusvel 5
interval workouts at the appropriate time in trarting year, or even in place of the regular micgkvéraining
criterium, can be very beneficial.

HI-INTENSITY CONFUSION . THE MISUSE OF HEART RATE

It is highly unfortunate that HRMs preceded powdsreto market, since heart rate seems to havengeco
deeply entrenched in the popular mind as the supmaeasure of how hard the body is working, indveatf
an often undefined, near-mystical “whole body stredn fact, the response to exercise stresshgsiplogical
strain, is best assessed, first, by the stimuluzrkMoad) itself, especially through the normalgialgorithm
presented in Part Il of this guide, while being tommusly correlated with perceived exertion, whiefflects
more physiological responses than HR, and doesose mliably. HR tracks well enough with powelawer
intensities, where it provides apparently morefitafeedback than power, due to the cardiovasa@yatem’s
slow response to the rapid changes in intensityhswacteristic of road cycling (the half-life fon &ncrease in
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heart rate following a step-change in power is B0s2conds, and the effect is accentuated slightlyhb

smoothing algorithms programmed in to the HRM),itsoan be useful for relatively steady-state Let&l

training, but as wattage increases, say, beyon&~GHBFTP, the correlation between HR and power im0
weaker, and HR becomes less and less reliabledarator of physiological strain.

Factors documented to elevate HR include decrdaeeanetric pressure at higher altitudes, environatdreat,
dehydration/cardiovascular drift, lack of sleepndi of day, medication and diet (e.g., caffeinegent
illness/infection, variability of intensity and tam, psychogenic factors (e.g., nervousness)asad cadence, and
possibly even position on the bicycle, such as wirea trialing. On the other hand, it is normal f4R to be
depressed by recent heavy training, and by accteaulatigue/lack of recovery (overtraining). Figamere day-
to-day variability in HR can be up to 4%, whereasver is normally reproducible to +2% or even le3$us,
training by HR, while merely monitoring power, latg robs any power-measuring system of its mosoimamt
benefit, namely, to guide training by precisely mfifging and administering the exercise load. Theice of title
here is deliberate: we should not simply traith power, as though it were a mere adjunct metri@ on
supplemental gauge of intensity among several sthather, it is advocated to tray power, i.e., with the
appropriate interpretative tools, it is #iter supremef training prescription, execution, and evaluatio

One prominent coach even goes so far as to advosig power informatiopurely in a postscriptive manner

“Watching your wattage during the course of a ridaot very useful. Wattage fluctuates quickly aften;
heart rate is a much better gauge of workload dyarnworkout. Power becomes useful when you anegsit
in your living room after the workout. | recommgndchasing a powermeter that can be downloaded to
your home computer. Downloadable powermetersymlpsee how your power output changes with your
heart rate, speed, and cadence during the coursesofgle ride, a few weeks, or several months.”

On he blathers about a world-class triathlete sfwtio made “astronomical” gains of over 9% in tisnZinute
repeats at a given HR. In fact, a 10% increase fsti-season lows is not extraordinary, even faedthletes.

This approach is even worse than a ‘train by HRjitoo power’ method, since it defeats the pacintcfion of an
on-bike power-measuring system entirely, effecyivelegating it to a mere testing device that doathing to
guide training. You might as well just get tespetiodically in a lab, and save the cost of the gromeasuring
system and PC, since they will do nothing more tiga a nice feeling that your power is betterdagiven HR,
which is of questionable benefit, due to the valittof HR at a given power output (indeed, trédikely why the
“astronomical” 9% gains were observed.) It is ti@ power on the road varies rapidly and widahyd because
of this, it is more useful to view a cumulative3fr second rolling average during workouts, rathantthe current
power display (as is apparently referred to abdweaf)whichever approach is used, both are mordggrend more
useful than HR as measures of the stress load bepased. Finally, “see[ing] how your power outgbtinges
with your heart rate, speed, and cadence” makesldissic, fundamental error of confusing a dependamable
(HR) with an independent variable (power), i.ee thsponse with the stimulus. It's the other waynd: heart
rate, speed, and cadence should be interpretbd light of changes in power.

It is indeed extremely important to have feedbaokifthe body to gauge its response to a given Veadf, but

the point that die-hard HR advocates seem to nssthat our brains are already equipped to integrate
information from a variety of sources, not justttheovided by instruments which measure power aattirate.
These other sensors have been developed by eansloftion, and do a pretty good job all by themes)v
especially if frequently “calibrated” by referenttean external standard (i.e., a powermeter). abt, that was
the whole premise behind Gunnar Borg’s originalO6gdint rating scale for PE: the values are sintp/HR
expected for the average young untrained persorciskey at that intensity, minus the trailing zeralthough
useful, this is not quite the best description @fvtphysiology works, since it does not track walbhwon-linear
responses (e.g., blood lactate, a marker of musetabolic stress), only linear ones such as hatetffig. 11),

so Borg eventually issued a revised 0-10 pointgmateratio scale.

Thus, ignoring HR altogether will likely help dewpl and refine a sense of PE in relation to powathat
matters, though, is the practical difference thamakes in training, and how you respond to “hofedls” for
any wattage should be determined mainly from atfanal standpoint, that is, whether you can congptee
workout as planned (a careful, gradually progresgperiodized program is assumed here). If PEglsen than
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normal or expected for a given wattage, some sal pan right there, but the recommendation her®itry to
complete the workout, if possible. Whether youd'iié based on how you feel (even if able to finislepends
on any number of things: how early it is in the lart, your level of motivation, whether you will lable to
rest adequately following or have a particularlychalay ahead, where you are in your present trginin
cycle/year, what you have planned for the weeketa, Even cutting back slightly (2-4%) on the \ag# and
making it through the planned duration, if notteg planned intensity, is generally better than gshg home,
since each workout is (or should be) built on tlaing of the last, and you don’t get better by maining.
Knowing when to quit early is something of an bttt the decision is informed little, if at all, BiR, which will
likely just provide comforting confirmation or elsenfound what power and PE levels have already ytol.
The proof of whether it was wise to continue or wik come in subsequent workouts.

For instance, in a well-paced, 20 minute interval workout at perhaps 100% FTEfitst repetition is usually
strenuous, but not a major challenge to complétest as HR drifts upward for a given power outputiaration
wears on, so too does PE increase, and the dffomd start ‘getting to you’ with ~3 minutes to gothe second
rep, as you wonder a bit if you can make it to ¢he, think about how good it will feel to be finggh start
counting down the time left and telling yourselfrifnutes . . . get through the next minute andadkteone will
take care of itself,” etc. Watch average wattdgsaty and try not to fade; mentally, it's importam finish strong.

On the other hand, if you do the best you can|dag a few Watts, as happens occasionally, ityikedans you
was just a bit below par, but if you fade in thestfirep, then either the wattage was too high,|lse there is
something wrong physically, especially if it wasvarkout | have recently been able to complete. ngyshe
preceding perceived exertion scale, referencedriotional responses in the latter stages of tempargerval
workouts, may be helpful in evaluating workout dima and intensity:

4 — Workout easily completed. Chosen intensity or tloreeither too low (easy) or too short, respedyive
such that average power rose (or could have bésgd)esubstantially throughout the workout, or else
power/duration were intentionally set low due tmirting status, recent layoff, illness, etc.

5-6 — Workout finished with some difficulty towards enflsession; completion somewhat, but not seriously i
doubt. Intensity/duration about right, as powenaéed steady or increased gradually throughout, an
could not have been sustained much or at all begoddf workout.

8 — Extreme difficulty and serious doubts about abilifinish encountered during middle and lattegetaof
session. Intensity/duration too high/long, or elseovery inadequate, since power either fadedhduaist
interval, or workout not was quite completed.

10 — Workout terminated well short of goal (early or wiiiel of session) due to illness or accumulated diatigr
intensity/duration not being sustainable (unreiabdty high/long).

Taking this idea further, here is an attempt téedéntiate the physical sensation(s) of severasesof fatigue
(reduced power-generating capacity), with the medmpsevention in parenthesis:

1. low muscle glycogen/blood glucose (“bonking”yidg longer rides/races — localized sensationrefsstfatigue in
qguadriceps area (knowledge, judgment of adequagetigy/correct timing of carbohydrate feeding)

2. high blood lactate (“blowing up”) during TTstémvals, breaks, chases, and when bridging — diaofiburning”)
sensation localized in chest and legs, plus inextaseathing rate (knowledge/judgment of propeinmp@ided by
feedback from powermeter)

3. environmental heat stress/elevated core temperatoverall perception of heat, as well as visigils of excessive
sweating (awareness of heat index, plus knowleddgment of adequate fluid replacement — the “dbiefore
you're thirsty” rule — plus external cooling, i.édrenching” as possible/available).

Again, the ultimate test of how accurately trainlmgs been structured is whether workouts can bsistently
completed throughout a gradually progressive, geréal plan. Occasionally failing to finish a wodtaue to the
chosen wattage and duration being too high is ribi¢aster; after all, in order to find your limitsjs sometimes
necessary to exceed them. Stilkegrating PE with power daia essential to optimal energy distribution and
consistent, productive steady-state workouts walltw aerobic development to proceed almost indefin
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So then, to gauge and guide training intensity cth@ice here is power, in partnership with perocgtiggertion;
heart rate may have some uses, but does not erdult status to which it has been elevated. ifibagtons
usually run something like “Power is important, lyou need heart rate too,” (i.e., the “data is ga@al more
data is better” argument), and “Heart rate tella }ow hot your aerobic engine is running for a giy®wer
output; training by power alone is like the rev-th@eho always runs his engine at 800 horsepowermagd no
attention to rpm.” If HR is substantially diffetefiom one workout to another, it is unlikely thatal energy
expenditure would ever be more than perhaps 5%therd may not any difference at all (e.g., lacklegp will
elevate submaximal heart rate, but has little i effect on efficiency.) Old habits die hard, tigbu and
onward it marches still, a beast that goes on ifigh&fter having its head cut off, to the exterdtths more
persistent advocates seem obsessed with it, thievéxes clinging to a security blanket on to whtbley project
fears (“I've overtrained!” or “I've peaked too egfl) and hopes (“I'm on form!”) beyond anything remely
reasonable, like a kind of Rorschach Test.

MANAGING FATIGUE

Fatigue and overreaching are often confused widttmining, the distinction being that the latealong-term
decrement in performance which requires weeks en evonths to recover from, whereas the formersisnply

a part of thavorkout/recovery cycle Irritability, disrupted sleep, lack of enthusigsand significant changes in
HR (whether waking/resting or at a given intensdayg all frequently identified as symptoms of okagrting,

but it is common for one or several of these factorappear acutely in the course of a seasonraftes and
interval sessions, or towards the end of a perfdaigh stress (high volume/intensity); it is theimgoat which
such signs persist and are accompanied by dimitigieformance (as determined by decreased power-
generating capacity), that is critical to determghwhen added rest is needed.

Overtraining is most effectively prevented by awogdlarge, sudden changes in training volume, al$ age
excessive competition, both of which go withoutisgyin following a periodized, progressive planNcdh-

training stresses,” e.g., of the environmental/éonad variety enter in to the equation too, as allestress is
balanced against “recovery factors” which inclugg dnd the amount and quality of sleep/rest; toei$ of this
article is on the latter two, and fundamentallynimizing fatigue is a matter of knowledge, attentto detalil,
planning/thinking ahead, time management, and decisaking.

Interval workouts should generally be at least 86rk apart, and 48-72 hours before competitiorh) wit
an intervening Level 1 ‘recuperation ride’ of 404nthutes, preferably in the early morning if during
periods of high heat and humidity. Cue yet anotlogicise summary quote from the Wattage Forum:

“Over the course of an intense or long workout, dge occurs in the area under the greatest stress,
i.e., the working muscles, causing fluids to ‘leak of the muscles and accumulate within and betwe
cells. Afterwards, by necessity, the body mugpdmticular’ about where it directs blood, sinceette
are far more blood vessel routes than the heartroanage with all of them dilated, so blood flovitte
working muscles is greatly reduced once the worloaver, and oxygen demand returns to normal
levels. A recovery ride causes vasodilation inghea of damage, along with an influx of blood that
carries repair substances. It also creates a geatlto remove waste products through diffusion.

The key to recovery rides is to keep intensity latal that doesn't stress the system enough teecau
additional damage, and since a system not strassedystem not being trained, recovery rides ate n
considered to cause any training adaptation. Toi@fasn’'t to generate minimal watts — that can be
achieved by not riding at all — but to demand gisdugh work (~50-60% of FTP) at the muscle site to
elicit increased blood flow response to elevategher demands.™-Terry Ritter

Just as with interval workouts, where one ridepsdific training objectives may not match another’s
so too do easy days lend themselves to riding alatess a cooperative partner can be found, but all
too often, competitive instincts take over, andammerfest ensues. Put another way, it's common to
train as if it’s a race — and then race as iftitténing. Have the discipline to go easy enouglyaur

easy days, so that you can go hard enough on gtanse days, and realize the maximum benefit
(adaptation) from them. As a rule of thumb, yoaudt feel fresh and rested two or three times ekwee
preferably before each intense workout or racéerVial intensity may be reduced during high-volume
weeks, but increased in a taper weBkwvays include 1-2 days per week of rest or recoveryside
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Hydrate and feed adequately before, during, arat aft workouts; “Drink before you're thirsty, aeadt
before you're hungry” is not a cliché, but a sopnalctice that accurately reflects the body’s dedaye
hormonal stimulus to cravings. Weight loss shdgddimited to no more than 2% for any ride, and
every 1 Ib lost should be replaced with 15 oz. (d#Pof fluid afterward. ~0.6-1.0 grams carbohydra
(CHO) per kilogram of lean body mass (LBM) shouddibgested in a 6-8% solution for every hour of
intense exercise, or about 24 oz (710 ml) for &g€der, in 3-4 episodes each hour, commencing at
~45 minutes in to the ride (on long rides in looat where only water is available, powdered Ga®rad
carries well in a 2 0z container, such as a traizel bottle of shampoo, which holds just enoughrafad
0z bottle.) Keeping to such a schedule may be marelematical in competition than training, and
although it is possible to reverse fatigue resglfrom lowered blood glucose (*bonking”), this
condition should be avoided at all costs, sindg forces the body to use more protein, 2) compsemi
the immune status; and 3) reduces the effectivesfessy workout during which it occurs. Further,
repeated bouts of exercise-induced hypoglycemilinvé certain timespan increases susceptibility to
happening again, setting up a vicious cycle andinglteven more disruption to training.

Proof may be lacking that solid foods prolong eadee vs. CHO beverages alone, however, if they are
desired, a useful practice on longer (4+ hour)dfiideEes may be to consume low-glycemic foods early
in the ride, perhaps even a sandwich with somdytkliced meat, then progress to higher-glycemic
snacks later on, as well as post-exercise. Fexplanation of the Glycemic Index (Gl), Glycemic

Load (GL), and a listing of these for numerous ma&kettp://www.mendosa.com/gi.htm

An important time for CHO intake is immediatelyafintense or long workouts and races. No more
than 20 minutes post-exercise, ingest ~1-1.5 gt @er kg lean body mass plus 0.25-0.4 g/kg
protein, perhaps followed by a light massage, shdifven the road, take a washcloth and cold water
for rinsing), and a nap if possible, then a meahWHO-protein in the same amount the next houth wi
vitamin B, C, and E supplements afterward. Pargparself after and in between hard/long workouts!

Depending on daily training volume, total food keaeach day should be 30-64 kcal per kg of lean
body mass (LBM), or equivalently, 14-29 kcal/lbheFe are 4 kcal per gram of CHO and protein, and
9 kcal/g of fat; so for a diet in the recommendabbidc balance of 65%-20%-15% CHO-fat-protein,
these percentages translate to 5-10.4 g/kg CHGL.@.@/kg fat, and 1.1-2.4 g/kg protein. Thusider
with an LBM of 60 kg would require 300-432 g CHQ-84 g fat, and 66-144 g protein. Caloric
balance may be altered slightly (+5%) in favor &f@during the 2-3 days prior to competition, furthe
in actual practice, individuals with higher traigimolume should cap daily fat consumption at ~g/k
and protein at ~2 g/kg so up to 12 g/kg CHO mapdeded to meet remaining requirements.

On-line diet and fitness journals are availablbtgt://www.lifestylestech.com/page2.htfsimall fee
required) http://dietpower.comandhttp://www.fitday.com(free). For a complete food calorie
database, triattp://www.calorieking.conor http://calorie-count.com

The value for external work performed (in kilojos)igorovided by a powermeter can be used to
approximate energy consumption in kcal, howevés, idquires that gross mechanical efficiency
(GME) be determined by a lab-administek@2maxtest; for 1 kJ of work performed at a GME of 19%,
1.26 kcal are burned; 21% — 1.14 kcal; 23% — 1d#;R5% — 0.96 kcal; 27% — 0.89 kcal. This result
can be used to adjust diet according to the cateqairements of a workout, in addition to basargg
expenditure (BMR), in kcal/day, as estimated fromHarris-Benedict Equation

BMR =66.473 +13.752+ 5.00 - 6.75%, BMR =665.096 + 9.568 + 1.85% — 6.75%
wherem = body mass in kd) = height in cm, and = age in yr.

Even if weight losses are kept within a reasonedoige (<4% a month) and protein intake is mainthine
or increased, it is still likely at least some ldsualy mass will be lost, causing a decline in algsol

VO2omax Thus, it is overly simplistic to believe thatrfmemance can be easily enhanced by losing a few
pounds. Without question, losing what is truly es€weight very gradually may improve performance,
particularly on extended climbs, but you must térénings very carefully. Energy balance is a very
important determinant of nitrogen balance, andcigsinly fat is a difficult thing to do.
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TRAINING INDOORS

Nearly everyone ends up training indoors only asemded last resort, when weather or scheduleyatecn
outdoor ride. Working out inside, however, produseme subtle differences and benefits, and may keea
preferable alternative (or supplement) to traironghe road.

The most basic (and obvious) difference lies in tla¢ure of the resistive load imposed. Althoughsimo
stationary resistance trainers have a flywheel, & heavy enough to faithfully simulate the kioetnergy
changes so typical of road cycling (or most anyrfaf “free range” activity), nor do most load simatdrs
replicate the almost constant changes in graddearain experienced outdoors (a flat road and naviieing
practically non-existent in the real world). Ed@ector contributes to the wide and rapid variatafnpower
output outdoors, even during relatively steadyestdforts. Stationary trainers, on the other hawn when

not in “erg” mode, impose a much more even load dogiven speed, as becomes quickly apparent if a
powermeter is used to verify resistance.

(Some trainers have an ergometer, or “erg” setivigch maintains a constant workload. That is, mvbadence
drops, resistive torque increases, and vice-vemsel that the product of the two — power outpuermains
constant. This feature allows the rider to “sed farget” a specific power level, and ensures #raunvarying
intensity is maintained. What can make the “ergirendifficult for some is that the load is releeie You either
ride at the set load or you stop; you can't eaééoofmore than a moment or so. Contrary to oaresiclaims,
neither the Computrainer, nor any type of erg, kgepwver constanwithin a pedal cycle, rather, it keeps power
constantacrossa number of pedal cycles, which is what peoplenateused to, since, when riding outdoors, we
get to go hard for a bit, using fast-twitch motanitsi for a few seconds, go easy, go hard again, €tus is
precisely how neuromuscular systems are designdégnttion, i.e., episodically, and why trainingshiay to
excess may not create the best aerobic overload.)

Another difference is the lack of a cooling headim the neighborhood of 20-30 mph, causing sontgdame
any performance deficit indoors entirely on theregadatory issues, but this is overly simplistic;weo
production and perceived exertion may be eithehdrigor lower indoors, depending on the individubg
trainer they use, how adapted they are to it, éh@in/environment they have available for outdoaining, etc.
Thus, two steps are toward raising one’s indoorgrautput are to

1. use a trainer that has enough “inertia” (starts of kinetic energy), i.e., one with an adegbatnassive
flywheel, to better simulate outdoor cycling. TWeelodyne, among a few others, meets this criteal,
as a result, power output on it is usually as laghif not slightly higher than, what can be doo&loors
(especially if variations in power are accountedvidh the normalization algorithm presented laigy.
On something with a light flywheel, however, it da@disconcertingly difficult to generate the same
power indoors as outdoors.

2. keep cool enough, making every attempt possifeinimize thermal stress, so that you can max@miz
the absolute training load, unless you are speadifiattempting to prepare for exercise in the lfediich
is analogous to the effects of altitude: sinceoihpromises absolute intensity, there is no advantad
probably significantlisadvantage, to training at higher elevations, unpesparing specifically for
competition there.) This means using a powerfa) keeping the room cool (at least under 70° F, and
ideally below 65°), and staying hydrated. Look/iagh-velocity “air circulator” models that move at
least 2000 cubic feet per minute, such as from ldelriloneywell, Lakewood, Patton, Air King, and
Vornado (seéttp://www.dmartstores.com/fans.httol order, andhttp://www.vornado.confior the
manufacturer’s site). Direct the air flow at ydwad and upper body, but position the fan to ttie, sio
it does not blow directly in to your eyes.

How you constitute indoor workouts will depend oouy particular characteristics and abilities, tloet ©f
racing you do, what your outdoor rides are liked an forth, but it makes sense to balance indaimitrg with
outdoor workouts that are as variable as possil#i#ernatively, one could attempt to deliberatetyusture
indoor workouts to stress muscle power more, bypglshort, high-power intervals, with either comelet
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incomplete recovery (microintervals), the idea geamboth cases to induce more neuromuscular thetabulic
stress, and having recognized the limitation to obomnic indoor training, some like to throw in fresmui out-of-
the-saddle “surges” to up the intensity. To beglicate outdoor cycling, however, the variationspbwer
wouldn’t be completely random, since you would wdo@m to occur within a certain frequency rangatTis,
varying power on even a minute-by-minute basis divesally mimic what happens outdoors . . . tharaies
would have to be more often than that. On therotfaed, a sudden doubling of the power requirentent
middle of a pedal stroke wouldn’t be ideal eitrsnce, unlike cycling outdoors, you don’'t have agmstored
kinetic energy to help carry you through the “dspdt.”

To summarize, training on the road is more speaifteereas indoor workouts are more controllable @edte a
better aerobic overload, so optimal results mayob&ined using an appropriate combination of the tw
approaches, or by manipulating force and cadengeglundoor training sessions.

* * * * * * *

The relatively constant workload of indoor trainimgkes HR a more robust indicator of exercise sitgnhan

it is outdoors, so long as cooling is adequate.pdrticular, being a cardiovascular variable, Hatks fairly
well with cardiovascular fithess, not metaboliméss, i.e., with V@nax rather than LT (the classic Astrand-
Rhyming method for predicting Viaxis based on this very fact), so lower a higheradl given submaximal
power output might indicate lower ).y even with plenty of LT intervals and equivalenstainable power
output. Such changes are not specific to LT polmatressentially occur across all submaximal pavugputs.
Interpreting any HR/power* value, however, is coicgiied by the fact that this ratio decreases witngasing
power output, independent of changes in fitnesghdéumore, it increases as power becomes moreblaria
A final noteworthy point: the magnitude of the charnin submaximal HR is generally greater than tienge in
VO2max and may change even if ¥fhxdoes not.

For instance, the author’'s (Coggan’s) heart ratingdwi-weekly, pre-season 2 x 20 minute LT intésvaas
averaging 149 beats/minute in 2003, vs. 143 the year, this despite the fact that power was thes, and |
didn’t even really feel like | had started to pusfiself all that hard either year. My approach Wasically the
same both years: 3 months of weight training 3 flegesk, plus 3-4 days/week of steady riding throtighend
of December, after which | dropped the weights stadted riding 6-7 days/week, with" 220 minute intervals
twice per week. The difference was that | was nfibr&t the beginning of the 3 month “maintenanpéase in
Fall 2001 than in Fall 2002 (the result of racinfyth calendar in '01, vs. viewing '02 as a writé)o and with
different early season goals, | was doing more ifipdcaining, namely VQmax type intervals (6 x 5 minutes
on/2.5 off) once per week during my build-up inlg&002, something | neglected in '03. In otherdsy and
exactly as predicted by the known physiology amaéhing specificity, my HR response seemed to beking
my (relative lack of) cardiovascular fitness (lowéDomay), and not my metabolic fithess (LT power).

*Technically, HR/power is the correct stating of tlelationship, not the more commonly used powerkilice
HR is the dependent variable.

Special thanks to Andrew Coggan, Ph.D. for his woations throughout this chapter.

36



Tables and illustrations

+)*, E7 7 6 6
| ( :
2
. = ) ) *6 >>8 *
k= $ G5 5 5 8 F* FH
/5
2
I 8 6 6 ) ) *6 >> J6 5
58 6 $ G5 5 5 8 5
/ 5
C > 55 6
F 8 8 " A 6
D 7 6 $" 5 *6 >B>> 5 8 $J6 5
/ 5 5
K
+)* " L 5 8 6 5 2
(6 > 8

$ , $+, $5+
+ $ $ $$ '$
$ ! +' + $3$ $$
++ ! S +
+ ! $ $ $
$ + 1l ! 5 $
+ + 11 $, $+'
+ 6" "7 #8+! ##8+9 " # #09 " #H x7 "$+
3 6 I (*6 >J5 MIIl 86 5 (*6 >
5 8
J5 2 58N O+(*6 > 8 J51 $ ++(*6 > "BBN
8
>2 PQ) 2 6 6 >5 8 7
+$ + F

37

‘X




* 6 5 ! M, I e l, I'$ ! L, L+ ! L,
M+ Sl+. M!! or! . M M,

3H5 $! 5 D 85 )( OE D

> =6 L) H 5 6 + $! Q5

‘X

38



— VAV,
- [ L))
- S S S
- S LT 4
nalll LA A S

Fig. 1. Power requirements as a function of speed f@0akg bicycle/rider over selected grades 0-12%.

[J A )4
WA
[ JA ) S f
PLS TS S
[ PL S ST
JEL S S S A
/)P S S SfS
S S AS
SSAS S A S LS

I
e

00000
00000

bt e bty

0 4 8 12 16 20 24 28

32 36 40 44 48 52 56
EEEEE (mifh)
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Fig. 7. Net average crankset torque for two groups oérsd(in: Coyle, E.F. et al. Physiological and

biomechanical factors associated with elite endegaycling performanceMedicine and Science in
Sports and Exercisg3(1):93-107 January 1991).
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Fig. 9. Energy systems contribution at two exercise isites (in: Gastin, P.B. Energy system interactiod
relative contribution during maximal exercis8ports Medicin€g1(10):725-412001.)
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Fig. 12. Training load optimization for increasing threkhpower.

45



Bibliography

GENERAL WORKS IN EXERCISE PHYSIOLOGY

Astrand, P.-O., H.A. Dahl, S.B. Stromme, K. Rodand H. Dahl. Textbook of Work Physiology: Physiological
Bases of Exercisdth ed. (Champaign IL: Human Kinetics, 2003).

Brooks G.A., T.D. Fahey, K.M. Baldwin, T.P. WhiteExercise Physiology: Human Bioenergetics and Its
Applications with Powerweb(Columbus: McGraw-Hill, 2001).

Hargreaves, M.H. and L.L. Spriet (ed§xercise Metabolisp2nd ed. (Champaign IL: Human Kinetics, 2006).

Maughan, R., M. Gleeson , and P. L. Greenhaff. cBamistry of Exercise and Training (Oxford: Oxford
University Press, 1997).

McArdle, W.D., F.I. Katch, and V.L. KatchExercise physiology: energy, nutrition and humarfgrenance
5th ed. (Baltimore: Williams and Wilkins, 2001).

Robergs, R.A., and S.J. KeteyiarFundamentals of Exercise Physiology: For Fitnessrfétmance, and
Health 2nd ed. (Columbus: McGraw-Hill, 2002).

Robergs, R.A., and S.0O. RobertBundamental Principles of Exercise Physiology WthwerWeb: Health &
Human Performance(Columbus: McGraw-Hill, 2000).

Wilmore, J.H., and D.L. CostillPhysiology of Sport and Exercjs¥d ed. (Champaign IL: Human Kinetics, 2004).

BASIC ENDURANCE AND CYCLING -APPLIED EXERCISE PHYSIOLOGY

Antonutto, G., and P.E. di Prampero. The concépaaate threshold. A short reviewdournal of Sports
Medicine and”hysical Fitnes85(1):6-12 March 1995.

Casaburi, R., T.W. Storer, C.S. Sullivan, and Ksgéiman. Evaluation of blood lactate elevatioarasitensity
criterion for exercise trainingMedicine and Science in Sports and Exer2ig):852-62 June 1995.

Cerretelli, P., and P.E. di Prampero. High engrggsphate resynthesis from anaerobic glycolysimuscle.
Journal of Applied Physiolog®04(2):115P+October 1969.

Coyle, E.F., et al. Blood lactate threshold in sonedl-trained ischemic heart disease patiendeurnal of
Applied Physiologp4(1):18-23 January 1983.

Coyle, E.F., A.R. Coggan, M.K. Hopper, and T.J. ¥&a. Determinants of endurance in well-trainedisis.
Journal of Applied Physiolog§4(56):2622-3pJune 1988.

Coyle, E.F., et al. Physiological and biomechdrfmetors associated with elite endurance cyclieggrmance.
Medicine and Science in Sports and Exer2i3€):93-107 January 1991.

Coyle, E.F., M.K. Hopper, and A.R. Coggan. Maxiroalgen uptake relative to plasma volume expansion.
InternationalJournal Sports Medicin&1(2):116-9 April 1990.

Coyle, E.F., L.S. Sidossis, J.F. Horowitz, and BBltz. Cycling efficiency is related to percergagf Type |
muscle fibers.Medicine and Science in Sports and Exer2ig):782-83 July 1992.

Coyle, E.F. Physiological determinants of endueagxercise performancdournal of Science and Medicine in
Sports2(3):181-9 October 1999.

Coyle, E.F. Integration of the physiological fastatetermining endurance performance ability. HRrercise
and Sport Science Revie&.25-63 1995.

di Prampero, P.E. Metabolic and circulatory liidas to VGQ max at the whole animal levelJournal of
Experimental Biology15:319-31 March 1985.

di Prampero, P.E., and G. Ferretti. Factors Imgitmaximal oxygen consumption in humanRespiratory
Physiology80(2-3):113-27 May-June 1990.

di Prampero, P.E., and G. Ferretti. The energefi@gnaerobic muscle metabolism: a reappraisalddraand
recent conceptsRespiratory Physiolog¥18(2-3):103-15December 1999.

di Prampero, P.E., M.P. Francescato, and V. CettBlzergetics of muscular exercise at work onsetsteady-
state approachPflugers Archivegl45(6):741-6 March 2003.

Davison, R.C., D. Swan, D. Coleman, and S. Birdbrr@ates of simulated hill climb cycling perfornean
Journal of Sports Sciends3(2):105-10 February 2000.

Essen, B. Studies on the regulation of metabolisrhuman skeletal muscle using intermittent exerasean
experimental modelActa Physioligica Scandinavi{gupplement}54:1-32 1978.

Francescato, M.P., V. Cettolo, and P.E. di PramperBelationships between mechanical powep O

consumption, @ deficit, and high-energy phosphates during cadreise in humans.Pflugers Archives
445(5):622-8 February 2003.

46



Gastin, P.B. Energy system interaction and relatigetribution during maximal exerciseSports Medicine
31(10):725-412001.

Gonzalez-Alonso, J., R. Mora-Rodriguez, and E.Fyl€oStroke volume during exercise: interactioeimfironment
and hydration. American Journal Physiology: Heart Circulation Plofegy 278(2):H321-30February 2000.

Hagberg, J.M., and S.D. McCole. The effect of tilngf and aerodynamic equipment on energy experditur
during cycling. Cycling Scienc@(3):19-22, 1990.

Heil, D.P. Body mass scaling of projected frorsteda in competitive cyclistsEuropean Journal of Applied
Physiology85(3-4)358-66 August 2001.
Heil, D.P., O.F. Murphy, A.R. Mattingly, and B.Kidgjinson. Prediction of uphill time-trial cyclingerformance in
humans with a scaling-derived protocBluropean Journal of Applied Physiology(3-4):374-82 August 2001.
Heil, D.P. Body mass scaling of frontal area inmpetitive cyclists not using aero-handlebaifSuropean
Journal of Applied Physiology7(6):520-8 October 2002.

Hickson, R.C., H.A. Bomze, and J.O. Hollozy. Faattjustment of Quptake to the energy requirement of exercise
in the trained stateJournal of Applied Physiolog§4(6):877-81June 1978.

Jacobs, R., M.F. Bobbert, and G.J. van Ingen Scherdechanical output from individual muscles dgrin
explosive leg extensions: the role of biarticularseies. Journal Biomechanic89(4):513-23 April 1996.

Liedl, M.A., D.P. Swain, and J.D. Branch. Physgial effects of constant versus variable poweringdur
endurance cyclingMedicine and Science in Sports and Exer8ib€.0):1472-7 October 1999.

Lucia, A., J. Hoyos, J. Pardo, and J.L. Chichaivtetabolic and neuromuscular adaptations to enderaaining
in professional cyclists: a longitudinal studiapanese Journal of Applied Physiolp§9(3):381-8 June 2000.

Lucia, A., J. Hoyos, M. Perez, A. Santalla, and. Thicharro. Inverse relationship between & and
economy/efficiency in world-class cyclistdVedicine and Science in Sports and Exer84€12):2079-84
December 2002.

MacRae, H.S., S.C. Dennis, A.N. Bosch, and T.D.Kdea Effects of training on lactate production and
removal during progressive exercise in humalaurnal of Applied Physiologg2(5):1649-56May 1992.

Margaria, R., R.D. Oliva, P.E. di Prampero, P. €miti. Energy utilization in intermittent exereisof
supramaximal intensityJournal of Applied Physiolog®6(6):752-6 Junel1969.

Martin, D.T., et al. Physiological characteristafsnationally competitive female road cyclists atemands of
competition. Sports Medicin@1(7):469-77 2001.

Martin, J.C., B.M. Wagner, and E.F. Coyle. Indstiad method determines maximal cycling power Birgle
exercise boutMedicine and Science in Sports and Exer2@g 1)1505-12November 1997.

Martin, J.C., R.P. Farrar, B.M. Wagner, and W.Wir@gso. Maximal power across the lifespaiournals of
Gerontology Series A: Biological Sciences and Madicience$5(6):M311-16 2000.

Martin, J.C., and W.W. Spirduso. Determinants @ximal cycling power: crank length, pedaling ratel a
pedal speedEuropean Journal of Applied Physiolog§4¢(5):413-8 May 2001.

McCartney, N., L.L. Spriet, G.J. Heigenhauser, Jddwalchuk, J.R. Sutton, and N.L. Jones. Musclegro
and metabolism in maximal intermittent exercideurnal of Applied Physiolog§0(4):1164-9 April 1986.

McDaniel, J., J.L. Durstine, G.A. Hand, and J.C.rfita Determinants of metabolic cost during subimet
cycling. Journal of Applied Physiolog§3(3):823-8 September 2002

Mier, C.M., M.J. Turner, A.A. Ehsani, and R.J. Spi€ardiovascular adaptations to 10 days of cyxéecése.
Journal of Applied Physiolog83(6):1900-6 December 1997.

Millet, G.P., C. Tronche, N. Fuster, and R. Candaevel ground and uphill cycling efficiency in $ed and
standing positionsMedicine and Science in Sports and Exer8i$€l0):1645-520ctober 2002.

Moseley, L., and A.E. Jeukendrup. The reliabibfycycling efficiency. Medicine and Science in Sports and
Exercise33(4):621-7 April 2001.

Mujika, I., and S. Padilla. Cardiorespiratory andtabolic characteristics of detraining in humaMedicine
and Science in Sports and Exercds3):413-2]1 March 2001.

Mujika, 1., and S. Padilla. Physiological and penfiance characteristics of male professional roadists.
Sports Medicing1(7):479-872001. Review.

Munn, J., R.D. Herbert, and S.C. Gandevia. Caatieahl effects of unilateral resistance trainingmata-
analysis.Journal of Applied Physiology6(5):1861-6 May 2004.

Nickleberry, B.L. Jr., and G.A. Brooks. No effadft cycling experience on leg cycle ergometer efficy.
Medicine and Science in Sports and Exer2igl1):13960-1401November 1996.

Padilla, S., I. Mujika, G. Cuesta, and J.J. Goaiehevel ground and uphill cycling ability in pesfsional road
cycling. Medicine and Science in Sports and Exer8is65):878-85June 1999.

47




Palmer, G.S., T.D. Noakes, and J.A. Hawley. Effeftsteady-state versus stochastic exercise osequbnt
cycling performanceMedicine and Science in Sports and Exerg2igg):684-7 May 1997.

Palmer, G.S., L.B. Borghouts, T.D. Noakes, and Hawley. Metabolic and performance responses to
constant-load vs. variable-intensity exercise @ned cyclists.Journal of Applied Physiolog®7(3):1186-96
September 1999.

Parolin, M.L., A. Chesley, M.P. Matsos, L.L. Spriét.L. Jones, G.J. Heigenhauser. Regulation oletde
muscle glycogen phosphorylase and PDH during madximtarmittent exercise. American Journal of
Physiology277(5, Pt. 1):E890-90WNovember 1999.

Passfield, L., and J.H. Doust. Changes in cyckfficiency and performance after endurance exercise
Medicine and Science in Sports and Exer8i2¢gl1):1935-41November 2000.

Peronnet, F., G. Thibault, and D.L. Cousineau. hAotetical analysis of the effect of altitude omrmimg
performance.Journal of Applied Physiologg0(1):399-404January 1991.

Phillips, S.M., H.J. Green, M.A. Tarnopolsky, andMSGrant. Increased clearance of lactate aftertdkrm
training in men.Journal of Applied Physiologg9(6):1862-9 December 1995.

Poole, D.C., and R.S. Richardson. Determinantsxgfien uptake. Implications for exercise testirgports
Medicine24(5):308-20 November 1997.

Putman, C.T., et al. Skeletal muscle pyruvate dedgehase activity during maximal exercise in humans
American Journal of Physiolod®69(3 Pt. 1):E458-6&eptember 1995

Ryschon, T.W., and J. Stray-Gundersen. The effebbdy position on the energy cost of cyclingledicine
and Science in Sports and Exerc#8):949-53 August 1991.

Ryschon, T.W., and J. Stray-Gundersen. The effetire pressure on the economy of cyclingrgonomics
36(6):661-6 June 1993.

Sidossis, L.S., J.F. Horowitz, and E.F. Coyle. d.@nd velocity of contraction influence gross aradtad
mechanical efficiencylnternationalJournal Sports Medicing3(5):407-11 July 1992.

Sjogaard, G. Muscle morphology and metabolic p@kem elite road cyclists during a seasdmternational
Journal of Sports Medicing(5):250-4 October 1984.

Spina, R.J., et al. Exercise training preventdinkean stroke volume during exercise in young tteakubjects.
Journal of Applied Physiologg2(6):2458-62June 1992.

Spriet, L.L., M.I. Lindinger, R.S. McKelvie, G.J.eiyjenhauser, and N.L. Jones. Muscle glycogenotysiisH+
concentration during maximal intermittent cyclingpurnal of Applied Physiologg6(1):8-13 January 1989.

Swain, D.P., J.R. Coast, P.S. Clifford, M.C. Milik and J. Stray-Gundersen. Influence of bodyaizexygen
consumption during bicyclingJournal of Applied Physiolog§2(2):668-72 February 1987.

Swain, D.P. The influence of body mass in endwdncycling. Medicine and Science in Sports and Exercise
26(1):58-63 January 1994.

Tanaka, H., D.R. Bassett Jr., T.C. Swensen, and Badvhpedro. Aerobic and anaerobic power charatiteyi
of competitive cyclists in the United States Cyglifederation. International Journal of Sports Medicine
14(6):334-8 August 1993.

Tanaka, H., D.R. Bassett Jr., S.K. Best, and K.&keB Jr. Seated versus standing cycling in conmgetioad
cyclists: uphill climbing and maximal oxygen uptakéanadianJournal of Applied Physiolog¥1(2):149-54
April 1996.

Thomas, C., P. Sirvent, S. Perrey, E. Raynaud, Aniflercier. Relationships between maximal muscle
oxidative capacity and blood lactate removal afigpramaximal exercise and fatigue indexes in humans
Journal of Applied Physiolog97(6):2132-8 December 2004.

Trump, M.E., G.J. Heigenhauser, C.T. Putman, ahd &priet. Importance of muscle phosphocreatinendu
intermittent maximal cyclingJournal of Applied Physiolog0(15):1574-80May 1996.

van Loon, L.J.C., P.L. Greenhaff, D. Constantindesu, W.H.M. Saris, and A.J.M. Wagenmakers. The
effects of increasing exercise intensity on mustiel utilization in humans. Journal of Physiology
536(1):295-3042001.

Wagner, P.D. An integrated view of the determisarft maximum oxygen uptake. Advanced Experimental
Medical Biology227:245-561988.

Welbergen, E., and L.P. Clijsen. The influencdady position on maximal performance in cycliriguropean
Journal of Applied and Occupational Physioldifi(1-2):138-421990.

Wilberg, R.B., and J. Pratt. A survey of the rageefiles of cyclists in the pursuit and kilo traekents.
Canadian Journal of Sport Scient8(4):208-13 December 1988.

48



CYCLING DYNAMICS

Bassett Jr., D.R., C.R. Kyle, L. Passfield, J.FokBr, and E.R. Burke. Comparing cycling world heerords,
1967-1996: modeling with empirical dataviedicine and Science in Sports and Exer@4¢11):1665-76
November 1999.

Broker J.P., C.R. Kyle, and E.R. Burke. Racinglisypower requirements in the 4000-m individuatl aeam
pursuits. Medicine and Science in Sports and Exer8is@d.1):1677-85November 1999.

Candau, R.B. et al. (7 others). Simplified deadlen method for assessment of resistive forcesyaling.
Medicine and Science in Sports and Exer8is.0):1441-7 October 1999.

Capelli, C., et al. Energy cost and efficiencyiding aerodynamic bicyclesEuropean Journal of Applied and
Occupational Physiolog§7(2):144-9 1993.

Capelli, C., and P.E. di Prampero. Effects oftadé on top speeds during 1 h unaccompanied cycling
European Journal of Applied and Occupational Phiggjg 71(5):469-71 1995.

de Groot, G., A. Sargeant, and J. Geysel. Aittitiic and rolling resistance during cyclingMedicine and
Science in Sports and ExercBg(7):1090-5 July 1995.

de Groot, G., E. Welbergen, L. Clijsen, J. CladjsCabri, and J. Antonis. Power, muscular wonk] external
forces in cycling.Ergonomics37(1):31-42 January 1994.

Davies, C.T. Effect of air resistance on the meliakcost and performance of cyclindeuropean Journal of
Applied and Occupational Physiolog$(2-3):245-541980.

Di Prampero, P.E., G. Cortili, P. Mognoni, and Bil&ne. Equation of motion of a cyclistournal of Applied
Physiology47(1):201-6 July 1979.

Drake, G. Aero answer®icycling31(4):176-182, 1990.

Gnehm, P., S. Reichenbach, E. Altpeter, H. Widmwed, H. Hoppeler. Influence of different racing ifiogs on
metabolic cost in elite cyclistdMedicine and Science in Sports and Exer2&g):818-23 June 1997.

Kawamura, T.M. Wind drag of bicycles. Tokyo Unisity, Tokyo, Japan, 1953.

Kyle, C.R., C. Crawford, and D. Nadeau. Factofedciihg the speed of a bicycle&engineering Report 73-1.
California State University, Long Beach CA, 1973.

Kyle, C.R., and W. Edelman. Man-powered vehiclsigie criteria. InProceedings of the Third International
Conference on Vehicle System Dynapadited by H.K. Sachs (Amsterdam: Swets and Zegigli, 1975).

Kyle, C.R. The aerodynamics of bicycleBngineering Report 79-1California State University, Long Beach
CA, 1979.

Kyle, C.R. Reduction of wind resistance and powagtput of racing cyclists and runners travelinggioups.
Ergonomics22(4):387-397, 1979.

Kyle, C.R., A.C. Gross, and D.J. Malewicki. Theamynamics of human-powered land vehicle&cientific
American249(6):142-152, 1983.

Kyle, C.R., and E.R. Burke. Improving the racingyiole. Mechanical Engineerind06(9):34-45, 1984.

Kyle, C.R., and P.V. Valkenburg. Rolling resistan8icycling26(4):140-152, 1985.

Kyle, C.R., and F. Zahradnick. Aerodynamic ovetha&icycling28(5):72-79, 1987.

Kyle, C.R. Mechanical factors affecting the speéd cycle. In:Science of Cyclingedited by E.R. Burke
(Champaign IL: Human Kinetics Press, 1986), pp-1326.

Kyle, C.R. The mechanics and aerodynamics of ngcliln: Medical and Scientific Aspects of Cyclirgglited
by E.R. Burke and M.M. Newsom (Champaign IL: Hunkanetics Press, 1988), pp. 235-251.

Kyle, C.R. How weight affects bicycle spedBicycling29(5):186-190, 1988.

Kyle, C.R. How wind affects cyclingBicycling 29(6):194-204, 1988.

Kyle, C.R. The aerodynamics of handlebars and éinCycling Sciencd (1):22-25, 1989.

Kyle, C.R. The Du Pont aerodynamic bicycle whégdgendix). Cycling Scienc(1):3-8, 1990.

Kyle, C.R. Wind tunnel tests of bicycle wheels dmdimets.Cycling Scienc(1):27-30, 1990.

Kyle, C.R. New aero wheel test€ycling Scienc&(1):27-30, 1991.

Kyle, C.R. Wind tunnel tests of aero bicycl&ycling Scienc@(3):57-61, 1991.

Kyle, C.R. Energy and aerodynamics in cyclifginical Sports Medicind3(1):39-73 January 1994.

Martin, J.C., D.L. Milliken, J.E. Cobb, K.L. McFadd, and A.R. Coggan. Validation of a mathematicatiel
for road cycling powerJournal of Applied Biomechanidgl(3):271-2911998.

McCole, S.D., K. Claney, J.C. Conte, R. Andersard & M. Hagberg. Energy expenditure during bicygli
Journal of Applied Physiolog§8(2)748-53 February 1990.

Nonweiler, T. Air resistance of racing cyclistReport 106. College of Aeronautics, Cranfield Emgl, 1956.

49



Olsen, J. Wonder wheel&icycling 34(9):82-88, 1993.

Padilla, S., I. Mujika, F. Angulo, and J.J. Goi@enScientific approach to the 1-h cycling worldoel: a case
study. Journal of Applied Physiolog§9(4):1522-7 October 2000.

Peronnet, F., P. Bouissou, H. Perrault, and J.iRidhe one hour record at sea level and altitu@scling
Science3(1): 12-22, 1991.

Peronnet, F., P. Bouissou, H. Perrault, and J.iRiscomparison of cyclists’ time records accoglio altitude
and materials used [Article in Frenct@anadian Journal of Sports Scient4(2):93-8 June 1989.

Sharp, A. Bicycles and Tricycles: An Elementary Treatise dreiilf Design and ConstructioiiLondon:
Longman’s and Green, 1896).

Whitt, F.R., and D.G. WilsonBicycling Science2nd ed. (Cambridge MA: MIT Press, 1982), pp.-158.

Zahradnick, F. Testing in a tempe8&icycling30(9):100-102, 1989.

Zahradnick, F. Speedy spokeBicycling35(2):22, 1994.

Zahradnick, F., and G. Drake. Fast decisidBigycling32(1):49-53, 1991.

DIET AND EXERCISE METABOLISM

Coggan, A.R. Plasma glucose metabolism duringcesseein humansSports Medicind.1(2):102-24 February
1991.

Coggan, A.R. Carbohydrate feeding during prolongjeding to improve performanceCycling Scienc(1):9-
13, 1990.

Coggan, A.R. Plasma glucose metabolism duringcisesreffect of endurance training in humamdedicine
and Science in Sports and Exerc28£5)620-7 May 1997.

Coyle, E.F., A.R. Coggan, M.K. Hemmert, and J.Ly.lvMuscle glycogen utilization during prolonged
strenuous exercise when fed carbohydrdtrnal of Applied Physiology1(1):165-72 July 1986.

el-Sayed, M.S., J. Balmer, and A.J. Rattu. Carlodte ingestion improves endurance performancenglaril
h simulated cycling time trialJournal of SporSciencel5(2):223-30 April 1997.

Fairchild, T.J., S. Fletcher, P. Steele, C. GoodrBarbawson, and P.A. Fournier. Rapid carbohydi@aeing
after a short bout of near maximal-intensity exarci Medicine and Science in Sports and Exercise
34(6):980-6 June 2002.

Holloszy, J.O0. Muscle metabolism during exercisérchives of Physical Medicine and Rehabilitation
63(5):231-463(5):231-4 May 1982.

Holloszy, J.0., W.M. Kohrt, and P.A. Hansen. Thgulation of carbohydrate and fat metabolism dugng
after exercise Frontiers in Bioscienc&:d1011-27 15 September 1998.

Ivy, J.L. Glycogen resynthesis after exerciseedffof carbohydrate intakelnternational Journal of Sports
Medicinel9(2):S142-5June 1998.

vy, J.L., A.L. Katz, C.L. Cutler, W.M. Sherman, chie.F. Coyle. Muscle glycogen synthesis after @ser
effect of time of carbohydrate ingestiodournal of Applied Physiolog¥4(4):1480-5 April 1988.

Jentjens, R.L., M.C. Venables, and A.E. Jeukendr@xidation of exogenous glucose, sucrose, andoselt
during prolonged cycling exercisdournal of Applied Physiolog®6(4):1285-91 April 2004.

Halson, S.L., G.l. Lancaster, J. Achten, M. Gleesand A.E. Jeukendrup. Effects of carbohydrate
supplementation on performance and carbohydratgatigh after intensified cycling trainingJournal of
Applied Physiolog®7(4):1245-530ctober 2004.

Palmer, G.S., M.C. Clancy, J.A. Hawley, |.M. RoddeM. Burke, and T.D. Noakes. Carbohydrate inigest
immediately before exercise does not improve 20 tkme trial performance in well trained cyclists.
International Journal of Sports Medicid®(6):415-8 August 1998.

Poehiman, E.T., C.L. Melby, and M.l. Goran. Theaut of exercise and diet restriction on daily gger
expenditure.Sports Medicind.1(2):78-101 February 1991.

Poehiman, E.T., and C. Melby. Resistance trairdng energy balancelInternational Journal of Sports
Nutrition 8(2):143-59 June 1998.

Tremblay, A., J.P. Despres, and C. Bouchard. Teets of exercise-training on energy balance agigase
tissue morphology and metabolisi@ports Medicin@(3):223-33 May-June 1985.

van Baak, M.A. Physical activity and energy bataneublic Health Nutrition2(3A):335-9 September 1999.

Van Zant, R.S. Influence of diet and exercise roergy expenditure — a revievnternational Journal of Sports
Nutrition 2(1):1019 March 1992.

50



FUNCTIONAL THRESHOLD TESTING

Balmer, J., R.C. Davison, and S.R. Bird. Peak pqwedicts performance power during an outdoor -kénl
cycling time trial. Medicine and Science in Sports and Exer83€3):1485-90 August 2000.

Banister, E. W. Modeling elite athlete performande Physiological Testing of the High Performance Athle
(2nd ed.), edited by J. D. McDougall, H. J. Greamd H. Wenger (Champaign IL: Human Kinetics Press,
1991), pp. 403-424.

Bentley, D.J., L.R. McNaughton, D. Thompson, V.Hedk, and A.M. Batterham. Peak power output, the
lactate threshold, and time trial performance iwclisys. Medicine and Science in Sports and Exercise
33(12):2077-81December 2001.

Bishop, D. Reliability of a 1-h endurance perfonoa test in trained female cyclistsedicine and Science in
Sports and Exercis29(4):554-9 April 1997.

Coggan, A.R., and D.L. Costill. Biological and lieclogical variability of three anaerobic ergometests.

International Journal of Sports Medicifi3):142-5 June 1984.

Hawley, J.A., and T.D. Noakes. Peak power outpetiipts maximal oxygen uptake and performance time
trained cyclists.European Journal of Applied and Occupational Phiggjg 65(1):79-83 1992.

Hickey, M.S., D.L. Costill, G.K. McConell, J.J. Widk, and H. Tanaka. Day to day variation in titnial
cycling performancelnternational Journal of Sports Medicide(6):467-70 August 1992,

Padilla, S., I. Mujika, G. Cuesta, J.M. Polo, ard. Chatard. Validity of a velodrome test for cagtifive road
cyclists. European Journal of Applied and Occupational Phiggjg 73(5):446-51 1996

Palmer, G.S., S.C. Dennis, T.D. Noakes, and J.Avlela Assessment of the reproducibility of perfanne
testing on an air-braked cycle ergometieternational Journal of Sports Mediciig' (4):293-8 May 1996.

Groslambert, A., et al. A perceptive individuahé trial performed by triathletes to estimate theaesobic
threshold. A preliminary studyJournal of Sports Medicine and Physical Fitndd$2):147-56 June 2004.

Perrey, S., et al. Physiological and metabolipoases of triathletes to a simulated 30-min tind-tn cycling
at self-selected intensitynternational Journal of Sports Medicir#(2):138-43 February 2003.

Stern, R. Power zone training. Internet artit¢letg://www.cyclingnews.com/fitness/?id=powerstern

Swensen, T.C., C.R. Harnish, L. Beitman, and B.&llé&. Noninvasive estimation of the maximal laeta
steady state in trained cyclistsledicine and Science in Sports and Exer8ibgh): 742-6 May 1999.

PACING STRATEGY

Atkinson, G., and A. Brunskill. Pacing strategiging a cycling time trial with simulated headwsndnd
tailwinds. Ergonomics43(10)1449-60October 2000.

Billat, V.L., J. Slawinski, M. Danel, J.P. Koralsri. Effect of free versus constant pace on perdoice and
oxygen kinetics in running33(12):2082-8 December 2001.

Cottin, F., Y. Papelier, F. Durbin, J.P. Koralsateand V.L. Billat. Effect of fatigue on spontamesovelocity
variations in human middle-distance running: usselairt-term Fourier transformatioeuropeanJournal of
Applied Physiologp7(1):17-27 May 2002.

de Koning J.J., M.F. Bobbert, and C. Foster. Deieation of optimal pacing strategy in track cygliwith an
energy flow model.Journal of Science and Medicine in Sp&¢8):266-77 October 1999.

Foster, C., A.C. Snyder, N.N. Thompson, M.A. GrddnFoley, and M. Schrager. Effect of pacing sggton
cycle time trial performanceMedicine and Science in Sports and Exer2sg):383-8 March 1993.

Mattern, C.O., R.W. Kenefick, R. Kertzer, and TQliinn. Impact of starting strategy on cycling penfiance.
International Journal of Sports Medici22(5):350-5 July 2001.

Nikolopoulos, V., M.J. Arkinstall, and J.A. HawleyPacing strategy in simulated cycle time-trialb@sed on
perceived rather than actual distandeurnal of Science and Medicine in Sp(2):212-9 June 2001.

Race pacing. Unsigned articlerdtp://www.pponline.co.uk/encyc/0972.htm

Shakeshaft, M. Developing a Pacing Strategy Foe Tken Mile Time Trial. Internet article posted at
http://freespace.virgin.net/martin.shakeshaft/héti.

Swain, D.P. A model for optimizing cycling perfaance by varying power on hills and in winblledicine and
Science in Sports and Exerciz(8):1104-8 August 1997.

51



PERCEIVED EXERTION AND HEART RATE

Achten, J., and A.E. Jeukendrup. Heart rate mango applications and limitations.Sports Medicine
33(7):517-382003.

Arts, F.J., and H. Kuipers. The relationship betwgower output, oxygen uptake and heart rate ile ma
athletes.International Journal of Sports Medicifdé&(5):228-231July 1994.

Garcin, M., and V. Billat. Perceived exertion ssalattest to both intensity and exercise duration.
Perceptual and Motor Skil83(3):661-71 December 2001.

Borg, G.A. Perceived exertion: a note on “histoayid methods.Medicine and Science in Spof&2):90-3
Summer 1973.

Borg, G.A. Perceived exertiorexercise and Sport Science Revi@nis31-53 1974.

Borg, G.A. Psychophysical bases of perceived mxert Medicine and Science in Sports and Exercise
14(5):377-811982.

Borg, G. Ratings of perceived exertion and hestes during short-term cycle exercise and theiringenew
cycling strength testinternational Journal of Sports Medicird3):153-8 August 1982.

Boulay, M.R., J.A. Simoneau, G. Lortie, and C. Boardd. Monitoring high-intensity endurance exeraigth
heart rate and thresholdsledicine and Science in Sports and Exer2@@):125-32 January 1997.

Carton, R.L., and E.C. Rhodes. A critical revievite literature on ratings scales for perceiveeron. Sports
Medicine2(3):198-222 May-June 1985.

Cerretelli, P., P.E. Di Prampero, and G. Sassie fiart rate-V@relationship in different types of dynamic
exercise.Archivio di Fisiologia65(2):358-65, December 1967.

Coyle, E.F., and J.Gonzalez-Alonso. Cardiovascdtidt during prolonged exercise: new perspectives:
Exercise and Sport Science Revi@®€):88-92 April 2001.

Creagh, U., T. Reilly, and A.M. Nevill. Heart ratesponse to “off-road” running events in femaleletes.
British Journal of Sports Medicir#2(1):34-8 March 1998.

Crouter, S.E., C. Albright, and D.R. Bassett Jrccdyacy of Polar S410 heart rate monitor to esenestergy
cost of exerciseMedicine and Science in Sports and Exer8663):1433-9 August 2004.

Dunbar, C.C., et al. The validity of regulatingeesise intensity by ratings of perceived exertibfedicine and
Science in Sports and Exerca£(1):94-9 January 1992.

Earnest, C.P., et al. Relation between physicaitex and heart rate variability characteristicprofessional
cyclists during the Tour of SpaimBritish Journal of Sports Medicir@8(5):568-75 October 2004.

Eston, R.G., and J.G. Williams. Reliability ratingf perceived effort regulation of exercise intgnsBritish
Journal of Sports Medicin22(4)153-5 December 1988.

Foster, C., et al. A new approach to monitoringreise training. Journal of Strength and Conditioning
Research5(1):109-15February 2001.

Garcin, M., J.F. Vautier, H. Vandewalle, M. Woléind H. Monod. Ratings of perceived exertion (RE)ng
cycling exercises at constant power outgErtgonomic#1(10):1500-90ctober 1998.

Gilman, M.B. The use of heart rate to monitor ititensity of endurance trainingsports Medicin1(2):73-9
February 1996.

Gilman, M.B., and C.L. Wells. The use of hearegsato monitor exercise intensity in relation to abetic
variables. International Journal of Sports Medicirig(6):339-44 August 1993.

Hiilloskorpi, H., M. Fogelholm, R. Laukkanen, M. &men, and P. Oja. Validation of gender specifitations
for predicting energy expenditure during exercidéedicine and Science in Sports and Exer&6¢5):330,
1998.

Hiilloskorpi, H, et al. Factors affecting the rétat between heart rate and energy expenditure gl@xercise.
International Journal of Sports Medicir2§(7):438-43 October 1999.

Hiilloskorpi, H.K., M.E. Pasanen, M.G. Fogelholm,MR Laukkanen, and A.T. Manttari. Use of hearerad
predict energy expenditure from low to high activievels. International Journal of Sports Medicine
24(5):332-6 July 2003.

Hills, A.P., N.M. Byrne, and A.J. Ramage. Submaalimarkers of exercise intensityJournal of Sports
Scienced6:S71-S76, 1998.

Hunter, A.M., et al. The effects of heat stressnearomuscular activity during endurance exercidéiugers
Archives444(6):738-43September 2002.

Jameson, C., and C. Ring. Contributions of local eentral sensations to the perception of exediang
cycling: effects of work rate and cadendeurnal of Sports Sciences3(4):291-8 April 2000.

52



Jeukendrup, A., and A. Van Diemen. Heart rate toong during training and competition in cyclistdournal
of Sports Sciences:591-5991998.

Kang, J., et al. Effect of carbohydrate substeatglability on ratings of perceived exertion dgriprolonged
exercise of moderate intensitiPerceptual Motor Skill§2(2):495-506April 1996.

Kapanen, J., R. Laukkanen, H. Hiilloskorpi, M. Fibgém, and O. Heinonen. Estimation of EE duringreise
by equation based on heart rakdedicine and Science in Sports and Exer8i2€5):984, 2000.

Knopp, W.D., T.W. Wang, and B.R. Bach. Ergogemiaggd in sport.Clinical Sports Medicind6(3):375-92
July 1997.

Lamb, K.L., R.G. Eston, and D. Corns. Reliabitifyratings of perceived exertion during progressreadmill
exercise.British Journal of Sports Medicin83(5):336-9 October 1999.

Lambert, M.I.,, Z.H. Mbambo, and A. St. Clair Gibsofleart rate during training and competition fond-
distance runningJournal of Sports Sciencé$:S85-S90, 1998

Laukkanen, R.M.T., and P.K. Virtanen. Heart ratmitors: state of the artJlournal of Sports Sciencd$:S3-
S7, 1998.

Lear, S.A., A. Brozic, J.N. Myers, and A. Ignaszkiws Exercise stress testing: an overview of curren
guidelines. Sports Medicin@7(5):285-312May 1999.

Leger, L., and M. Thivierge. Heart rate monitoralidity, stability and functionality. Physician and Sports
Medicinel6:143-151, 1988.

Levick, J.R. An Introduction to Cardiovascular Physiolo@nd ed. (Oxford: Butterworth Heinemann, 1996).

Londeree, B.R., T.R. Thomas, G. Ziogas, T.D. Snaitid Q. Zhang. %V4axVversus %HRax regressions for
six modes of exerciseMedicine and Science in Sports and Exergigg):458-61 March 1995.

Mabhler, P.B., and A. Rostan. Perceived effortraation with the anaerobic threshold and usefdlires: training
program. Schweizerische Zeitshrift fur Sportmedizin und S@amatologi&8(4)187-91 December 1990.

Marsh, A.P., and P.E. Martin. Perceived exertiod tne preferred cycling cadenckledicine and Science in
Sports and Exercisg0(6):942-8 June 1998.

Martin, B., and R. Haney. Self-selected exercigerisity is unchanged by sleep lo€suropean Journal of
Applied and Occupational Physiolog®(1):79-86 1982.

Meyer, T., H.H. Gabriel, and W. Kindermann. Isatatination of exercise intensities as percentagé@fax
or HRmax adequate®ledicine and Science in Sport and Exerd$€9):1342-5 September 1999.

Montain, S.J., and E.F. Coyle. Influence of gradetlydration on hyperthermia and cardiovasculdt duairing
exercise.Journal of Applied Physiologg3(4)1340-500ctober 1992.

Noble, B.J., G.A. Borg, I. Jacobs, R. Ceci, P. KaisA category-ratio perceived exertion scaleatiehship to
blood and muscle lactates and heart rdedicine and Science in Sports Exerdi§€6):523-8 1983.

O'Toole, M.L., P.S. Douglas, and W.D. Hiller. Uskheart rate monitors by endurance athletes: tessfom
triathletes. Journal of Sports Medicine and Physical Fitn88¢3):181-7 September 1998.

Perez-Landaluce, J., et al. Physiological diffeemnand rating of perceived exertion (RPE) in msifmal,
amateur, and young cyclistdournal of Sports Medicine ariRhysical Fitnesg2(4):389-95 December 2002.

Perry, S.R., T.J. Housh, G.O. Johnson, K.T. Ebersahd A.J. Bull. Heart rate and ratings of pewei
exertion at the physical working capacity at tharheate threshold.Journal of Strength and Conditioning
Researci5(2):225-9 May 2001.
Potteiger, J.A., and S.F. Weber. Rating of pesstxertion and heart rate as indicators of exeiotensity in
different environmental temperaturddedicine and Science in Sport and Exer@665):791-6 June 1994,
Sutherland, R., J. Wilson, T. Aitchison, and S.r&raPhysiological responses and perceptions atierein a
step aerobics sessiodournal of Sports Sciencé3(6):495-503June 1999.

Vautier, J.F., H. Vandewalle, H. Monod. Predictioh exhaustion time from heart rate driftArchives
Internationales de Physiologie, de Biochimie eBamphysiquel02(1):61-5 January-February 1994.

Wentworth, L. Monitoring exercise heart rate dgritraining is not worth the bother! Internet ddiat
http://physiotherapy.curtin.edu.au/community/ediocet! resources/ep652_99/exhr.shtml

Wergel-Kolmert, U., A. Wisén, and B. Wohlfart. Repability of measurements of oxygen consumptieayth
rate and Borg's scale in men during ergometer oycli Clinical Physiology and Functional Imaging
22(4):261-5 July 2002.

Zavorsky, G.S. Evidence and possible mechanisnadt@fed maximum heart rate with endurance traimimg
tapering. Sports Medicin9(1):13-26 January 2000.

53



POWERMETER ACCURACY

Balmer, J., R.C. Davison, D.A. Coleman, and S.RdBiThe validity of power output recorded duringcise
performance tests using a Kingcycle air-brakedeyrgometer when compared with an SRM powermeter.
InternationalJournal Sports Medicin21(3):195-9 April 2000.

Bertucci, W., S. Duc, V. Villerius, J.N. Pernin,daR. Grappe. Validity and reliability of the Powap mobile
cycling powermeter when compared with the SRM Devidnternational Journal of Sports Medicine
26(10):868-73Pecember 2005.

Coggan, A.R. Comment gdc.sport.triathlonMay 1999.

Gardner, A. S. et al. Accuracy of SRM and Powegy Pawer Monitoring Systems for Bicycling4edicine and
Science in Sports and Exerci86(7):1252-83 July 2004.

Jones, S. M., and L. Passfield. The dynamic caiitn of bicycle power measuring cranks. IFhe
Engineering of SportHaake, S. J. (Ed.). Oxford: Blackwell Scienge 265 - 274.

Millet, G.P., C. Tronche, N. Fuster, D.J. Bentlapd R. Candau. Validity and reliability of the &ol5710
mobile cycling powermeterlnternationalJournal of Sports Medicing4(3):156-61 April 2003.

Paton, C.D., and W.G. Hopkins. Ergometer errorl@otbgical variation in power output in a performea test
with three cycle ergometersnternationalJournal Sports Medicing7(6):444-7 June 2006.

Smith, M.F., R.C. Davison, J. Balmer, and S.R. BiReliability of mean power recorded during indemd
outdoor self-paced 40 km cycling time-trialaiternationalJournal Sports Medicing2(4):270-4 May 2001.

STRENGTH TRAINING

Bishop, D., and D.G. Jenkins. The influence ofstasice training on the critical power function &irde to
fatigue at critical powerAustralian Journal of Science and Medicine in S@2&(4):101-5 December 1996.

Bishop, D. et al. The effects of strength trainiog endurance performance and muscle charactsristic
Medicine and Science in Sports and Exer8is@):886-91 June 1999.
Broeder, C.E., K.A. Burrhus, L.S. Svanevik, and. J¥lmore. The effects of either high-intensitgistance or
endurance training on resting metabolic rakemerican Journal of Clinical NutritioB5(4):802-10 April 1992.
Bullough, R.C., C.A. Gillette, M.A. Harris, and CMelby. Interaction of acute changes in exereisrgy expenditure
and energy intake on resting metabolic rémerican Journal of Clinical Nutritio61(3):473-81March 1995.

Gleeson, M., J.F. Brown, J.J. Waring, and M.J. I§to€he effects of physical exercise on metabdlie rand
dietary-induced thermogenesis. British Journallotrition 47(2):173-81 March 1982.

Hickson R.C., B.A. Dvorak, E.M. Gorostiaga, T.T.riwski, and C. Foster. Potential for strength endurance
training to amplify endurance performandaurnal of Applied Physiolodys(5):2285-90November 1988.

Hunter, G.R., C.J. Wetzstein, D.A. Fields, A. Brovamd M.M. Bamman. Resistance training increases t
energy expenditure and free-living physical agiitit older adults.Journal of Applied Physiolog89(3):977-
84, September 2000.

Marcinik, E.J., J. Potts, G. Schlabach, S.WillDRwson, and B.F. Hurley. Effects of strength tregron lactate
threshold and endurance performanktadicine and Science in Sports and Exer2®):739-43 June 1991.

Melby, C., C. Scholl, G. Edwards, and R. Bulloughffect of acute resistance exercise on postexerigrgy
expenditure and resting metabolic raleurnal of Applied Physiologg5(4):1847-53October 1993.

Stern, R. Strength and Cycling: The Great Debatternet article at
http://www.cyclingnews.com/fitness/?id=strengthster

TRAINING /DETRAINING

Bergman, B.C. Maintaining training adaptations dgrihe off-season. Internet articlenatw.trainright.com

Burke, J., R. Thayer, and M. Belcamino. Comparigbaffects of two interval-training programmeslantate
and ventilatory thresholdBritish Journal of Sports Medicirig8(1):18-21 March 1994.

Chi, M.M., C.S. Hintz, E.F. Coyle, W.H. Matrtin 3rd,L. vy, P.M. Nemeth, J.O. Holloszy, and O.H. ltgw
Effects of detraining on enzymes of energy metaboiin individual human muscle fiberémerican Journal
of Physiology244(3):C276-87March 1983.

Coyle, E.F., M.K. Hemmert, and A.R. Coggan. Efect detraining on cardiovascular responses tocesesr
role of blood volume Journal of Applied Physiology0:195-9 January 1986.

Coyle, E.F., W.H. Martin 3rd, D.R. Sinacore, M.dyder, J.M. Hagberg, and J.O. Holloszy. Time cews
loss of adaptations after stopping prolonged irgeasdurance training.Journal of Applied Physiology
57(6):1857-64December 1984.

54



Coyle, E.F., W.H. Martin 3rd, S.A. Bloomfield, O.Howry, and J.O. Holloszy. Effects of detraining o
responses to submaximal exercideurnal of Applied Physiology9(3):853-9 September 1985.

Drake, G. Heart Rate Training Tips for MortaBicycling 35(5):68-70, 1994.

Favier, R, et al. Training in hypoxia vs. trainiig normoxia in high-altitude nativesJournal of Applied
Physiology78(6):2286-93June 1995.

Feingold, M L. Loosen Up: Part |, Flexibility Stards of the Elite Athlete PrograrBicycling25(5):38-41, 1984.

Feingold, M L. Loosen Up: Part I, Extending RarmdeéMotion. Bicycling25(6):50-53, 1984.

Feingold, M.L. A stretching program for cyclingn: Science of Cyclingedited by E.R. Burke (Champaign IL:
Human Kinetics Press, 1986), pp. XX-XX.

Gaiga, M.C., and D. Docherty. The effect of anohar interval training program on intermittent arciec
performance.Canadian Journal of Applied Physiolog(4):452-64 December 1995.

Gorostiaga, E.M., C.B. Walter, C. Foster, and Ri€kson. Uniqueness of interval and continuouming at
the same maintained exercise intensitfzuropean Journal of Applied and Occupational Phiygig
63(2):101-71991.

Green, H.J., M. Ball-Burnett, S. Symon, S. Grang &. Jamieson. Short-term training, muscle glgeo@nd
cycle enduranceCanadian Journal of Applied Physiolog®(3):315-24 September 1995.

Green, H.J., S. Jones, M. Ball-Burnett, B. Farrarmcel D. Ranney. Adaptations in muscle metabolism
prolonged voluntary exercise and trainintpurnal of Applied Physiologg8(1):135-45 January 1995.

Halson, S.L., et al. Time course of performancanges and fatigue markers during intensified tr@nn
trained cyclists.Journal of Applied Physiolog®3(3):947-56 September 2002.

Hansen, A.K., et al. Skeletal muscle adaptatiomining twice every second day versus training otaidy.
Journal of Applied Physiolog98(1):93-9 January 2005.

Hardman, A.E., C. Williams, S.A. Wootton. The u#hce of short-term endurance training on maximum
oxygen uptake, submaximum endurance and the ataliperform brief, maximal exercisdournal of Sports
Scienced(2):109-16 Autumn 1986.

Hawley, J.A., K.H. Myburgh, T.D. Noakes, and S.@nis. Training techniques to improve fatiguestasice
and enhance endurance performanb®irnal of Sports Sciendé(3):325-33 June 1997.

Henritze, J., A. Weltman, R.L. Schurrer, and K.|Bar Effects of training at and above the lactiieshold
on the lactate threshold and maximal oxygen uptakeiropean Journal of Applied and Occupational
Physiology54(1):84-8.54(1):84-8 1985.

Hickson, R.C., H.A. Bomze, and J.O. Holloszy. ldnéncrease in aerobic power induced by a strenuous
program of endurance exercis#éurnal of Applied Physiologd2(3):372-6 March 1977.

Hickson, R.C., M.A. Rosenkoetter, and M.M. Browstrength training effects on aerobic power and tsteom
endurance Medicine and Science in Sports and Exeréizgh):336-9 1980.

Hickson, R.C., J.M. Hagberg, A.A. Ehsani, and HOlloszy. Time course of the adaptive responseseadbic
power and heart rate to traininlyledicine and Science in Sports and Exer@i3€l):17-20 January 1981.

Hickson, R.C., C. Kanakis Jr., J.R. Davis, A.M. M®oand S. Rich. Reduced training duration effects
aerobic power, endurance, and cardiac growturnal of Applied Physiology3(1):225-9 July 1982.

Hickson, R.C., and M.A. Rosenkoetter. Reducedimgi frequencies and maintenance of increased @erob
power. Medicine and Science in Sports and Exer&i3€):13-6 January 1981.

Hickson, R.C., C. Foster, M.L. Pollock, T.M. Galiag Rich. Reduced training intensities and lofsaerobic
power, endurance, and cardiac growdlournal of Applied Physiolody8(2):492-9 February 1985.

Hoppeler, H., et al. Endurance training in humaesobic capacity and structure of skeletal musateirnal of
Applied Physiolog$9(2):320-7 August 1985.

Howe, C.R. FAQ for power-based training. Interagicle posted dittp://midweekclub.ca/powerFAQ.htm

Hurley, B.F et al. Effect of training on blood fate levels during submaximal exerciséournal of Applied
Physiology56(5):1260-4 May 1984.

Jones, A.M., and H. Carter. The effect of endueanaining on parameters of aerobic fitneSports Medicine
29(6):373-86 June 2000.

Kerig, B. Ferrari’s ‘Secret’ Training PlarBicycling 34(10):59, 1993.

Kubukeli, Z.N., T.D. Noakes, and S.C. Dennis. fimg techniques to improve endurance exercise

performancesSports Medicin®&2(8):489-5092002.

Laursen, P.B., C.M. Shing, J.M. Peake, J.S. CoonavesD.G. Jenkins. Interval training program mojation in

highly trained endurance cyclistisledicine and Science in Sports and Exer8#é.1):1801-7November 2002.

Laursen, P.B., M.A. Blanchard, and D.G. Jenkinguta& high-intensity interval training improveg.fand peak

55



power output in highly trained male€anadianJournal of Applied Physiolodg®/7(4):36-48 August 2002.

Lindsay, F.H., et al. Improved athletic performarme highly trained cyclists after interval traiginMedicine
and Science in Sports and Exerc28£11):1427-34November 1996.

Madsen, K., P.K. Pedersen, M.S. Djurhuus, and KlAgaard. Effects of detraining on endurance citya
and metabolic changes during prolonged exhauskeecise. Journal of Applied Physiology5(4):1444-51
October 1993.

Matheny, F. Ultimate Fitnes®icycling36(1):60-65, 1995.

McCarthy, J.P., J.C. Agre, B.K. Graf, M.A. Pozniakd A.C. Vailas. Compatibility of adaptive respes with
combining strength and endurance trainingledicine and Science in Sports and Exerd3¢3):429-36
March 1995.

Monedero, J., and B. Donne. Effect of recovergrvintions on lactate removal and subsequent peafuce.
InternationalJournal of Sports Medicin21(8):593-7 November 2000.

Mujika, I., and S. Padilla. Detraining: loss dadifing-induced physiological and performance adapta (Part
II: Long term insufficient training stimulus)Sports Medicin€0(3):145-54 September 2000.

Mujika, 1., and S. Padilla. Muscular charactecistof detraining in humansMedicine and Science in Sports
and Exercis&3(8):1297-303August 2001.

Nelson, A.G., D.A. Arnall, S.F. Loy, L.J. Silvestand R.K. Conlee. Consequences of combining gtinesind
endurance training regimenBhysical Therapy0(5):287-94 May 1990.

Neufer, P.D. The effect of detraining and reduttathing on the physiological adaptations to aer@biercise
training. Sports Medicing(5):302-20 November 1989.

Overend, T.J., D.H. Paterson, and D.A. Cunningharhe effect of interval and continuous training the
aerobic parametergCanadian Journal of Sports Scient&2):129-34 June 1992.

Pavelka, E. Self-massagBicycling23(6):20-24, 1982.

Poole, D.C., and G.A. Gaesser. Response of vamtilaand lactate thresholds to continuous and vater
training. Journal of Applied Physiology8(4):1115-21 April 1985.

Rietjens, G.J., H.A. Keizer, H. Kuipers, and W.HriS. A reduction in training volume and intendiy 21 days
does not impair performance in cyclisBritish Journal of Sports Medicir#5(6):431-4 December 2001.

Simoneau, J.A,, et al. Effects of two high-inténantermittent training programs interspaced byraieing on
human skeletal muscle and performancBuropean Journal of Applied and Occupational Phiggjg
56(5):516-21 1987.

Spina, R.J., et al. Mitochondrial enzymes incremsenuscle in response to 7-10 days of cycle egerci
Journal of Applied Physiolog80(6):2250-4 June 1996.

Stepto, N.K., J.A. Hawley, S.C. Dennis, and W.Gpkpos. Effects of different interval-training pragns on
cycling time-trial performanceMedicine and Science in Sports and Exer8ib¢):736-41 May 1999.

Sullivan, M. P. Exercise-Induced Muscle DamageRagair. Internet article posted at
http://www-unix.oit.umass.edu/~excs597k/sullivan/

Tanaka, H., and T. Swensen. Impact of resistaraeirig on endurance performance: a new form osro
training? Sports Medicin@5(3):191-2001998.

Van Handel, P.J. Fundamentals of the New TrainBige Techb(4):1-5, 1986.

Van Handel, P.J. Periodization of Trainingike Tech6(2):6-10, 1987.

Westgarth-Taylor, C. et al. Metabolic and perfonoc& adaptations to interval training in enduramaged
cyclists. European Journal of Applied and OccupatioRdlysiology75(4):298-3041997.

Weston, A.R., et al. (5 others). Skeletal musal&doing capacity and endurance performance afigin-h
intensity interval training by well-trained cyckst European Journal of Applied and Occupational

Physiology75(1):7-13 1997.
Crash training. Unsigned internet article postdaip://www.pponline.co.uk/encyc/0236.htm

GENERAL WORKS ON TRAINING

Hawley, J.A., and L.M. Burke.Peak Performance: Training and Nutritional Strategifor Sport (Crow’s
Nest: Allen & Unwin, 1998).

LeMond, G., and K. GordisGreg LeMond’s Complete Book of Bicyclifigew York: G.P. Putham, 1987), pp.
202-261.

Lydiard, A., and G. GilmorRunning the Lydiard Way(Mountain View CA: World Publications, 1978).

Martin, D.E., and P.N. CoeBetter Training for Distance Runnend ed. (Champaign IL: Human Kinetics, 1997).

56



Appendix A: power-based training resources

GENERAL INFORMATION AND HELP

A good place to start isainwithpower.netthe most authoritative, up-to-date resource ffdhat’s happening in
the world of power-based training, while th&Q for power-based trainingnswers many basic questions.

Tom Compton’analyticcycling.conis quite possibly the coolest power-related siterle Here you can gain a
real understanding of interrelationships of pov@ce, and speed while riding a bicycle. Similtesare
http://www.kreuzotter.de/english/espeed.@nahttp://www.2peak.com/tools/powercalculator.php

Still have a question? Thattage ForunfGoogle membership required) can provide helpaaivite from that
list's many members, as can fh@wer training section of cyclingforums.cpwhile TrainingPeaks software offers
adedicated forunfor its users.

More baffled than ever? Perhaps it's time to Bintbach through the twp.rditectory of power-based coaches

BOOKS AND COMPREHENSIVE ARTICLES
Empower your trainingby Charles Howe, is a brief, introductory artiRbF, 301 KB).

Power: the Ultimate Training MetriPDF, 1.4 MB) is rider-journalist J. P. Partlandisde available through
the Competitive Cyclissite.

Training and racing using a powermeter: an introtiao (PDF, 452 KB), by Andrew Coggan, Ph.D., was
originally written for the USA Cycling™ coaches’ maal (backup sites and?2).

Training and Racing with a Powermetdry Hunter Allen and Andrew
Coggan, Ph.D., is a 248 page mass-market papebloaskavailable
through VeloGear.

See Alex Simmons’s reviehere(scroll down to pg. 12).

ARTICLES

They may be commercial in purpose, but@yeling Peaks Softwar&asCatcoachind/elodynamicsand
PowerTapsites have numerous useful articles.

biketechreview.comalthough primarily concerned with component tegthas numerous useful articles related
to power-based training.

In the category of blogs/personal web sifegbert Chundprings a statistical analyst’s insight to powetad@ld
site herg, while Steve Wagnersowertapgeek.corills itself as “All Things PowerTap — News, Tifgeviews,
Training, Data Files, and More!” Many others canfdund at th&Vattage Forum’s blog page
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POWERMETER PRODUCT INFORMATION AND TROUBLESHOOTING HELP

Robert Chung did what is likely tHigst simultaneous test of several powermetensl Kraig Willett followed that
with aside-by-side test and comprehensive re\leackupherg of three systems (Polar, PowerTap, and SRM).
Here are links to product information and helpssite

The SRM (introduced 1986; historlyerg is atorgue-measuring crarhkat replaces your present model
(also sedhe Bike Agesite for troubleshooting help and other usageg.tips

The Saris/CycleOpBowerTap1998) is a torque-measuring hub that builds éndheel.

In 2001, suffering pangs of guilt for inflictingdtheart rate monitor on endurance training, Polar
introduced a unigue power-measuring system thatasération sensor mounted on the right chainstay
to determine chain tension (a force), then mu#ipthis by chain speed, as determined by a sengbeo
rear derailleur. Presently, they offer three mepdileS720i, S-725X, and CS60@heck out thiseview

of the CS600and Sandiway Fong&et-up instructionfor the original model, the S710.

The Ergomo(2002) is a torque-measuring bottom bracket avigilen ISO square-taper or Shimano
OctalLink (see alsBicyclePowermeters.com

Like the Ergomo, the Bush & MullétowerRepor{2005?) is a bottom bracket that measures tomyde a
angular velocity, but is not yet available in theSJ

MicroSport'sREVOLUTION Power Systertannounced 2006, due out in 2008) uses forcersgnsi
insoles, and estimate cadence from the patternlsép detected by the insoles.

TheiBike Prg introduced in June 2006, takes a novel appraastead of measuring total strain at a
single point (e.qg., the hub, crankset, bottom begathain, or shoes), it attempts to quantify daote
separately. First, values for effective frontaaaof rider/bike, as well as for tire rolling rearsce, are
obtained via a coast-down test, and entered ieteyhtem’s handlebar-mounted data processingdglispl
unit, along with rider/bike mass. Then, using@sgure sensor to obtain air resistance, plus an
accelerometer for road gradient and changes irti&iesergy, power output is calculated as the prbdti
road speed and the sum of all forces resistingeaiwnotion. iBike’s initial problems with accuracy
rough roads, which seemed to interfere with thelacometer, are said to be solved with a firmware
update, however, some remain skeptical about rferpgance when rider position changes from theteoas
down test. To learn more, see tiscussion group for iBike usem@nd check out thigview.

The QuargCinQo (announced August 2007, introduced July 2808 spider with 10 strain gages that is
compatible with (i.e., bolts on to) several cramksucurrently on the market, then transmits data via
wireless digital RF to a handlebar-mounted compuBeesently, Quarg owners must use a compatible
computer either by Garmin and iBike, but a unitwitany advanced features, called the Qranium, is
planned.

Note: contrary to occasional claims, Ciclosport modksot actually measure power, rather, they only
give a rough estimate based on speed, total madglevation change (as measured by changes in
barometric pressure). This may be accurate enongiteeper grades, but is useless on flat terrain,
particularly in group rides or if any wind is prase

Last but certainly not least, TrainingPeaks WKOansaftermarket software for analyzing power datdy many
advanced tools that make it superior to what isigeal with the SRM, PowerTap, and Polar systems.
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Appendix B: power-based category guidelines for meand women

The purpose of these guidelinesnis to actually assign categories, since the assumeditons can vary, and
some riders excel, for instance, at criteriumshiwithe same group they time trial poorly againstrthermore,
categories are based on results in mass-start irm@esual practice, so the validity of these gliigs may vary
from one region to another (especially for lowdegaries), within a season, and even from yeae#n.y

Rather, they are meant to suggest mean levelsalf peasonal performance for each category, to &ée fas
self-assessment, e.g., if a female rider can c®&ck5 or better with a modicum of aero equipmergefdsection
front wheel with 20 bladed spokes, rear wheel cover or disc whedlchp-on aero bars), she should have the
“strength” to ride in a Cat. 1 field at criteriunad moderately hilly to flat road races, if not thie
handling/pack riding skills, sprinting ability, t@asupport, intelligence, or just plain luck to elxcén other
words, time trialing ability is used as a predictdrracing category, rather than vice-versa; if yaun ride by
yourself for an extended period at a given pacen tfou must have a certain ¥, lactate threshold, and
efficiency to sustain that power output. Agairgrihis obviously much more that determines massrstzing
success, but functional threshold power providespthysiological basis for the proposed racing vel
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Performance benchmarks for men’s one hour averagerare 442 W by Chris Boardman on Septemberdg,19
and 510 W by Miguel Indurain on September 2, 19®th approximately 6.4 W/kg, and both shortly pitor
breaking the World Hour Record. Similarly, Lancem&tong’s time of 38 minutes 1 second in climbiriglpe
d’'Huez during the 2001 Tour de France requiredséimated 6.2 W/kg, which came at the end of a 20%tage
with two prior “hors categorie” (beyond categoryinbs, and at a mean elevation of 1300 metersdhased a
~4-7% reduction in power (see Appendix C). Inisgte women’s record of 54 minutes 2 seconds aP@@2
Mt. Washington (NH) Hillclimb, Geneviéve Jeansoeraged an estimated 278 W (5.56 W/kQ).
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Appendix C: altitude adjustment (estimating the eféct of elevation on power output)

The effects of altitude on VQuptake (and hence on power output) vary by indigidso it cannot be precisely
predicted how any one person will be affected, dsita general rule, elite athletes have a greatdinddn
VO,max under conditions of reduced ambient p@artial oxygen pressure) as compared to nornaivictuals.
This is due to their higher cardiac output, whiebults in a decreased mean transit time for th@gytes (red
blood cells) within the pulmonary capillary, andighless time for equilibration between alveolaraaid blood

in the pulmonary capillary.
These equations from Bassett et wlere generated from 4 groups of highly traineélie runners, so they are
population-specific to that group, but they canused to estimate aerobic power at a given altitasiea
percentage of what is normally available at sea level, whereelevation above sea level in km:

for acclimatized athletes (several weeks at aléjud/ = -1.13¢ - 1.9 + 99.9 & = 0.973)

non-acclimatized athletes (1-7 days at altitudg)s 0.178C - 1.43¢ - 4.0% + 100 & = 0.974)
Whereas Peronnet et’ound
y = -0.003 + 0.008%* - 0.038%k + 1

Here is a table derived from these equations:
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1Bassett, D.R. Jr,, C.R. Kyle, L. Passfield, J.Rik@r, and E.R. Burke. Comparing cycling world hoegords, 1967-
1996: modeling with empirical datdedicine and Science in Sports and Exer8it8.665-76, 1999.

2Peronnet, F., G. Thibault, and D.L. Cousineauhdotetical analysis of the effect of altitude onrimg performance.
Journal of Applied Physiology0(1):399-404, 1991.

Special thanks to David Bassett, Jr., Ph.D., fardontribution to this section.
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Appendix D: a general training model for the road gclist

The training model presented here is based orcdheepts and methoad New Zealand Olympic running
coach Arthur Lydiard (1917-2004). With slight mficktions, these can be summarized as follows:

1.

Performance in any endurance activity (i.e., lorthan 3 minutes) is largely determined by the aldd
rate of aerobic energy production, and this comtyasis allowed Lydiard to successfully use the same
training program for all his runners, from 800 mistéarough the marathon, until their period of
specialization. Aerobic development is essentiatiijmited; the only constraints are training
opportunities (available time, environmental coiodi$), training capacity, motivation, and resiseate
injury/iliness. “The wider and deeper the base,htgher and more sustained the peak.”

Aerobic capacity is developed through at least 20vkeks of mainly steady-stawmpo/threshold runs

of ~2 hours long, totaling ~8-12 hours per weeke goal of this isncreased energy production at
lactate threshol@‘endurance” or “metabolic fitness”) by inducingrpheral adaptations (i.e., within the
working muscles), including increased capillary gign(allowing greater removal of waste metabojites
increased mitochondrial mass (which improves musdpiratory capacity), and interconversion of slow
twitch muscle fibers (which improves cycling econgmAerobic power may be ‘peaked’ toward the end
of this period with once-a-week, intermediate-igigninterval workouts (e.g., 5 x 5 minutes).

The distribution of energy expended during aertaiming should be governed by timeraction of
intensity and perceived exertiosuch that there is a greater second-half outpe&ach workout, leaving
the athlete exhausted only at the very end, feéprepsantly tired” shortly afterward, and thuseatd
sustain a gradually progressive training load atrivatefinitely; workouts may be somewhat challemgin
to complete, but not a struggle, with somethingagisvieft in reserve. “You must exhaust the body
systematically and sensibly. Not go ahead andy&ilirself,” Lydiard summed up in a 1964 interview,
and his frequent refrain offtain, don't strain ,” is now justifiably famous. Recently, a cliertptured
this perfectly another way: “Work, don't suffer.”

Since the metabolic strain of sprint training mited, speed can and should be developed througheut
year with short, intense efforts of no more tharsé&onds, with emphasis on technique and form.

When aerobic conditioning has proceeded as fanssitge, ~7 weeks are devoted to anaerobic capacity
training (4 weeks lower-intensity hill workoutsw&eks high-intensity track intervals) during whagrobic
fitness is maintained. The reason for this seqogns not so much that aerobic training is negdgatepare
for anaerobic workouts, rather, the latter int@s$ewnith and limits the former, and so should bedtailed
until aerobic fitness is as complete as possibém be applied in a concentrated manner, as akiticng on
the cake.”

This is followed by a 4-week ‘coordination periad’ over-and under-distance training races andwerot
specific workouts meant to simulate the neurom@salgmands and variable pace of competition.

Finally, 7-10 days of ‘sharpening and fresheniegiVes the athlete rested and in peak form foriager
of competition and recovery.

This approach can be applied to cycling in a qtatinte manner with theower-based training levelaid out
by exercise physiologist Andrew Coggan, Ph.D., el as the analytical tools he has created: Trgii8iress
Score (TSS), Chronic and Acute Training Load (CTHd &TL), and Training Stress Balance (TSB). All of
these are incorporated in theaining Peaks WKO+ Performance Manager

Perhaps because they feel threatened by them, cmewbes are quick to condemn and dismiss trainiodefs

as “cookie cutter” or “pre-fab” in nature, and ststhat all training must be individualized. Theegtion is,
individualized from what? Preparation for any givevent arises from known demands and is goverged b
established underlying principles, so a logicalystructed model can provide, at the very leasiseful
starting point for most any runner or cyclist (Savwoaches take advantage of this by offepogver-based
training plans designed for specific ggaldt is certainly true that different athletesraaspond in significantly

varying degrees to a particular workout, or haveying training load capacities as well as recoveggds, yet
this is akin to the exception that proves the rmest responses fall within a predictable range.
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Thus, no model program should be applied rigidlyt, tnust be adapted to the athlete for whom it tended.
In addition to physical constitution, other factdfsat shape the training prescription include caitige

priorities/preferences (which races you want toaddl in, which you want to use for training, andiafnyou

enjoy the most, since motivation determines hovigelitly you train), role within a team, age, traipi
status/history, individual characteristics (stréxsgand weaknesses), weather, training opportur(gies, local
availability of roads/trails, terrain, traffic), woschedule and other responsibilities, etc. Acboean provide
valuable aid in offering objective advice as wallcaistomizing and adjusting the training plan.
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Useful ‘Cogganisms’

1.
2.
3.

“Training is testing, and testing is training.” 4. “The best predictor of performance is perfance itself.”
“Alls | can do is alls | can do.” 5. “Itan aerobic sport, damn it!”
“The more you train, the more you can train.6. “Specificity,specificity, SPECIFICITY! ”

The top 10 things I've learned from using a power-raasuring system

1.

10.

As Andrew Coggan is fond of saying, “Specificigpecificity, SPECIFICITY !" — but don’'t neglect
progressive overload. The body responds optim@lsteady, gradual increases in training stress tha
produce moderate fatigue, and the use of powerrrdtion to more precisely apply the training “ddse,
coupled with a periodized plan that allows a pregree training load to be consistently sustained,the
most important use of a power-measuring system.

. The plan is more important than the powermeff@rmulating, keeping to, and adjusting or revisanggasonal

plan goes hand-in-hand with training by power. @hag intensity is only part of the equation; mamnagi
training load and duration among each trainingllesguires an individualized plan that is laid tagically and

progressively in relation to competitive goals aiubr characteristics. It may take a season orttwgain a
sense of what is optimal, and until then, “Betteundertrain a little than overtrain,” at leasthe early season.

. During time trials and intervals, pacing is p fiority, and the integration of power and PEHea than HR)

should determine intensity: PE modulates powerJempdower provides an objective reference standaad t
‘calibrates’ PE. | knew the importance of pacirjdre training by power, and did it the best | chidut the
powermeter showed me how far off | was. HR mightulseful in the initial conversion period to powaend
as a measure of intensity during indoor training, like PE, it responds slowly to the demands afliog,
making a powermeter nearly indispensable in thly g@ing of most any time trial/interval sessiotthaugh
the importance of PE increases on an unfamiliaechnical/hilly course.

. Progress comes incrementally rather than in atianfashion, and so is best assessed, not fromoddsty,

and perhaps not even week-to-week, but from omeitigaphase to the next, and even year-to-yeatieriae
is a virtue, and good things take time — this ismerely a wise aphorism that is ‘good for the spblt is
also true of physiological adaptation (years oémse, specific training correlate with lactate shiad).

. Don't over-analyze. For well-paced, “isopowerbdrkouts, a surprisingly small amount of data aatther

simple post-hoc analysis can be used to summdraasdssion, and if judicious use is made of therat
feature (on the Power Tap), downloading may nonedve necessary. (Note: this observation was made
before the advent of NP, TSS, CTL, ATL, TSB, etc.)

. The better you recover, the better your workeutsbe, and the more progress you will make. tprest,

non-training stress levels, and massage all hagigeat impact on the extent and quality of recupena
Like many of the other points made here, | alrelaggw this, but the powermeter has further demotestra
and reinforced it.

. Forget sprinting. The powermeter has taughthmael stink at it. It's taught me I'm bad at eyting else,

too — but especially so at sprinting.

. My CpA. Wind tunnel testing is still the gold standaod dletermining effective frontal area, but aerdites

with a powermeter, if done carefully, may helpmefposition in combination with visual guidelines.

. Don’'t worry about stopping to turn around or §top signs during interval training. If kept yig doesn’t

ruin the workout.

As discussed previously, training by power arsructured plan are not for everyone. For satsgust too
much hassle, and training by HR or ‘feel’ alat@esproduce improved performance — but most likehato
lesser extent than with the proper plan plus a powter. — Charles Howe
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