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Abstract

Aim

This critical review is aimed at the methods, concepts and theories currently employed and
advocated by users of mobile power meters (PM) in cycling and the physiological and
pedagogical implications they have for training, racing and performance testing.

Method

The methods, concepts and theories reviewed were chosen since they generated the most
hits from a search on the Google Groups Wattage
(http://groups.google.com/group/wattage) discussion forum, which is the largest internet
forum for PM-related discussions. After the selection of methods, concepts and theories a
search in the data bases available at College of Dalarna was made to find if they had any
support in the scientific literature.

Results

The methods, concepts and theories included are:

1. Pacing strategy and racing tactics
2. General considerations for performance testing with a PM. Tests for alactic

anaerobic and maximal neuromuscular power, anaerobic lactic power, maximal
aerobic power and power related to VO2max and anaerobic threshold power.
Performance profiling, scaling and ratios for power output and interpreting changes
in testing results.

3. Quantifying the power output demands of racing for designing training programs
and other preparations.

4. Andrew Coggans and Richard Sterns power based training zones and the relationship
between power output and perceived exertion.

5. Analysis of training and racing power output with tools such as Normalized Power™,
Intensity Factor™, Quadrant Analysis™, energy expenditure and how pedaling
dynamics affect this analysis.

6. Planning, monitoring and managing the training process with tools such as Training
Stress Score™, Performance Manager Chart™ and “power-to-heart rate decoupling”.

7. Theoretical basis for the role of the PM in the inter-personal and intra-personal
communication.

Conclusions

This review has shown that there are several very promising methods, concepts and
theories related to the use of PM’s in cycling. Presently, however, most of these are in need
of further research to investigate their affect on performance and how to improve their
validity and reliability.



Sammanfattning

Syfte

Den här forskningsöversikten syftar till att undersöka de metoder, praktiker och teorier som
för närvarande används och förespråkas gällande effektmätare (PM) inom cykelsport samt
vilken fysiologisk och pedagogisk betydelse dessa har för träning, tävling och testning.

Metod

Metoderna, praktikerna och teorierna som undersöks blev utvalda för att de gav flest träffar
vid en sökning på Google Groups Wattage diskussionsforum
(http://groups.google.com/group/wattage), som är det största forumet på internet för
diskussioner rörande effektmätare. Efter att metoder, praktiker och teorier valts,
genomfördes en sökning i de vetenskapliga databaser tillgängliga på Högskolan Dalarna för
att undersöka vilket stöd dessa har i den vetenskapliga litteraturen.

Resultat

Metoderna, praktikerna och teorierna som inkluderades är:

1. Farthållningsstrategier och tävlingstaktik.
2. Generella riktlinjer för prestationstester med effektmätare. Tester för alaktacid

anaerob och maximal neuromuskulär effekt, anaerob laktacid effekt, maximal aerob
effekt och effekten vid VO2max samt effekten vid anaerob tröskel. Kapacitets
profilering, skalor och förhållanden för effektutveckling och hur man tolkar dessa
resultat.

3. Kvantifiering av effektutvecklingen vid tävling som stöd för att utveckla
träningsprogram och övriga förberedelser.

4. Andrew Coggans och Richard Sterns effektbaserade träningszoner samt förhållandet
mellan effektutveckling och upplevd ansträngning.

5. Analysering av träning och tävling genom verktyg som Normalized Power™, Intensity
Factor™, Quadrant Analysis™, energianvändning och hur faktorer gällande
tramptaget påverkar dessa.

6. Planering, övervakning och styrning av träningsprocessen med hjälp av verktyg som
Training Stress Score™, Performance Manager Chart™ och förhållandet mellan
effektutveckling och puls.

7. Teoretisk bas för effektmätarens roll för inter- och intrapersonell kommunikation.

Slutsatser

Den här översikten har visat att det finns flera lovande metoder, praktiker och teorier
kopplade till effektmätning inom cykelsporten. Däremot, är de flesta av dessa för tillfället i
behov av ytterligare forskning och utveckling för att undersöka deras inverkan på
prestationen samt förfina deras validitet och reliabilitet.
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1. Introduction and background

Research in cycling, in areas such as exercise physiology, sports psychology, training-
and coaching methodology, biomechanics and aerodynamics, has increased
exponentially the last decades, and doesn’t seem to diminish (Burke 2003, Faria et al
2005a and Faria et al 2005b). A scientific approach to training in cycling was actually
almost taboo up until the late 1980’s (Jeukendrup 2002). At the moment, one of the
biggest advances when it comes to research and training in the sport of cycling is the
use of mobile on-bike power meters (PM), which make accurate measurement of the
work load possible in the field (Wooles et al 2005) and enables the possibility of new
and advanced post-ride analysis. 103000 hits on Google when searching for “power
meter” and cycling (2008-10-12) shows the popularity of this new technology.

The riders’ muscles can be seen as transformers of chemical energy (phosphorylated
bonds) into mechanical energy (power output) (Billat et al 1999), which is then
measured with the PM.

The speed of a rider is a supply and demand function between the power output of
the rider and the resisting forces acting against the same rider (e.g. aerodynamic
drag, rolling resistance and gravity). The demand side is affected by many factors
such as equipment, bike positioning, bike handling skills, positioning in the peloton (a
group of riders) and individual and team tactics (Olds 2001). Bassett et al (1999) has
calculated that, in the world hour record, 60% of the improvement to date has come
from improved aerodynamics and 40% from increased ability of the rider. Thus, the
competitive results are not always a result of the actual performance of the rider, i.e.
power output. Knowledge of result is therefore not a valid prediction of changes in
performance in most cycling disciplines and PM’s are extremely valuable as they give
the rider true knowledge of performance (Rose 1999).

Cycling is unique in this way as it is at the moment the only outdoor sport where
accurate measurement of workload capacity, i.e. power output, is possible in the
field. The beauty of power output is that it is the total product of physiological and
psychological capacity and thus the functional capacity of the cyclist. In for example
weight lifting it is possible to quantify training by measuring exactly how much
weight is being lifted and how many times (repetitions). With PM’s it is now possible
to quantify cycling training and racing in a similar manner.

There are a number of other measurements that can be used to describe cycling
performance and quantify cycling training and racing, e.g. speed, distance, heart rate
(HR), blood lactate and perceived exertion (PE). Unfortunately they all carry
limitations, e.g. speed/distance affected by environmental factors and terrain, HR
affected by training status, diet and environmental factors, blood lactate is
impractical and sensitive to methodology and PE is not objective (but useful as a
reference as we will see later on).

The first PM’s were developed in Germany already in 1986 (www.srm.de 2008-04-
07) but it is the last 5-10 years that the use and the development of new areas of use
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has increased the most. At the moment there are several different manufacturers of
PM’s on the market using varying techniques for measuring the power output of the
cyclist, e.g. through strain gauge strips in the crank set (www.srm.de &
www.quarq.us), through strain gauge strips within the rear hub (www.saris.com),
optical sensors in the bottom bracket (www.ergomo.de), through tension vibrations
in the chain (www.polar.fi) and by calculations from measuring ground speed,
ground inclination, wind speed and wind angle (www.ibikesports.com). Both the
SRM and the Power Tap (Gardner et al 2004) have been shown to be highly reliable
and valid instruments for measuring power output in the field. The Polar has been
reported to be useful for recreational cyclists but not for elite riders or researchers
due to lack of accuracy and validity (Millet et al 2003). The Ergomo has been
concluded to be accurate, but has issues regarding bilateral balance (Kirkland et al
2008) as it only measures power output on one side. It is unfortunate that there, at
the moment, is no “gold standard” for PM’s and Gardner et al (2004) has raised
concerns about studies reporting SRM as a “gold standard”. In addition to the PM
itself, there are several softwares that facilitates in the analysis of PM-data, e.g.
WKO+ (www.trainingpeaks.com), WinSRM (www.srm.de), Golden Cheetah
(http://goldencheetah.org) and SportTracks
(www.zonefivesoftware.com/SportTracks).

There are PM’s for all major cycling disciplines, i.e. road cycling, mountain biking (XC
and MX), cyclocross, track and BMX. As mountain biking, road cycling and track
cycling has received most research, the main focus in this review will be on these
disciplines.

A rather large contribution to the development of practical applications for PM’s is
the internet forum http://groups.google.com/group/wattage (GGW-forum). It is at
the moment the only major discussion forum (the amount of members has gronw
from 4386 on October 20th 2008 to 7302 on June 3rd 2010) on the internet
exclusively intended for topics related to PM’s. Here experienced users (e.g. athletes,
coaches), entrepreneurs (e.g. manufacturers, software developers for analysis of PM
data) and some scientists (e.g. exercise physiologists, medical doctors, engineers)
discuss all aspects of PM’s. On the other hand, a problem with an open forum is that
it can create and strengthen practices that do not have a strong scientific research
basis.

Despite the rapid development, that a large portion of the PM-users are academics
and that there theoretically are large athletic and scientific gains to be made through
the use of PM’s, there is so far rather limited research into PM’s. There is, luckily,
plenty physiologically related research that have implications for PM’s. So far, I have
only found one scientific article that deal with PM’s through somewhat of a
pedagogical perspective (Atkinson, Peacock, Gibbons & Tucker 2007). A majority of
the research that involves PM’s in any way is from 2005 or later and there is today
(2008-05-22) only one scientific review dealing PM’s. On the other hand there is the
book “Training and racing with a power meter” (Allen & Coggan 2006) which covers
most of the areas and principles regarding PM’s. But this book must be described as
quasi-scientific and there has been a large portion of development since its release.
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Due to the strong development in recent years, but that research is lacking on PM’s,
especially in the pedagogical area, a literature review that summaries the theoretical
frameworks involved, is important for the future scientific development of PM’s. This
paper aims to fill this gap and provide a stepping stone for PM-specific research in
the coming years.

This review will show a plethora of advantages to using a PM in cycling, but there are
drawbacks to the use of PM’s as well. These have been suggested to be:

1. Expensive, as the prizes today are in the range of 600 to 4000€
2. Requires technical competence for usage, maintenance and calibration
3. Demands time devoted to analysis for data to be useful
4. Lends itself to a structured training program demanding discipline,

knowledge and often solitary training
5. Additional weight to the bike
6. Take focus away from other important skills in cycling
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2. Aim and research questions

The main goal of this dissertation paper is to 1) research what the current practices,
applications and concepts are regarding training, racing and performance testing
with PM’s and then 2) review the physiological and pedagogical scientific literature
to investigate the theoretical basis for these practices, applications and concepts.

From this aim I have asked the following questions which I hope to answer in this
paper:

Which are the current practices, applications and concepts regarding training, racing
and performance testing with a PM?

Which physiological knowledge is available today that has implications for the use of
PM’s regarding these practices, applications and concepts?

Which pedagogical knowledge is available today that has implications for the use of
PM’s regarding these practices, applications and concepts?
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3. Method

It is important to acknowledge that this essay, which includes a critical review and a
research survey, is academically two-fold. It will be the graduation paper for a
Masters degree in Exercise Physiology and a Bachelors degree in Sports Pedagogy.
Hence, the academic subjects are physiology (chapters 5-10) and pedagogy (chapters
11-13), and the author will sort all aspects under these subjects. This means for
example that pacing strategy and performance testing will be under physiology and
sports psychology and coaching methodology will be under pedagogy.

The disposition will as much as possible resemble a traditional scientific article, but
will have a conceptual organization (Backman 1998). The resulting report will
hopefully be practically applicable, not only in the academic setting, but for coaches
and athletes as well.

Data collection and material

The first task was to identify the current practices, concepts and theories regarding
PM’s and it was decided to limit this search to the GGW-forum. This decision was
made as it 1) limits the amount of sources to arguably the most relevant one, 2)
there is a good search function for finding content in any discussion thread ever
created on this forum and 3) is easily accessible for others who want to review my
work. Information regarding findings on this forum was then further gathered by
viewing web pages with information on PM’s and cycling specific literature.
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Table 1. Hits on the GGW-forum (2008-07-03) for various topics.

Area Search word Hits per search Hits per area

Testing

Power profiling 8420

24644

Power Test 5630

FTP + Functional threshold power 4360 + 776

Critical power + CP 2060 + 1010

MAP 929

AWC 818

MMP + MMP chart + MMPC 235 + 57 + 1

Wingate 202

Force-velocity 79

MAOD 32

Performance test 18

Performance potential 15

Inertial load test 2

Training and
racing analysis

TSS 5480

15984

Normalized power + NP 2040 + 2890

CTL 1450

TSB 902

Performance manager chart + PMC 52 + 762

ATL 647

Intensity factor (IF*) 418

Quadrant analysis 418

Power distribution 243

CPV 225

AEPF 213

Tapering 164

”Match” (burning a…) 65

Race analysis 15

Practical training
and racing

Cadence 6410

11952

Pacing 2070

Perceived exertion + PE 389 + 1620

VI (variation index) 629

Interval training 416

Interval pacing 307

Motor pacing 61

Telemetry (of power output) 41

POI 9

Interoception 0

Training zones

Training zone/s 512

1453

Training levels 462

Intensity zone/s 7

Intensity levels 29

Power zone/s 443

Coaching,
psychology and

pedagogy

Power goals 21

56

Biofeedback 16

Microstructure 11

Goal setting 4

Performance goals 4

Coach communication 0

Performance motivation 0

Flow (but lots on for example blood flow) 0

*35700 hits due to the conditional adverb “if”
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The search for scientific reference material continued until the review was felt to be
saturated (Gratton 2004). The goal was to refer to “peer viewed”-articles from
academic journals and scientific books as much as possible.

As there have been large advances in cycling related research the last decades, the
references will, if possible, be from 2000 and later. Exemptions are basic
physiological and pedagogical concepts.

Scientific data bases:

To limit the amount of references available, the search for scientific articles has only
be conducted in databases, containing sports related scientific research, that are
available through the library server at the College of Dalarna:

Academic Search Elite (EBSCO)
Blackwell Synergy
Directory of Open Access Journals
Elin@dalarna
Kluwer Online
Pubmed (only abstracts)
Science Direct (Elsevier)
Wiley InterScience

Keywords in database search have been:

Aerobic power, anaerobic power, anaerobic threshold, anaerobic work capacity,
biofeedback, cadence, cardiovascular drift, communication, critical power, cycling,
cyclists, fatigue, FatMax, feedback, flow, force-velocity, goal setting, interoception,
lactate threshold, MAOD, maximal aerobic power (MAP), MLSS power, overreaching,
overtraining, pacing, perceived exertion, performance modeling, performance
monitoring, performance testing, power output, perceived exertion,
psychophysiology, slow component, threshold power, training intensity, training
load, training zones, ventilatory threshold, warm up, Wingate.

The “related articles” function of the PubMed database has also contributed with
many articles as well as the bibliography of articles.

Due to the limited breadth of the scientific literature on some subjects a few non-
scientific and quasi-scientific sources has been used. This is also the reason that the
pedagogical part is very much based on literature from the Sport Coaching Program
at the College of Dalarna.

As the discussion, in the sections on inter- and intra personal communication with
PM’s, is very theoretical and speculative it was deemed necessary to anchor these
theories with the experiences of PM-users. A questionnaire was constructed to test
how well the theories that emerged from the literature review mirrored the opinion
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of experienced PM-users. This questionnaire was posted on-line on the authors’
personal website (www.toppfysik.nu/formular.aspx?id=6) and respondents were
recruited by posting a request on the GGW-forum and by e-mailing experienced
users that the author was personally aware of. The questionnaire is attached to this
report as Appendix 1.

Ethical considerations

The ethical guidelines and rules for essays at the College of Dalarna and the College
in Gävle were reviewed, but nothing in this research paper violates these rules.
There are, however, some ethical considerations in general regarding power meters
in sport.

A large focus on power meters can make enthusiastic sports parents feel pressured
to purchase this rather expensive equipment to their children at a too early age
(what is an appropriate age will hopefully be answered through this paper).

Too technical and advanced equipment in sport is not really in agreement with “the
spirit of sport” and can make some athletes pay too much attention to these details
and lose sight of the “broader picture” of their sporting life.

There is a risk that riders, coaches and/or parents use PM-data to discredit others in
an unfair way due to incompetence and/or ill will. A greater understanding would
certainly minimize this risk.

http://www.toppfysik.nu/formular.aspx?id=6
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4. Results, discussion and conclusions

The results are listed below in the manner that felt most logical. Each section is made
up of a review regarding aspects related to that subject and a conclusion, including
advice on best practice.

5. Pacing strategy and racing tactics

Pacing strategy

Finishing in the quickest time is always the goal in cycling (the exemption being
point-races) (Faria et al 2005a), which is regarded as “closed loop” exercise. Pacing is
a strategy used by the rider to regulate the “within-race” distribution of power
output, physiological strain and effort to achieve optimal performance. The best
pacing strategy, however, may vary for different events depending on if they are
mass start and “head-to-head” or against the clock, the duration of the event and
external conditions (e.g. hills and winds). During time trials, pacing is the dominant
tactical consideration (De Koning et al 1999). The PM can be a powerful tool for
optimizing pacing strategy under all of these circumstances (Abbiss & Laursen
2008a). In this text the power output profile is always the measurement of pacing
strategy if not otherwise specified (e.g. speed, PE or HR).

Atkinson and Brunskill (2000) have concluded that using power output can
significantly improve pacing strategy and thus time trial performance, which
mechanisms will be described below. They also found that PE was too insensitive to
base pacing on. HR showed a better correlation to power output, but was still a too
noisy measurement. In addition, Faria et al (2003) concluded that using HR as
variable for pacing did not produce any additional benefit compared to using no
pacing variable.

So far, most studies on pacing strategy in cycling have been conducted in the
laboratory (Faria et al 2005a) or through mathematical models (Atkinson, Peacock &
Passfield 2007, De Koning et al 1999 and Gordon 2005). Although these data and
models have been an excellent starting point, more future studies using PM’s in the
field under varying conditions and level of riders are definitely needed. Pacing per se
during mass start racing has not been explored at all, although there are many
excellent studies into the dynamics of this type of cycling competitions which will be
discussed in the sections for “racing tactics” and “analysis of training and racing”.

Knowledge of how the effects of deliberate and systematic variations in pacing
strategy affects performance, allows the athlete and coach to plan optimal pacing
strategies. There are a number of different pacing strategies that may apply to
cycling power output. “Negative pacing” means achieving a higher power output in
the second half of the effort, “positive pacing” means achieving a higher power
output in the first half of the effort, “all-out pacing” means going as hard as possible
from the start always leading to a positive profile, “even pacing” means a constant
power output over the entire effort and “variable pacing” means varying the power
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output depending on the external conditions (e.g. hills, wind and in head-to-head
races the actions of the competitors) (Abbiss & Laursen 2008a).

For short efforts (<~60 seconds), an all-out pacing has been proposed as optimal.
This is thought to be because the cost for maintaining a speed is lower than
achieving it. The acceleration phase is inevitable and it represents a large portion of
total race time. However, despite an all-out effort in power output during short
events the speed typically presents a negative split profile (Abbiss & Laursen 2008a),
although less kinetic energy (which can be considered useless energy) is left at the
finish (De Koning et al 1999).

The 1000m TT is a typical all-out strategy event (De Koning et al 1999), supported by
the example in Craig (2001) were an elite rider can start out at 1799W diminishing to
399W at the finish (a 78% decay in performance) with an average power output of
757W for the whole effort. In these events a PM is probably not useful during the
actual competition, but the data can be analyzed post-ride to draw conclusions
regarding improvements in pacing, training or other performance enhancing
preparations (e.g. wheels and suitable ergogenic aids).

As the duration of effort surpasses 120-260 seconds a more constant pacing strategy
seems to be optimal (Abbiss & Laursen 2008a and De Koning et al 1999). For
durations < 6minutes, there is a bit conflicting results, but a positive, negative or
constant pacing strategy seems to have limited impact on average power output. It
has never the less been proposed that for the 4000m individual pursuit (a typical
track event for these durations) a brief maximal start to get up to goal speed and
then a transition into a constant pace is the best strategy (Aisbett et al 2003).

As duration continues to increase, the benefits of a negative profile become more
pronounced. Because a relatively small time-period is spent in acceleration, a
conservative start is often favorable. In addition, a slow start can also minimize the
anaerobic contribution early on, which otherwise would lead to accumulation of
fatigue-related metabolites (e.g. inorganic phosphate, potassium and hydrogen ions)
as the aerobic system needs a certain amount of time to reach its steady-state level
(Abbiss & Laursen 2008a). Irrespective of initial pace, riders still usually sense their
muscle pH well enough to reach the lowest values at the end of the race (Atkinson &
Brunskill 2000). The 1-hour track record is a typical effort where this strategy is
applicable, which is shown by the fact that Padilla et al (2000b) report that during a
successful world record attempt the rider deviated very little from the target pace of
53.0km/h or the actual mean of 53.04km/h.

Although a constant paced effort is optimal under constant external condition,
during longer efforts it is normal that the external conditions vary considerably, i.e.
up-/downhill and head-/tailwind. It has been shown that varying pace in response to
these conditions can improve performance (Abbiss & Laursen 2008a, Atkinson &
Brunskill 2000, Atkinson et al 2006 and Atkinson, Peacock & Passfield 2007 and
Gordon 2005), although there is more to be learned. Varying the power output
depending on the external conditions usually means less variability in speed than



11

would be the case with constant power output (Abbiss & Laursen 2008a and Gordon
2005), i.e. increasing power on hills and into headwinds and decreasing it on down
hills and in tailwinds (Atkinson & Brunskill 2000). Keeping speed nearly constant and
varying power to the external conditions to achieve this has been found
mechanically optimal (no limit in power varying capacity). Unfortunately this is
practically possible due to physiological limitation. Also, the positive effects of
varying power output are larger during hilly courses than for windy courses (Gordon
2005).

A 1% increase in gradient uphill leads to an 11% decrease in speed. Time trials under
variable conditions are slower than during constant, calm and flat conditions
(Atkinson et al 2006). This is because the aerodynamic drag increases with the cube
of speed and time lost traveling uphill at a slower pace is not made up for during
descents at high speed. Another way to describe it is that ΔP/Δν is large during 
descents, i.e. large changes in power lead to small changes in speed, and small
during ascents, i.e. small changes in power lead to larger changes in speed (Gordon
2005).

Atkinson, Peacock & Passfield (2007) report that for a 40km TT course, that
alternates 5km with a 1% incline and 2m/s headwind with 5 km with 1% decline and
2m/s tailwind the first 20km and ends with 10km 2m/s headwind and 10km 2m/s
tailwind, varying an average power output of 289W with 10% decreased race time
with 126 seconds. It is important here to remember that, as uphill and headwind
sections of a race normally take longer time to complete, the increase during these
periods relative to the overall average has to be smaller than the decrease during the
downhill and tailwind sections. Gordon (2005) concludes that on a course with many
uphill and downhill sections riders will benefit more from varying pace than during a
course with same amount of ascending and descending with just a few hills. This is
because in longer ascents Tlim for the time period it take to climb the hill may impose
a limitation to the power output than can be achieved, while with a more alternating
course the rider can produce this power during the uphill and then recover in the
downhill to repeat the effort.

Considering the extreme and often hilly TT-courses reported in the literature (Padilla
et al 2000b), it is not difficult to understand that substantial gains in performance
can be made. It is interesting to note that varying power output during constant
external conditions seems less detrimental than applying constant power during
variable external conditions (Atkinson et al 2006 and Gordon 2005).

The question is then, how much can power output vary? There may be additional
strain with a variable pacing strategy (Christmass et al 2001 and Palmer et al 1999)
and the accumulation of blood lactate is exponential with increasing intensity, which
can lead to inhibition of muscle contraction, compromised technique and
recruitment of less efficient muscle fibers. A 5% variation in power output seems
tolerable to most riders, resulting in no increase in blood lactate, HR, PE or cadence,
but significant improvements in performance. However, individual variations in how
much power output variability is tolerated are reported. The power output to
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complete a distance in the shortest possible time often is close to anaerobic
threshold, and therefore are large variations physiologically not possible. This might
be especially true for elite riders as their AT is very close to maximal aerobic power
(Atkinson et al 2006). This also means that too large variations are not possible to
make up later on (Abbiss & Laursen 2008b). Varying the power output as much as
possible within a given maximal PE would probably lead to the best results (Gordon
2005). Here a PM is an invaluable tool as the rider gets real-time feedback regarding
power output, especially in reference to AT (FTP), and can avoid varying pace too
much.

It is more or less clear that varying power output in response to varying external
conditions produce superior performances. Varying pace can improve performance
as much as other performance enhancing interventions, such as sports drinks,
altitude training, reducing body mass or bicycle mass (Atkinson et al 2006). As these
effects increase with increasing variability the question should then be asked, can it
be trained and are there any means by which variability can be increased?

The capacity to vary power output at high intensities is most likely trainable or an
inherent trait as Padilla et al (1999) have shown there to be differences between
climbing and time trial specialist in professional cycling. It may also be recommended
that riders be trained to moderate their effort, ideally, using a PM (more on this in
“intra-personal communication”).

There is persuasive evidence that a positive pacing strategy is detrimental for
prolonged efforts. However, such a pacing profile is often spontaneously employed
during longer time trials, even by experienced riders (Atkinson & Brunskill 2000 and
Atkinson et al 2006). The negative impacts of this spontaneous, but sub optimal,
strategy is trends for higher HR, blood lactate and PE despite a slower finishing time
(Atkinson et al 2006). The reasons for this are still unclear, but could be due to
unrealistic expectations regarding the riders’ own ability (Abbiss & Laursen 2008a).
This could also be an effect of the pressure of winning and riders try to put in a
winning performance. It could also be an “artifact” of the “training by HR paradigm”
which has been ruling most of the endurance training community the last decades. If
a person is to keep a constant HR over a TT the effect will be a positive profile power
output pacing strategy due to the effects of HR kinetics to reach a steady state
(Dupont et al 2005) and cardiovascular drift (Coyle & González-Alonso 2001 and
Wingo et al 2005). Atkinson, Peacock, St Clair Gibson & Tucker (2007) report that if
riders are trained to temper their initial starting effort, by self-monitoring with the
use of a PM, TT-performance is generally improved.

For very prolonged efforts (>4 hours), which in cycling usually means mass start
races, it is much more difficult to determine optimal pacing strategy and more
research is needed (Abbiss & Laursen 2008a and Atkinson, Peacock, St Clair Gibson &
Tucker 2007). There are many factors that can affect pacing strategy, both external
and internal, such as various sources of fatigue (e.g. glycogen depletion,
neuromuscular fatigue, perception of fatigue), which can be of both central and
peripheral nature (Abbiss & Laursen 2005). External conditions, such as the start in
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cyclocross or XC mountain biking (although these events are normally 1-2.5 hours of
duration) and individual/team tactics or wind direction in road cycling may make the
physiologically best strategy sub-optimal in real life conditions. Professional road
races also tend to be raced progressionally faster, with the highest speed and
intensity at the end of the race (Padilla et al 2008). However, within these mass start
races there are very often periods of maximal effort over a given distance (e.g. a
decisive hill in road cycling) or repeated efforts where the work capacity needs to be
optimally distributed (e.g. up hills in mountain biking interspersed with down hills
where a fair amount of recovery can take place and where no power output can be
generated due to the technical level of riding these sections). These mini-efforts
within the total effort need to be optimally paced so that these sections are covered
in the shortest possible time. As the most decisive parts of the race often occur late
it the race it can be of value to analyze the pacing (self selected or imposed by the
tactical nature of the race) leading into these periods. Palmer et al (1997) has shown
that the decrease in performance for a 20km TT was the same following 150 minutes
at 58% VO2max constant intensity as 58% ± 12% variable intensity, with the
difference that the glycogen depletion was greater in the type I fibers at constant
pace and in type II for variable pace.

Altitude can affect the power producing capacity over durations >45s, but doesn’t
seem to affect pacing strategy significantly which suggests that riders’ sense their
limited capacity and pace themselves accordingly (Clark et al 2007). It is possible to
calculate the altitude dependent decrease in VO2max (Olds 2001). It can of course be
speculated that the use of a PM can further limit the risk of adopting a sub-optimal
pacing strategy. Estimating a riders’ maximal power over a given duration at a known
altitude can be a simple way of avoiding a too aggressive initial pacing during
competition at altitude.

Racing tactics

There are various models to describe and predict performance in the field. These can
be used by coaches and sports directors for tactical decision making, e.g. to calculate
the chance of success for breakaways during road cycling or how to best use their
team resources to catch the breakaway at the best time (usually as late as possible in
the race). More related to this will be covered in the “quantifying the demands of
competition”-section.

The main resistive forces in cycling are the aerodynamic drag (CdA), which increases
with the third order of speed, and gravity, that play an increasing role as the incline
steepens during climbing, (Olds 1998).

It has even been proposed that aerodynamics can have the same magnitude of
positive impact as training (Atkinson, Peacock, St Clair Gibson & Tucker 2007). This
has made aerodynamic optimization of positioning and equipment and drafting an
important aspect of bicycle racing, both for maximizing speed and tactical decision
making (especially in road cycling). The reduction in CdA when drafting depends on
how close the rider rides to the rider in front as the reduction is ~44% when 1.7m
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behind and 27% at 3.7m. It also varies depending on if the rider is placed 2nd, 3rd or
4th in a line of riders, with the most reduction in place 2 and 3, but very small
additional benefit from place 3 to 4 (Craig & Norton 2001). But the benefits of
drafting vary depending on the angle which the wind affects the riders. Related to
this is the time to exhaustion (TTE) at the front of a pace line or peloton. TTE
decreases with increasing number of riders as then speed also increases and thus
makes the power output requirement of riding on the front increase exponentially.
The curve describing this relationship flattens at 2-3 minutes and a group of ~5 riders
(Olds 1998). This has implications when analyzing PM-data from break aways,
chasing and sprint lead-outs, as the timing when to go to the front and how long to
stay there each turn is affected by group size.

When two or more riders from the same team ride for a prolonged time in a
breakaway it is interesting for the coach or sports director to analyze their power
output during this breakaway, by looking for large difference in power output. Given
the importance of CdA this can gain insight if a rider has poor drafting skills or spend
an unnecessary amount of time on the front of the breakaway. Improving these skills
can mean that a rider comes into the last 30-60 decisive minutes of a race having
spent significantly less energy (Jeukendrup & Martin 2001).

Theoretically it could also be possible to calculate the amount of time each rider
should spend on the front of a team time trial based on their FTP and the Normalized
Power™ for that effort.

Conclusions

Taken together, the above suggest that PM’s are valuable tools for pacing and
tactical decisions.

For pacing, the PM can be used during the event for constant feedback and for post-
ride analysis. The duration of the competition is a major determinant for pacing
strategy with <120s races mostly done in an all-out fashion and >120s races with a
constant or variable pace. When varying pace the rider should increase power
output on up hills and into head winds and decrease power on down hills and in
tailwinds. In many cases the higher variability the better the performance, but it
seems as ~5% variability is a “tolerance limit” for many riders. During mass start
races there can be many determining efforts that need optimal pacing for the given
duration of that effort, this “within race”-pacing can improve with a PM.

Analyzing power output after a race can give a coach valuable information about the
riders ability regarding drafting and energy conservation.

An excellent example of how the current knowledge regarding pacing is practically
applied is the Pacing Optimization Index (POI) developed by Alex Simmons. The POI
is a means of quantifying how close to the theoretically optimal pacing strategy a
rider has paced him-/herself based on input for rider data, e.g. maximal Normalized
Power™ for the duration of the race, weight, and external conditions, e.g. distance,
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speed, elevation/altitude profile, temperature, Crr and wind. The course is
segmented and an optimal power output for each segment is calculated. The POI is
still not fully developed, and several of the input models it is based upon need more
research. However, it may still provide valuable feedback to the coach and rider in
the current version as a starting point for further experimentation.
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6. Performance testing

General on testing

Performance tests can have various purposes, i.e. establish the endurance of the
cyclists (the riders’ ability to withstand fatigue), describe a physiological system
(anaerobic threshold) or trait (fiber type composition). When performing tests on
riders the resulting physical and fitness traits should be associated with
performance, which is a problem in cycling where different types of fitness traits are
important depending on discipline, rider and conditions during competition.

Faria et al (2005a) notes that PM’s are a crucial link between the knowledge gained
in the laboratory and the field conditions and that the relationship between
performance tests and competitive performance has yet to be explored adequately.
They conclude that specific monitoring of training and competition with PM’s is
essential for performance improvement and competitive success.

Being an endurance sport, cycling performance is much about the ability to
withstand fatigue. Fatigue can be of peripheral, an increase in the EMG:force ration,
and central, where there is no change in the EMG:force ratio but a decline in force,
nature (Faria et al 2005a). Both types of fatigue have been connected to cycling
performance and it has been suggested that fatigue might best be described by a
non linear complex systems model where fatigue is a consequence of the interaction
of several physiological systems that are interpreted in the brain (Abbiss & Laursen
2005).

Cycling performance has been correlated to the power output at several
physiological points on the intensity continuum (Atkinson, Peacock, St Clair Gibson &
Tucker 2007). Such physiological points are LT (Amann et al 2006 and Coyle 1988),
MLSS (Amann et al 2006 and Harnish et al 2001), OBLA (Bentley et al 2001), VT
(Amann et al 2006 and Mora-Rodriguez & Aguado-Jimenez 2006) and VO2max/MAP
(Prins et al 2007).

The aerobic energy requirements are many times greater that the anaerobic energy
requirements during almost all cycling competitions. This is likely the reason why the
most utilized and researched tests and physiological variables in cycling are of
aerobic nature (e.g. GXT, VO2max, LT, RER, VT1, MLSS, 10-100km TT). However, the
periods involving anaerobic performance are often those that determine the
outcome of the race (e.g. sprinting, attacking, short steep climbs, sprinting and
positioning in the peloton) (Faria et al 2005a and Jeukendrup 2002) making
anaerobic tests highly valid for performance evaluation.

It has been shown that measuring performance output is a better predictor of
competitive success than various physiological measures and drawing performance
conclusions from them. VO2max has been demonstrated to have low predictive
validity within a homogenous group of athletes (Sjödin & Svedenhag 1985). This may
also be related to the fact that VO2max, VE and HR at VT remain stable relative to
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cadence throughout the training season, whereas performance and submaximal
parameters have a larger variation (Faria et al 2005a). It is therefore likely that
peripheral, rather than central adaptations play the largest role for performance
variation. Bishop et al (1998) have shown that Wpeak (highest power output during a
GXT, which is close to power at VO2max) is a better predictor of performance than
VO2max.

Using power output incorporates all the physiological factors that have been shown
to influence aerobic cycling performance, i.e. VO2max, fractional utilization of
VO2max and cycling efficiency (CE) (Olds et al 1995). This is for example highlighted
by the fact that professional cyclists display considerably higher CE than amateur
riders despite similar VO2max values (Lucía et al 1998 and 2002).

There is much data indicating that the physiological response to a given power
output changes with fatigue during long lasting exercise. One important
phenomenon is the VO2 “slow component” where more oxygen is utilized at a given
power output as the rider fatigues, possibly due to neuromuscular fatigue leading to
increased recruitment of less efficient type II fibers. This phenomenon normally only
manifests itself during exercise at or above AT. The magnitude of the “slow
component” can have substantial effects on performance as a direct correlation
between it and a decreased ability to produce power output has been observed
during endurance exercise (Bessot et al 2008). A phenomenon much like the slow
component of VO2 is the VO2 drift, which is an increase in VO2 at a given power
output appearing after ~30 minutes of exercise at or slightly below AT. VO2 drift has
been attributed to thermoregulatory mechanisms such as increased skin blood flow
(Billat et al 1999). In addition, fatigue can lead to a reduction in VO2max which
means that at a given power output the rider will be riding at a higher relative
intensity (Wingo et al 2005).

Muscle glycogen levels at the end of long lasting exercise can greatly influence
performance. To lower these levels before testing researchers has used both dietary
manipulation and/or fatiguing pre-test exercise. This has however not affected the
coefficient of variation (CV) (Currell et al 2006).

The “slow component”, VO2-drift and the influence of muscle glycogen levels
supports the concept of conducting tests where the rider first has to perform
fatiguing exercise before the actual test.

Using additional measurements to power output can give information regarding
cycling economy, delta and gross efficiency, “slow component” of VO2, VO2 drift, VO2

kinetics, MAOD (Carey & Richardsson 2003, Carter et al 2005, Chavarren & Calbet
1999 and Foss & Hallén 2005). Using direct calorimetric in conjunction with power
output may give a more “complete” picture (Carey & Richardsson 2003 and Carter et
al 2005).

Standardization of the testing procedure is important to obtain reliable results, as
warm up routine, recovery periods, testing order (if multiple tests are performed the
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same testing session), time of day, environmental conditions, nutritional practices all
can influence the result (Gore 2000). In this regard it is interesting to note that
Deschenes et al (1998) reported that although blood pressure, plasma lactate and
rectal temperature showed variations due to time of day maximal aerobic power and
time to exhaustion showed no significant variations when tests were performed
under normal waking hours.

How often it is meaningful to conduct testing is somewhat a matter of taste. As most
tests require a maximal effort of some sort they are not always well accepted by
athletes. They might fear that an exhausting test can impair their performance over
the subsequent period. Even if the athlete agrees to perform the test this might lead
to sub-maximal effort which can distort and invalidate the results (Sassi et al 2006).

It is known that there can be a learning effect where performance is improved just
because the rider is accustomed to the test affecting the test-retest reliability. Abbiss
et al (2008b) has shown that for well trained cyclists this test-retest reliability is
affected if the rider doesn’t perform the test for a six-week period.

Altitude can affect the capacity to produce power aerobically to a large extent (Clark
et al 2007). It is vital that all testing is performed at the same altitude and preferably
the same altitude which the most important competitions will take place at. This is,
however, a bit complicated by the fact that a road and mountain bike race can take
the rider from sea level up to 2000-3000m altitude within the same race (Padilla et al
2008 and Wirnitzer & Kornexl 2008). Power producing capacity for short durations is
affected to a lesser extent or even unaffected by altitude. At least power output
during 30 and 45 seconds Wingate tests are unaffected by exposure to severe
hypoxia (Friedmann et al 2007). It is, thus, only the aerobic component that is
affected, whereas anaerobic capacity is unaffected or even enhanced by altitude.

Maximal testing might not always be well accepted by athletes during the
competition phase. In the light of this, Sassi et al (2006) have developed sub-maximal
tests that they argue gives reliable and useful information without the need for
maximal efforts.

Field based testing using a PM

Conducting laboratory tests may not always be a practical option for cyclists and
they might not want to disrupt their normal training routine at home with a trip to a
testing facility. It is however not even clear if laboratory testing is best option.

Performing the test under similar conditions as competitions is of course ideal as it
mimics the dynamics of competition, e.g. uphill of various grades or
standing/seated/aero position, much closer than laboratory tests.

The problem here is instead that of test standardization, as the conditions in the field
may vary greatly.
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Conducting tests on the cyclists own bike rather than a bicycle ergometer eliminates
the problem of the rider not being able to configure it exactly to the normal riding
position. For example it has been reported that cycling in a static position (e.g. only
sitting) can result in local fatigue which can be relieved by brief periods of standing
cycling where afterwards the rider can resume their power output (Abbiss & Laursen
2005). Riding outdoors enables the rider to adopt the same dynamic riding
encountered in competition. Although Jobson et al (2008a) report that using an aero
or normal upright position on the bike during a 40.23km indoor (using a trainer) or
outdoor TT had no significant effect on power output.

Muscle coordination changes with power output, force and cadence (Baum & Li
2003, Hug & Dorel 2007 and So et al 2005), during riding flat or uphill (Duc et al
2008), due to positioning on the bike (Harnish et al 2007, Hug & Dorel 2007, Reiser II
et al 2002 and So et al 2005), shoe-pedal interface, training status and fatigue (Hug &
Dorel 2007 and So et al 2005). It is even speculated that the self-organization of the
rider to the increased degrees of freedom during standing cycling might induce a
better performance capacity in some condition (Reiser II et al 2002). This means that
the power producing capacity may change due to these circumstances and field
testing should try to mimic these conditions as closely as possible. This is highlighted
by discussions on the GGW-forum regarding if FTP is different for flat, uphill and
indoor riding. Related to this is bilateral pedaling asymmetry, which may change
depending on exercise intensity and cadence (Carpes et al 2007 and Smak et al
1999). This increases the importance of as specific testing as possible.

As it is not possible to achieve a truly constant power output with a PM in the field,
time to exhaustion (TTE) tests at a constant power are not an alternative. The only
real plausible alternative for field based testing is time trial tests (TT) of various sorts.
TT-tests are defined as an endurance performance with a known end point. During a
TT-test the rider has to complete a distance in the shortest possible time or
complete as much work as possible in a set time period, which with a power meter
means having the highest possible power output over the duration. The limitation to
only TT-tests is, however, not a problem since it has been shown that time trial tests
are less variable than TTE-tests (Currell et al 2006 and Laursen et al 2007).

It has been speculated by Crewe et al (2008) that during exercise without a fixed
endpoint (TTE) the anticipatory forecast of the increase in PE (more on this in the
“training level” and “intra-personal communication” sections) will be conservative
and lead to underperformance and termination of exercise with some degree of
physiological reserve. TTE-tests are also speculated to be more influenced by
motivation (Sassi et al 2006). This further supports using TT-tests and has been
proposed by these authors to be one explanation for the “end spurt” typical during
TT-efforts.

As many cycling competitions are decided by maximal efforts in the end of a race, i.e.
when a great deal of fatigue is present, it is important to test the capacity to produce
maximal efforts in a fatigued state. Here, analyzing data from competitions may
provide additional information to testing data. For example, a winning sprint in a
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ProTour race had a average power output of 926W over 14s, which is not very
impressive in the light of the power produced by track sprinters. But it must be
acknowledged that this was the final effort in a “run in” to line were the rider
produced an average power of ~600W for the last minute, ~490W the last 3 minutes
and this was performed after 5.5 hours of racing (Martin et al 2007).

Given the stochastic nature of many cycling disciplines (Ebert et al 2005, Fernandez-
Garcia et al 2000, Lucìa et al 1999, Padilla et al 2001 and Vogt et al 2006) it should be
important to monitor the ability to perform repeated sprints and/or other high
intensity bouts with different amounts of recovery in between. At present there is no
consensus regarding protocols for testing this ability and the topic has not been
extensively discussed on the GGW-forum. Numerous factors could contribute to this
ability, e.g. Pmax, AWC, VO2max, AT, buffer capacity, PCr re-synthesis rate, oxygen
kinetics, muscle glycogen concentration (Dupont et al 2005). Some attempts are
made in the scientific literature where sprints are inserted into a time trial (Schabort
et al 1998), repeated sprint tests (Baron 2001, Hautier et al 1998 and Martin, D.T et
al 2001) and TTE-tests with varying but fixed workload (Björklund et al 2007).
Unfortunately, designing, structuring and conducting field tests like these and then
interpreting the results seems rather difficult. On the other hand the ability to
perform repeated efforts relies largely on the same physiological systems as
constant power endurance (Tomlin & Wenger 2001).

When conducting tests in the field it is very important to take environmental factors
into account and to record these. For example, it is reported that that the average
power output during a 30 minute TT is reduced by 6.5% in 32°C compared to 23°C
(Abbiss & Laursen 2005). In addition, some power meters are temperature sensitive
as the strain gauges are affected by the expansion of the material around them. For
example the zero offset (z/o) of the SRM-system will increase with increasing
temperature at a rate of 7 Hz change per degree Celsius (Wooles et al 2005). Luckily
some PM’s record temperature continuously.

As a coach it is often difficult to know how and how much to motivate ones athletes
during testing. Luckily there seems to be a rather small impact on performance from
extrinsic motivation during testing. Hulleman et al (2007) has, for example,
demonstrated that power output during 1500m TT is not significantly affected by
monetary rewards.

Smallest worthwhile enhancement

The smallest worthwhile change in performance is defined as “the change that
makes a meaningful difference to an athlete’s chances of winning”. For individual
athletes this is estimated from the reliability (race-to-race variability) of competitive
performance, expressed as a coefficient of variation (CV). The smallest worthwhile
change is about 0.5 CV (Hopkins 2004). Knowledge of this change is needed when
analyzing and drawing conclusions from a performance test (Paton & Hopkins 2005)
and is also largely dependent of the validity and reliability of the test (Hopkins 2004).
The difficulty of detecting changes that will have a significant effect on competitive
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results is the fact that 3 week stage races often are won by margins representing
0.07-0.13% of overall time (Jeukendrup et al 2000).

Tests are also largely influenced by noise such as method, material, environmental
factors, learning effect (which is why the first few tests should not be used to draw
any important conclusions) and type of test. In this regard it is quite important to
remember that the most popular PM’s on the market has a measurement accuracy
of ± 1.5-2% (the SRM Science version has ± 0.5%) (www.srm.de & www.saris.com). In
addition, not all PM’s from the same manufacturer display the same accuracy
(Gardner et al 2004), with “outliner sets” of ± 10% (Wooles et al 2005). This
influences the typical error of a test, which in turn needs to be taken into account
when interpreting results from tests. Hopkins (2004) therefore recommends that
changes preferably needs to be 2x noise to be “believable”. For example, if there is a
2% improvement in a test (e.g. 8W increase in FTP to 408W), then using a leading PM
it is impossible to say if the has been a 4% improvement (416W, which is rather
substantial) or the cyclists performance has remained unchanged (400W). A good
test needs noise ≤ smallest signal.  

For PM-data to be useful good calibrations are paramount. Fortunately, Wooles et al
(2005) have developed a simple but accurate calibration method for the SRM-
systems and suggest that the SRM power meter should be calibrated every 6
months. Using their simple static calibration method allows power to be measured
within <1W systematic error for 1000W. But even when carefully calibrated,
comparison of power output data from different types of PM’s should be made with
caution as they measure power at different sites, e.g. before or after the drive
terrain, which can lead to ~2% differences in measured power output (Gardner et al
2004).

The CV for time during mountain biking is 2.4% and 1-40km road time trials is 1.3%,
which needs to be multiplied by ~2-3 for power (Hopkins 2004). Smith et al (2001)
actually report an even lower CV of 2.1% for power output during 40km TT in highly
trained cyclists. This seems to be true also for moderately trained riders as well as
Tan & Aziz (2005) report a CV of 2.6% and 2.9% for 36km flat and 1.4km uphill TT’s.
This indicates that the smallest worthwhile change a test needs to detect is in the
range of 1-2%. However, for many cycling disciplines, this may not be representative
since difference in time to finish a race or the overall result is much influenced by
tactics (Olds 1998) and performance over much shorter distances/time periods
deciding who is in “the winning break” or front of the peloton. Since CV and hence
the smallest worthwhile change usually is smaller for shorter events (Hopkins 2005)
it is likely that it is smaller than would be indicated when using “whole race” data.
The CV for power output during a 5km TT was reported to be 2.7% by Jensen &
Johansen (1998) who in the same study had a CV of 6.3% for a 50km TT.

It is of course possible to estimate the CV for a specific test and athlete using data
from multiple tests and from there draw conclusions about the smallest changes
needed for that test and athlete. This can be used to give the coach or athlete a
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sense of what is achievable in a training cycle and where to place the largest training
emphasis (Olds 2001).

Palmer (2008) conclude that laboratory based tests may be a better alternative than
field based tests as they have a higher degree of reliability and enables the
measurement of physiological variables providing additional information. This might
lend additional support to the notion that for elite cyclists’ field based test might not
be accurate enough and not provide all the information that might be needed to
make correct decisions regarding future training and preparations. Conducting tests
in a laboratory for these athletes is further supported by Reiser et al (2000) who
showed that power output values obtained in the lab may be transferred to the field
especially if the cyclists is riding his/her own bike with a PM mounted placed on a
ergometer, e.g. Cyclus 2.

When comparing data from typical laboratory tests with those currently employed
with PM’s, one need to know how to convert these data. For example, a 1%
improvement in time trial power output is the same as a ~15% improvement in time
to exhaustion of a constant power test , ~2% improvement in time to exhaustion of a
incremental test or ~0,4% decrease in time trial time (Hopkins 2004).

There is some debate regarding the pros and cons of time trial tests versus constant
power and incremental tests to exhaustion. Time trial tests are considered more
competition specific, but are more “noisy” due to variations in pacing strategy. In
performance tests reliability is usually regarded as more important than validity
(Hopkins 2004). This means that average power from time trials may be less sensitive
in detecting small but important changes in performance or leading to wrong
conclusions about an improvement in performance. This is of course a problem since
incremental or constant power tests are very difficult of achieve with a PM.

Another factor that can both add noise but simultaneously make test more valid is
conducting the test in a fatigued state, e.g. after 4000kJ or 200TSS (Training Stress
Score™, see the “Planning and monitoring the training process”-section) of riding,
since most of the decisive moments of a cycling road race is usually in the end.

Considering that the CV of world class athletes is generally smaller than for lower
level athletes the tests used for elite athletes needs to be less noisy and have a
higher reliability. World class riders often enjoy more stable performance levels
(Paton & Hopkins 2005). Tests using PM’s may therefore not be sensitive enough for
evaluating changes in performance in world class cyclists. The SRM Science version
would be preferred for this type of riders, which also may be easily purchased by for
example professional or national team and Olympic testing centers. Related to this is
also the observation that males usually have a smaller CV than female athletes,
which is most likely due to a greater depth of competition for males in most athletic
disciplines rather than any physiological factors (Paton & Hopkins 2005). However,
even if it is difficult to interpret increases in performance, long term decreased
performance and an overall negative feeling in athletes are never desirable.
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Due to the lack of scientific data regarding tests with PM’s, research regarding
noise/typical error, CV, validity, reliability, smallest worthwhile change, normal
changes between training periods (and other longitudinal studies) need to be made.

With power output (workload) being an important point of reference it might be
valuable to use it in conjunction with other physiological measurements, e.g. blood
lactate, heart rate, heart rate kinetics, respiration rate, EPOC, and/or physical
measurements, e.g. GPS, accelerometer. Also, combined with other technology and
knowledge it is now possible to make accurate assessments of the aerodynamics of
cycling with a PM. It can give the cyclist instant feedback regarding optimal
aerodynamic position and also analyze which cyclists are “aerodynamically gifted”.

Maximal neuromuscular and anaerobic alactic performance

Measuring maximal neuromuscular power output is useful when determining the
effects of training and physiological characteristics related to competitive
performance (Martin et al 1997), especially sprint performance which can be vital for
road and track cycling (Burke 2003, Craig 2001, Gardner et al 2004 and Jeukendrup
2002). Of the 28 world championship races governed by the UCI, 8 are all-out sprint
events, 4 are often decided in a sprint and 2 require repeated sprints (Martin et al
2007).

The first signs of fatigue normally occur after ~6 sec (Gardner et al 2007) and there is
energy stored within the muscle in the form of ATP and PCr for ~7 sec (Bangsbo &
Michalsik 2004). This means that any MMP representing this energy system needs to
be < 6-7 s. Conducting such a test on a bicycle provides a sport-specific test for
cyclists (Gardner et al 2007) that is not affected by the test subjects’ body weight
(Martin et al 1997).

Maximal cycling power output mainly depends on cadence, muscle size, muscle fiber
type composition, cycling position and fatigue (Martin et al 2007). 14-20W/kg has
been reported for MMP 5 sec (Billat et al 1999), but it is unclear what the
performance level of the subjects was. Elite sprint cyclists can generate ~2500W over
one pedal stroke (Martin et al 2006). Maximal power output has been reported to be
maintained <5 seconds at a pedaling rate of 120-130 rpm (Beelen et al 1991).
Although cadence is the most common measure of the velocity during the cycling
movement it actually integrates two parameters. Cadence together with crank
length determines pedal speed, which sets the shortening velocity of the muscles
involved in the pedal stroke. In addition, the pedaling rate per se also determines
within which time period the muscles must contract to produce force and relax
during lengthening.

Inertial-load test

Power output in cycling is the product of pedal force and angular velocity (cadence)
(MacIntosh et al 2004). The inertial load test described below was first introduced by
Martin et al (1997), but further developed by Bertucci et al (2005), Coggan
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(http://groups.google.com/group/wattage/browse_thread/thread/2d1ec1c9342151
ee#) and Gardner et al (2007). The test is a single bout of maximal cycling
acceleration against an inertial load to obtain multiple power and cadence values
creating a power-cadence relationship. Only methods measuring a combination of
friction and inertial load or inertial load alone have been shown to elicit maximal
power output in a single bout and the test has been shown to have excellent validity
and reliability.

Depending on what you want to investigate, power and cadence can be converted
into torque (T), pedal force (F) or circumferential pedal velocity (CPV). The following
equation converts power to torque: T (in Nm) = P (in watts)/(cadence (in rpm) x
π/30) (Gardner et al 2007). It is worth noting here that cadence and CPV are related 
but should not be used interchangeably as cadence is related to muscle excitation
rate (frequency speed) and CPV is related to muscle shortening velocity (Martin &
Spirduso 2001).

Power-cadence has quadratic relationship (giving a parabolic graph) and the torque-
cadence relationship is roughly linear during cycling. The apex of the parabola for the
power-cadence relationship represents the maximal power output (Pmax) and the
corresponding cadence is the optimal cadence for that power output (cadenceopt).
Linear extrapolation of the torque-cadence relationship is used to estimate maximal
torque (Tmax) at the torque-intercept and maximal cadence (cadencemax) at the
cadence-intercept. T is averaged for the whole pedal stroke, due to the difficulty in
separating the T produced by each leg.

Fig. 1. The linear relationship between torque and velocity and the parabolic relationship between
power and velocity (Dorel et al 2003).

The test may detect valuable information regarding mixed muscle characteristics,
although more fiber specific data can be retrieved (Kohler & Boutellier 2005).
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Fig. 2. The general force-velocity relationship of both type I and type II muscle fibers gives “mixed
muscle” characteristics (Kohler & Boutellier 2005)

From the test the following results can be derived:

1. Pmax, which is an important performance characteristic for sprint cycling. It is
also highly related to relative area of type II muscle fibers (Hautier et al
1998).

2. Cadenceopt, often occurring in the 98-130rpm range, which has been shown
to be closely related to muscle fiber type composition (Hautier et al 1996 and
Steen Nielsen et al 2004). It is a stable neuromuscular trait in trained cyclists
and can thus be used as a measure of intrinsic muscle function (Martin et al
2000).

3. Tmax, which can be considered the cycling specific maximal strength (Gardner
et al 2007).

4. Cadencemax, which should be considered cycling specific maximal speed and is
also related to percentage type II muscle fibers. An anecdotal report that puts
this into perspective is that a person with 72% type II fibers had a cadencemax

of 380 rpm and a person with 53% type II fibers had 225 rpm. It is on the
other hand a rather theoretical value as it might very well be influenced and
limited by movement coordination (Bieuzen et al 2006). It can be argued that
cadence should be replaced by circumferential pedal velocity (CPV) instead,
calculated from cadence and crank length, as it is more related to muscle
shortening velocity.

When it comes to the methodology of the inertial-load test there are some
considerations to be taken into account. The inertial load of the flywheel used by
Martin et al (1997) in the development of this test was 10.93kgm2. This is of course is
much lower than the inertial load experienced when conducting the test in the field
when the mass of both rider and bicycle is to be accelerated. Gardner et al (2007)
calculated the inertial load (I) in the field as I = mr2, where m is the mass of the bike
and rider in full racing gear plus the mass of two additional tires and rims (to take
into account the rotational inertia of the wheels) and r is the outside radius of the
tires. They also showed that, although the inertial load was increased ~7-fold
(69.7kgm2) compared to testing on an ergometer, it didn’t affect the results obtained
from the test. This should mean that changes in the riders’ body weight shouldn’t
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affect the result significantly. This is however in contrast with Bertucci et al (2005),
who reported field based values to be higher for maximum torque, maximum power
and maximum cadence compared to a test where the bike was placed on an indoor
trainer.

It has been recommend setting the inertial load so the subject reaches a cadence of
at least 120 rpm and preferably ~150rpm and it has been reported that tests on an
ergometer is somewhat analogous to a maximum acceleration from standing still in
the 39-27 gear (Hautier et al 1998 and Martin et al 1997). A problem with large
inertial load is that they can induce fatigue before the rider is able to accelerate
across a large enough range of cadence. This will of course also mean that the rider
may not cover the apex of the parabolic power-cadence relationship and that this
maximal power output must be estimated. But, Gardner et al (2007) have shown
that the torque-cadence relationship is highly linear (r2=>0.98) and that the
prediction of maximal power output can be made accurately without the
corresponding cadence to be reached. They for example used a gear ratio of 48-14
during all-out standing starts’ over 65 meters.

Conducting the test on the road or track with the subjects’ own bike has the major
advantage that they can adopt the same riding technique (e.g. standing position with
a side-to-side swinging motion where the cyclists also needs to balance and control
the bike) (Reiser et al 2002). In addition, Martin et al (2000) has shown that for
“cycling trained men” stable values can be obtain within a testing session without a
learning session.

It has been observed that Pmax is ~12% higher during a standing inertial load test
compared to a seated. This could be the result of the power generated by the
muscles in the upper body (Martin et al 2007) or even through the larger degree of
stretch-shortening cycle in several muscles and thus enhance force and power
production (Abbiss & Laursen 2005).

Beelen et al (1991) suggest that there might occur some degree of fatigue even
within 6 seconds of maximal exercise. It can therefore be speculated that the power
output at the highest cadence will be compromised to some degree. It is therefore
recommended that the test duration is <6 seconds. The first version of the inertial
load test was 6.5 pedal revolutions and 3-4 seconds long. At the moment the
maximal sampling rate (Hz) of the most popular PM’s are <2Hz, which for a 6 second
test would give 12 data points. This is thought to be enough as a 2Hz sampling rate
was successfully employed by MacIntosh et al (2004), but Dotan (2006) state
resolution as a limitation in the Wingate test when sampling at 2x per pedal
revolution so more data point should improve accuracy. Hautier et al (1998) suggest
that the first data point shouldn’t be used when performing seated tests. The power-
cadence relationship is then not complete and the force is greater than the body
mass so the subject relies on the arms to stay in place on the bike. As increasing the
duration of the test is not an alternative it is desirable that the maximal sampling
rate of future PM’s become higher. Also, sampling a fixed amount of times per pedal
revolution may present additional benefits. An example of how a higher sampling
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rate or fixed sampling points on the pedal stroke may provide additional information
is Page & Hawkins (2003), who propose generating a power profile for each oar
stroke in rowing by using a sample rate of 30Hz which should give ~20 samples per
oar stroke.

If multiple testing bouts is used in a single session the recovery between bouts is
recommended to be >3 minutes if true maximal non-fatigued vales are desired. It
has been reported that the recovery is related to phospho-creatine re-synthesis,
which has a half-life of ~30 seconds and that even after fatiguing but not exhausting
aerobic exercise the maximal values have recovered to near maximal in ~5 minutes
(Buttelli et al 1997). The quickness of recovery is supported by Dorel et al (2003) who
reported that the maximal power output didn’t decrease significantly from the 3rd

sprint to the last during 12x5 seconds sprints interspersed with 45 seconds of
recovery. Actually the first two sprints reached the lowest maximal power output,
suggesting that the first two sprints prepared/activated the neuromuscular system.

It has been proposed that neuromuscular function change during prolonged cycling
due to both peripheral and central mechanisms, but that this area needs more
research (Abbiss & Laursen 2005). Billaut et al (2005) has shown that inter-muscle
coordination changes in parallel with a decrease in power output sprints due to
peripheral mechanisms and Mendez-Villanueva et al (2008) report a decline in power
output due a decrease in EMG amplitude, both to during 10x6 seconds. MacIntosh et
al (2004) has reported non-parallel changes in force and velocity (cadenceopt was
reduced by 33%) leading to a 45% reduced Pmax after maximal 30 second exercise.
This makes it interesting to conduct inertial load tests over time during fatiguing
exercise to monitor these changes, even though Pmax often only declines by only
~15% during stressful conditions (Martin et al 2007). However, this test doesn’t
actually measure the peripheral and central characteristics of the neuromuscular
system and it is therefore not possible to draw conclusions regarding if fatigue has a
central or peripheral origin. Regardless, it is interesting to see if there are different
changes in the ability to produce power, force or velocity, perhaps by performing a
few test bouts each hour during a long ride.

Several warm up routines have been used before this type of testing, generally 5-15
minutes of low intensity riding followed by <3x3-5 second sprints with 2-3 minutes of
recovery (Gardner et al 2007, Martin et al 1997, Martin et al 2000 and Mendez-
Villanueva et al 2008). The sprints are included in the warm up since maximal
sprinting efforts might be facilitated by previous maximal efforts (Martin et al 2007).

Martin et al (1997) reported reliability values (mean CV) for maximal power
(3.3±0.6%), maximal velocity (2.7±0.9%) and maximal torque (4.4±1.0%).

There are several interpretations to be made from the results of an inertial-load test.
The test can give information regarding for example:

1. Talent identification and selecting event specialization (e.g. time trialist,
climber, road sprinter or track sprinter): Martin et al (2000) has shown that
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the product of muscle size (lean thigh volume) and cadenceopt accounted for
82% (in comparison, age only accounted for 1.7%) of the variability of Pmax

over six decades of age and that muscle characteristics were developed early
in childhood and intact late into the lifespan. Hawley (2002) report there is
some evidence to suggest a type IIb to type IIa conversion of muscle fibers
with endurance training, but no evidence to date for type II to type I
conversion. Conducting tests throughout a riders’ entire career could detect
any fiber type conversion. A predominant type I or II muscle fiber distribution
predispositions a rider toward either sprint or endurance type events
(Atkinson et al 2003, Bangsbo & Michalsik 2004, Elliot 1999 and Jeukendrup
2002). Applying concepts from Kohler & Boutellier (2005) imply that the
estimation of fiber type composition can be further enhanced by looking at
the ratio between the most efficient cadence and the most powerful
cadence. Possible substitutes for these are cadenceopt (most powerful) and
cadenceFTP (most efficient). Considering the ranges reported for these
cadences this would lead to ratios of 1-2, which is lower than in figure 3, but
the profile might still be the same.

Fig. 3. The relationship between the most powerful cadence and the most efficient cadence, which
may indicate fiber type distribution (Kohler & Boutellier 2005)

2. The overall characteristics of the muscle induced by different types of fatigue:
A reduced ωmax is mostly related to fatigue in type II fibers whereas a loss of
Fmax is dependent on fatigue in both types of muscle fibers (Hautier et al
1998). This is supported by Bottinelli et al (1999) who report that the ωmax of
type IIB fibers is ~4x that of type I, Fmax is only about 50%. The combined
effects of ωmax and Fmax gives the type IIB fibers 9x greater power generating
capacity. This also supports that cadencemax and Pmax are both highly related
to fiber composition. In addition, Buttelli et al (1999) showed a decrease in
Pmax and Fmax after long-lasting but not exhausting exercise at 60% of MAP but
after exercise at 80% of MAP there was also a decrease in ωmax. As 80% of
MAP is closer to AT it should mean that more type II fibers had been involved
and fatigued. By performing a test before and after or repeatedly during
intensive or extensive endurance exercise (often 1-7 hours for elite cyclists) it
could be possible to observe changes in neuromuscular characteristics. As
Pmax is an important determinant of sprinting and this always occurs at the
end of a race minimizing the losses of Pmax is very important.
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3. The impact of high speed pedaling drills, strength training (general or on-bike
sport specific) or sprint training on Pmax, Tmax, cadencemax and cadenceopt.
Hansen et al (2007) has, for example, shown maximal strength training to
reduce freely chosen cadence (FCC).

4. The impact of different types of training aimed at minimizing the decrease in
Pmax, Tmax, cadencemax and cadenceopt induced by fatigue.

5. Efficiency of different tapering regimens, as tapering has been shown to
influence the characteristics differently in type I and II fibers (Trappe et al
2006).

6. Theoretically it could be possible to monitor changes in muscle characteristics
related to overtraining as these have been known to change in this
undesirable condition (Kellmann 2002).

One possible application of the inertial-load test is basing cycling specific strength
training on the Tmax. This value could be considered a cycling specific 1RM, the most
common method for determining training load in resistance training (Elliot 1999). It
has on the other hand been proposed that maximal strength is not a limiter in cycling
disciplines (possibly the only exemption being a standing start in track sprint cycling)
since the F during cycling very seldom exceeds 50-60% of Fmax

(http://home.earthlink.net/~acoggan/misc/id4.html). Indeed, Coggan himself have
shown that it is possible to substantially increase maximal 5 second power by 10-
25% in only 4-8 weeks in trained cyclists without an increase in Fmax. However,
Bieuzen et al (2006) has shown that maximal strength can influence muscle
activation and coordination during cycling. Further, Dorel et al (2003) has shown
that, during 12x5 seconds sprints at cadenceopt and cadence0.5opt, the total power
output and VO2 is lower for cadence0.5opt, suggesting that force generating capacity is
limiting performance. Presland et al (2005) also report that MVC fell with 71% (range
44-82%) after cycling to exhaustion at 70% VO2peak, thus possibly making strength a
limiting factor at the end of maximal endurance exercise. This reduction in MVC
seems larger following cycling with varying power output compared to constant and
seems to be accentuated by increasing variability (Theurel & Lepers 2008).

As Gardner et al (2007) used world class track sprint cyclists, their values can be used
as reference values for elite performance. They reported 266Nm for maximal torque
and 1792W (20.8W/kg) for maximal power at a cadence of 129rpm. At the lower end
values of 12.3W/kg have been reported for untrained in Martin et al (1997). As a
reference 1 horse power is 746W.

Values for maximal instantaneous power (within a pedal revolution) are reported to
be 62-65% higher than the maximal power averaged for an entire pedal revolution.
However, when cycling at ~90% VO2max the instantaneous power was 110% higher
than averaged over a pedal revolution. This has been interpreted as that the
technique employed during submaximal cycling tries to optimize muscle activations
patterns whereas the technique during maximal sprinting tries to maximize the
neuromuscular recruitment of all muscle groups involved (Martin et al 1997).
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There are some limitations to the test. Van Soest and Casius (2000) have identified
three factors that impact optimal pedaling rate for peak power production:

1. The power-velocity relationship that allows as many muscles as possible to
contract at their optimal velocity

2. Calcium release and reuptake in the sarcoplasmic reticulum
3. Pedal forces high enough that the upper body looses contact with the saddle

These authors concluded that optimal pedaling rate for sprint cycling is not specified
by the power-velocity relationship, but is highly influenced by the muscles ability to
pump calcium back into the sarcoplasmatic reticulum.

Hautier et al (1998) speculate that the results may be influenced by changes in inter-
and intra muscular coordination over the course of the test bout for example
affecting the amount of negative torque produced by the contra lateral leg.

In Abbiss & Laursen (2005) it is proposed that low muscle glycogen concentration
can influence the ability to perform high intensity exercise. This means that muscle
glycogen can influence the result of an inertial load test without the actual
neuromuscular characteristics being different.

As the relationship between power output, force and cadence has been shown to
influence muscle activity and coordination during cycling (Baum & Li 2003), it could
be that the result of the test is largely influenced by the cadence where this activity
and coordination is optimal. This would then distort the usefulness of the test to
determine fiber type composition.

Anaerobic lactic

The anaerobic performance level of a rider is very important for many cycling
disciplines as it often is the determining factor between winning and finishing
outside the podium. For example, Martin, D.T. et al (2001) report that the most
internationally competitive female cyclists in the Australian national team had a
13.5% higher anaerobic capacity than their less successful counterparts.

It is important to start by making a distinction between anaerobic power, defined as
the maximal rate of anaerobic energy release, and anaerobic capacity, defined as the
maximal anaerobic production an individual can obtain during any exercise bout
performed until exhaustion (Elliot 1999, Bangsbo & Michalsik 2004 and Gore 2000).

The Wingate Anaerobic Test has been shown to be a valid measure of anaerobic
power (Elliot 1999). Anaerobic capacity is more difficult to measure using only a PM
and at present the best measurement is anaerobic work capacity (AWC) as it is highly
correlated to maximal accumulated oxygen deficit (MAOD) which at the moment is
considered the best measure of anaerobic capacity (Gore 2000).
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Since the anaerobic lactic system contributes the most to the energy turnover from
~10 to 60 seconds of maximal exercise, testing of this system should comprise of
maximal efforts between those durations. But using power output as an estimate of
anaerobic performance, especially anaerobic capacity, is problematic as it doesn’t
account for the aerobic contribution during the effort (Gore 2000). Gastin (2001)
reports that the duration that marks the distinction between predominantly
anaerobic and aerobic exercise, i.e. 50% from each, seems to lay around 75 seconds.
In addition, it takes 60 seconds during all-out test and >120 seconds during constant
power test to totally deplete all anaerobic resources (Gore 2000). The MMP1min
could therefore clearly be considered a fair representation of anaerobic capacity if it
is performed in an all-out fashion.

Field based Wingate test using a PM

The Wingate test is a maximal exertion bout, normally on a cycle ergometer,
designed to measure maximal anaerobic (glycolytic) power represented by the mean
power output (MP) achieved over tests 30 seconds. Also obtained from the test is
the Peak Power output (PP) and Fatigue Index (FI). PP is the highest obtained 5
second power, which is not necessarily obtained during the first 5 seconds. FI is
defined as the percentage drop from highest to lowest 5s segment (Dotan 2006). The
FI can also be displayed as an absolute value, e.g. 359W, or a rate of decline, e.g.
33W/s (Karatzaferi et al 1999).

Fractions of the energy from aerobic, anaerobic alactic and anaerobic lactic
metabolism above the values at rest during a Wingate are 18.6%, 31.1% and 50.3%,
respectively. The energy from anaerobic lactic metabolism explains 83% and 81% of
the variance of PP and MP, respectively (Beneke et al 2002).

The Wingate test has been shown to be highly reliable and having a test-retest
reliability of 0.90-0.97 (Dotan 2006 and Laurent et al 2007). Coleman et al (2005)
have reported a CV of 2.4% for MP, 4.5% for PP and 17.2% for FI. This, however,
casts doubt regarding the usefulness of FI as there has to be multiple tests showing
rather large improvements in FI before any conclusion about a change in
performance can be made.

A field based Wingate (FBW) test would largely be the same, but with the advantage
of the possibility to test even more sport specific. When analyzing the power output
from a FBW the calculation of MMP30s should start at the point where the rate of
increase in power output is the greatest (Dotan 2006).

It has been reported that cadence can influence both the PP and FI. Cadence around
the cadenceopt from an inertial load test maximized power production but attenuates
fatigue, whereas a lower cadence reduces power producing capacity but decreases
fatigue. This has been demonstrated by Wingate tests at 60rpm and 140rpm where
FI was the best at 60rpm and PP the best at 140rpm but the MP was the same for
both conditions (Martin et al 2007). However, MacIntosh et al (2004) failed to
achieve an increase in average power during a 30 s sprint when cadence was
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constantly adjusted during the sprint to employ optimal cadence. Although this is
conflicting data it lends support to using a field based test where the rider can
experiment in finding the optimal and/or most preferred cadence during the test and
for sprinting in competition.

In a 30 second sprint the power has been reported to be 5.8% (Reiser II et al 2002)
and 25-30% (Millet et al 2002) higher when standing compared to seated. The test
might even be more valid if the rider is standing as that is often employed during
sprinting. The power profile of the test follows a similar course which suggests that
the mechanisms responsible for power production are the same under both
conditions (Reiser II et al 2002). A test where the rider sprints both standing and
seated, e.g. accelerate standing and then sit when trying to maintain power output
at the end of the test, may be the most beneficial for performance as the speed is
greatly influenced by aerodynamics.

The PP from a Wingate is typically not much lower than maximal power from other
tests (e.g. MMP5s or Pmax from inertial-load), but should not be used
interchangeably. The FI is supposedly a measure of anaerobic endurance and
different versions of this endurance index has been used in performance tests since
the 1950’s (Billat et al 1999), but it has shown poor reliability (Dotan 2006).

Both Dotan (2006) and Mickelwright et al (2006) conclude that there is significant
differences in the values obtained with a Wingate test depending on if the test was
performed on a mechanically or magnetically braked ergometer. This of course
highlights that comparing the results of a 30 second field test using a PM can’t be
compared to other types of Wingate tests.

During a test such as the Wingate, an all-out pacing strategy will probably produce
the highest power output (Aisbett et al 2003). This will most likely also produce the
most valid FI. In addition, the study of Laurent et al (2007) show that a 20 second
test can be used when the slope of the FI is extrapolated to represent the last 10
seconds of a 30 second test. Maximal rate of glycolysis can be expected to occur
between the 5th and 10th second of a Wingate test (Beneke et al 2002). The power
output in this time period of the test could therefore be a measure of “peak
glycolytic power output”.

An interesting alternative to the conventional FI is the Fatigue Profile (FP). The FP
takes into account the temporal aspects of the decline in power output during an all-
out 30 second test by looking at the rate of decline in power at different times of the
bout. It is speculated that this method could give insight into the capacity of the
energy systems involved, e.g. the phosphocreatine stores (Karatzaferi et al 1999).
This data might also be interesting to view in the light of the anaerobic power
reserve (APR), as riders with the highest initial power production usually has the
largest power decrements, i.e. fatigue (Mendez-Villanueva et al 2008).
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After the test, re-synthesis of muscle ATP to 80-100% of resting values requires 2-3
minutes of recovery (Faria et al 2005a). This means that if repeated tests are to be
made at least 3 minutes of recovery between tests are recommended.

The validity of maximal testing is strongly influenced by the subjects’ motivation
(Gore 2000) and motivation should therefore be taken in account when analyzing
the test.

Competitive riders in the United States Cycling Federation have reported values from
Wingate test of 12.8, 13.6 and 13.9 W/kg in the IV, III and II competitive categories
(Faria et al 2005a).

For the FBW test the sampling rate of the PM is less of an issue and Gore (2000)
recommends using 1Hz, which is in the range of most PM’s.

It is also worth noting that power outputs during 30 and 45 seconds Wingate tests
are unaffected by exposure to severe hypoxia (Friedmann et al 2007).

Anaerobic work capacity (AWC)

The anaerobic work capacity (AWC) is a part of the critical power (CP) paradigm (see
below). The critical power concept was first introduced by Monod & Scherrer in 1965
for isolated muscle. The concept has later been expanded to whole body exercise
and developed by several researchers. It is based on the on hyperbolic relationship
between power output and time to exhaustion. This relationship is linear if it is
transformed into duration of exercise and the amount of work that a person can
achieve during that time. The slope of that linear relationship is termed CP and is
thought to be the aerobic component. The y-intercept of this linear relationship is
usually not at 0, but a positive number, and the amount of work that this y-intercept
represents is the AWC. The AWC is believed to be the total amount of work that can
be performed with the bodies’ finite anaerobic resources regardless of at which rate
these are utilized. These resources are comprised of stored ATP, PCr and glycolysis
leading to net lactate formation (Bangsbo & Michalsik 2004), but the first two alactic
processes are rather small energy contributors in comparison. That these resources
are a fixed finite amount is supported by the fact that MAOD from maximal exercise
< 6minutes is not affected by pacing strategy (Aisbett et al 2003). Exhaustion is
thought to occur when AWC is depleted (Morton 2006).

The equations describing these relationships are:

W = AWC + CP x t and P = AWC / t + CP

Where W is the total work (Joules), CP is critical power (watts), t is time (seconds)
and AWC is anaerobic work capacity (Joules). Power output = Joules/kg x weight /
time.
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Fig. 4. A typical graph displaying the linear relationship between exercise duration and the maximal
amount of work that can be conducted in the time, where the slope of this relationship is the critical

power. Also note that the y-intercept is not at 0, but at 30900J, which is the AWC

For more on CP, see the section on it later in this review.

As with all models of human physiology there are simplifications inherent in the
model. Even so, the AWC is a rather simple and non-invasive method and its validity
as a measurement of anaerobic capacity is supported by the strong relationship with
MAOD and that it is unaffected by hypoxia and hyperoxia but can be improved with
specific strength and/or anaerobic training and phosocreatine loading. In this model
AWC is not considered as rate limited, which is clearly false as there is a Pmax and MP
from a Wingate, which both can be seen as the absolute limit of anaerobic energy
production. This will however not influence the results of AWC significantly as a
model that included a correction for Pmax didn’t provide more valid results. On the
other hand, the model assumes that aerobic energy contribution is maximal from the
start, which also is false as there is a step wise increase in aerobic energy production
termed oxygen uptake kinetics (Chatagnon et al 2005, Dekerle et al 2006 and Morton
2006). This drawback can rather easily be improved by introducing a time constant
for oxygen kinetics (τ) in the model (Wilkie 1980): 

W = AWC + CPt – CPτ (1 – e-t/τ)

Wilkie reported 10 seconds as time constant, but it has been shown that the time
constant for oxygen kinetics is influenced by aerobic fitness level. During maximal
aerobic exercise τ has been reported to be ~30 seconds for highly trained and ~45 
seconds for sedentary individuals (Figueira et al 2008), while others report τ of ~20 
seconds (Busso & Chatagnon 2006).

From Chatagnon et al (2005) and Morton (2006) most the following methodological
issues are derived. In order to estimate CP and AWC it is necessary to perform 3-5
maximal bouts with constant power output of different durations. It is possible to
perform several of the bouts on the same day with at least 30 minutes of recovery
between, but also to spread them out over several days. As it takes >60 seconds to
deplete all anaerobic sources during an all-out bout and >120 seconds during a
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constant paced bout (Gore 2000), these are the shortest duration that should be
used. It has also been observed that available anaerobic contribution declines
exponentially with increasing duration. However, there is evidence that 10-190
seconds of maximal cycling does not lead to total depletion of muscle high energy
phosphates (Beneke et al 2002). The upper limit should be ~60 minutes as this is the
approximately the TTE at AT and below this intensity the AWC will never truly be
depleted as other mechanisms of fatigue will dominate (Abbiss & Laursen 2005).
Others have even suggested an upper limit of ~30 minutes as already then the
anaerobic resources may not be fully utilized due to fatigue (Busso & Chatagnon
2006). Also, longer test durations have a larger degree of variation. It is therefore
recommended that the test durations used lay between 2 and 30 minutes.

Cadence can influence the results of anaerobic tests, but there is conflicting evidence
for how large the effect is. Woolford et al (1999) report a 30% lower MAOD at 90-
100rpm then 120-130rpm, but also conclude that power output for a given VO2 is
higher at 90-100rpm which means that power output might be less affected,
unaffected or possibly higher. This is further supported by Barker et al (2006) who
has shown AWC to be largely unaffected by cadence. Thus, as long as the subject
employs “normal cadence” it is not thought to be an issue affecting the results.

Different pacing strategies, on the other hand can influence the average power
output during these efforts. Hettinga et al (2007) has shown that mechanical power
output can differ during a 1500m TT depending if the rider adopts a
conservative/negative split, constant or all-out pacing strategy even though no
change in aerobic and anaerobic energy contribution was observed. These
differences were on the other hand rather small despite large differences in strategy,
so if the rider tries to keep pacing as standardized as possible this should not be a
problem. This is supported by Aisbett et al (2003) who found that pacing strategy
during maximal intensity exercise of < 6 minutes didn’t affect the MAOD achieved
significantly and thus doesn’t seem to affect the results from the test bouts greatly.

Learning effect will influence the result. For elite riders this will probably not pose a
problem, but for novice cyclists it might be recommended that pre-test are
performed or that caution is observed when interpreting the results from the first
testing sessions. It is rather important to use the same testing protocol as the
number of bouts, duration of the bouts and the recovery between the bouts can
influence the results.

Instead of performing formal testing, the mean maximal power chart (MMPC) from a
period which includes several races could be used as cycling races often involve
periods of maximal exertion. Morton & Billat (2004) report that the estimation of
AWC is less affected when calculated from intermittent exercise instead of
continuous, compared to CP. It is thought that the AWC is repeatedly drained and
partially refilled, during exercise over and under CP, until it is totally depleted. It
could be speculated that it is possible use known maximal exertion periods of
different durations during a race, although these were somewhat intermittent, to
calculate AWC.
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Palmer (2008) reports that it appears as if, during severe intensity (>AT) efforts,
cyclists manage their energy potential so that both aerobic and anaerobic resources
contribute and that the anaerobic resources are fully utilized.

An r2-value in the linear regression of <0.98 usually means poor input data from the
tests and the r2 value should preferably be >0.99 (www.velo-fit.com).

Maximal aerobic power (power related to VO2max)

VO2max is usually derived from a graded exercise test, but such tests haven’t much
in common with the conditions where VO2max is reached during competition (Foster
et al 2007).

Foss & Hallén (2005) state that during maximal exercise of 3-8 minutes of duration
maximal aerobic energy turnover rate, and thus power output, is very much
determined by VO2max, which is probably only marginally affected by muscular
fatigue. This is further supported by Clark et al (2007) who report that acute altitude
exposure (1200 to 3200m above sea level) produces a 7.2% decline per 1000m in
VO2max and a 7.0% decrease per 1000m in average power in a 5km TT and that
these parameters were highly correlated.

This supports the notion that the power output over 3-8 minutes might correlate
well with VO2max, however, as we will see below this is not clear and fully
understood. A test trying to estimate or correlate a power output over a certain
duration to VO2max has to have a test duration long enough to make anaerobic
contribution as small as possible, but not long enough that VO2 decreases due to
fatigue. Exercise at the intensity that this performance zone represents has been
termed “high intensity short duration endurance exercise”. Exercise at this intensity
requires ~100% of maximal aerobic energy turnover (VO2max) and a large amount of
anaerobic energy contribution. It has, for example, been reported that the aerobic
energy contribution to the individual pursuit world record (251.11 seconds) is ~85%
(Palmer 2008).

As VO2max is very stable over the course of a training year (Sassi et al 2006) any
MMP that claims to represent this variable should then also be very stable. Palmer
(2008) also concluded that individual pursuit performance (which normally is within
this time frame) did not change significantly between base and competitions periods
and the energetic profile of the riders did not appear to be correlated with
performance. However, others report ~5% increase in VO2max from the beginning of
base training until the start of the competitive season (Impellizzeri & Marcora 2007).
Also, reports that VO2max and MAP is sport specific, suggests that other factors than
purely VO2max influences these MMP’s greatly. Also there has been shown to exist
an inverse relationship between Tlim at VO2max and that MAOD can influence the Tlim

(Billat et al 1999).
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The Tlim at power output at VO2max has been reported to be longer in trained cyclists
(Caputo & Denadai 2008). It could therefore be argued that different durations of
MMP correlated to VO2max should be used for cyclists of different levels? This may
on the other hand be more of a question between simplicity vs. validity. From the
critical power paradigm it is predicted that the Tlim at MAP is ~7 minutes (Busso &
Chatagnon 2006 and Morton 2006). In the review of Billat et al (1999) the Tlim at
MAP is reported to be <7 minutes and 4-11 minutes by different authors, while the
Tlim at VO2max is reported to be between 5-20 minutes.

Values for Wmax (MAP) is <6.8W/kg for professional road cyclists (Padilla et al 2001)
and 5.8 to 6.3W/kg for top level Australian mountain bikers and road cyclists (Lee et
al 2002). For international female road cyclists the MMP4min is reported to be
5.7W/kg (Martin, D.T et al 2001).

During ~270 second exercise it has been reported that a brief but maximal start
followed by a constant pace creates a more efficient use of anaerobic energy supply
and improves power output (Aisbett et al 2003).

As AWC has been shown to not be affected by cadence (Barker et al 2006) any
difference in average power output during these types of tests should come from
cadence dependent differences in aerobic capacity.

If the riders’ AWC is known it should be possible to calculate the true maximal
aerobic power production from any maximal effort over 2 to ~10 minutes by
subtracting AWC from the average power during the effort.

Anaerobic threshold (aerobic capacity)

Functional Threshold Power (FTP) is the power output thought to correspond to the
intensity commonly referred to as “threshold” and is defined as the MMP for 60min
(Allen & Coggan 2006). In physiological terms this threshold is most often defined by
blood lactate (LT, AT, D-max, MLSS) and/or ventilatory (RER 1.0, VT1, VT2) response
to exercise. In addition, related to these thresholds is also the term critical power
(see below). Regardless of which physiological marker that is used to identify this
point on the intensity continuum it represents the maximum homeostatic balance in
the interplay between most of the physiological parameters of importance to
endurance exercise (Stallknecht et al 1998).

As stated, there are a number of physiological definitions for “threshold” and some
of them even represent two different physiological phenomenon. Gore (2000) term
them lactate threshold (LT) and anaerobic threshold (AT). LT is the point where there
first is a sustained increase in blood lactate levels above baseline (2mMol) and AT is a
point where there is a rapid increase in the blood lactate concentration. In addition,
the MLSS is the highest power output that can be maintained over time without a
continual increase in blood lactate concentration (Baron et al 2003, Billat 2003,
Dekerle et al 2003 and Baron et al 2007). The same physiological points can also be
evaluated through ventilatory variables and is then termed VT1 (LT) and VT2 (AT).
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Amann (2006) concluded that ventilatory variables are more accurate predictors of
these physiological points than blood lactate concentration. The same authors
describe a “performance threshold” at the power output of VT2 (FTP) which they
argue better predicts performance than power output at VO2max. Power at LT is
often cited as a good predictor of performance (Coyle 1988), but Kenefick et al
(2002) has proposed that, although LT is highly correlated to performance, it under-
represent the intensity normally used during competition. The intensity zone
between LT and AT has been termed the “aerobic-anaerobic transition” (Seiler &
Kjerland 2004).

The FTP therefore corresponds more to the intensity and power output near the
MLSS, AT and VT2.

Several methods have been proposed for estimating FTP (Allen & Coggan 2006):

1. Looking at power distribution charts (e.g. MMPC) from a whole season or
hard races. Since the capacity for spending time above FTP is very limited
there is usually a noticeable drop in the power distribution. A problem when
looking at the power distribution from racing is that racing often entails
either time over FTP or significantly under (recovering) (Vogt et al 2006 and
Ebert et al 2005)

2. Looking at the steady state power output that is regularly produced during
typical “threshold” type training sessions. This of course is dependent on the
cyclists own feeling and perceived exertion.

3. Average power during ~60min time trialing, i.e. rather steady state riding, or
Normalized Power™ for ~60min maximal intensity racing with variable
intensity (for limitations regarding this approach see “NP-busters”)

4. Critical Power. However, CP and power at power at MLSS has been concluded
not to be the same (Dekerle et al 2003 and Pringle & Jones 2002)

Power at LT has been shown to be a valid predictor (r=0.88) of cycling potential
(Coyle et al 1991). I would argue that power at LT will predict the “global”
performance level, i.e. regional, national or world class, whereas other performance
parameters will determine the success within that level.

Some argue that although the MMP for 60 minutes correlates well with power at LT,
it is not an accurate measure enough and that only a laboratory test will give the
true result. However, it has been shown that performance in a 40km TT can increase
despite no change in power at LT, which has been attributed to an increase in muscle
buffer capacity (Westgarth-Taylor et al 1997 and Weston et al 1997). This
strengthens the validity of the MMP 60 minutes test as it will incorporate both
adaptations, although it will not be possible to distinguish them from each other.

Harnish et al (2001) have shown that it is possible to predict MLSS within a 2% error
with a 40km TT. Using the average power over ~60 minutes as an estimate of power
at MLSS is further supported by Baron et al (2007) who found Tlim at MLSS to be
55±8.5min. Palmer et al (1996) have demonstrated that the 40km TT is very reliable
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in highly trained cyclists, which is not surprising considering the low CV for elite
athletes.

FTP can be also be estimated by using shorter duration test. Power for 40km TT is
reported to be 85.7% of 5km TT (Amann 2006) and 40km TT speed is 90% of that
achieved for 5km TT (Swensen 1999).

The blood lactate concentration associated with MLSS has been reported to be
unaffected by cadence, but cadence has been reported to affect power output at
MLSS, where a higher cadence leads to lower power at MLSS (Denadai et al 2006).

Although there is a steady state in many physiological systems, e.g. blood lactate
concentration, VO2, RER, plasma volume or blood pressure, during exercise at MLSS,
it is not a truly physiological steady state as respiratory and heart rate vales increase
significantly over time (Baron et al 2003). However, although respiratory and heart
rate values continue to increase, they are not maximal at termination of exercise at
MLSS. Termination of exercise during exhausting exercise at MLSS is not
accompanied by a failure in any physiological system and it seems as it is determined
by an integrative homeostatic control of peripheral physiological systems (Baron et
al 2007).

MMP30min, which is probably not much higher than FTP, is reported to be 5.5W/kg
for top level Australian mountain bikers and 4.9W/kg for road cyclists (Lee et al
2002). For international level female road cyclists the values are reported to be
4.6W/kg (Martin, D.T. et al 2001).

Critical Power (CP)

The CP (for more on CP see AWC) is the power output where there is a maximal
steady state rate of aerobic energy turnover and theoretically could be sustained
indefinitely (or at least for a very long time without fatiguing). The CP has been
related to power output at several lactate and ventilatory thresholds (Billat et al
1999 and Busso & Chatagnon 2006). Although related, CP has been shown to
significantly lay at a higher intensity than MLSS as VO2, blood lactate concentration
and H+-ion concentration continuously increases at exercise at CP (Dekerle et al 2003
and Pringle & Jones 2002).

Just as AWC, CP depends to some extent on the number of testing efforts and on the
durations. Tests of <3 minutes will tend to overestimate CP due to the relatively
large impact of AWC and long lasting test durations (>20 minutes) may
underestimate CP as fatigue may prevent full utilization of anaerobic resources. Tlim

at CP can sometimes be less than 30 minutes (Pringle & Jones 2002). Hence, it is
important to keep within a 3-20 minute range and standardize the testing protocol
regarding these factors when conducting frequent testing over time (e.g. one or
more training seasons). Also, conducting test bouts of 30-60 minutes means
venturing more into MLSS and FTP as Tlim at MLSS is ~60 minutes in well trained
endurance athletes (Baron et al 2007 and Busso & Chatagnon 2006). Pringle & Jones
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(2002) has concluded CP and MLSS to be different and that CP is ~6% higher than
power at MLSS. But they speculate that the difference between these values may be
different depending on training status as elite athletes may have a higher tolerance
for exhaustive exercise.

CP may not be as useful when prescribing training zones as FTP, but may still be
useful as a performance test. Shorter testing bouts are more reliable and the
estimated power producing capacity over longer durations may therefore be more
sensitive to actual changes in performance than conducting test over these longer
durations. The hyperbolic curve in CP represents the maximal power producing
capacity at durations that are important for cycling competition. CP could be useful
for predicting a goal power output during a TT over a distance (duration) than a rider
has never raced before (Pringle 2006).

The following CP values have been reported in the literature (Pringle 2006):

379W for national level males
285W for club riders
205W for national level females
<460W or 6.3W/kg for international level males

“3min all out field test”

Vanhatalo et al (2007) have proposed a 3min all-out test to estimate CP from the
“end-power” (EP), i.e. the power output during the last 30 sec, and estimating AWC
from the amount of work done above this EP (WEP). To achieve valid results it is
important that the test is performed in an all-out manner, but the test has actually
been shown to be rather unaffected by pacing.

Although the test is promising, its practical application is questionable as it is not
reliable enough for elite riders and subjecting recreational riders to such a straining
test might be problematic. For sub-elite riders willing to adhere to such a test it is a
simple way of estimating a CP or FTP to base training zones around.

Performance profiling

The mean maximal power (MMP) for different durations can be viewed as
synonymous to runners or swimmers PB for given distances (Martin, D.T. et al 2001).
To compare performance level, performance profile and perhaps also physiological
profile of different cyclists or the same cyclist over time it is important to know 1)
over which time frames it is important to maximize performance for cyclists in
different events, 2) know what is a “world class” and what is a poor/untrained
performance over these time frame and 3) which physiological qualities does these
time frames best correlate with.

At the moment the most commonly applied approach for profiling and evaluating a
cyclists’ performance level has been developed by Andrew Coggan and is termed
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Power Profiling™. This method uses the Mean Maximal Power (MMP) scaled to
bodyweight (BW) for 5 seconds, 1 minute, 5 minutes and 60 minutes. These
durations are used because they are believed to represent neuromuscular-,
anaerobic-, maximal aerobic- and threshold capacity well (Allen & Coggan 2006).
These values are then graphically displayed next to each other on a continuum
between untrained and world class performance values so it will be easy to compare
a riders’ level over the various time frames (fig 5). Anchoring the scale from
untrained to world class performance is advantageous as there is no consensus to
what defines trained, well trained and elite cyclists. It is also not possible to make a
distinction based on the effort put into training as genetic endowment lead to highly
variable performance levels for a given training effort (Jeukendrup et al 2000). The
profile of the athlete is still valid independent from where on the performance scale
the athlete is located.

A concern with using world class performance values as a reference point is the
problem of doping causing a distortion of these values. It is of course not valuable
comparing ones performance with someone who has obtained that performance
level through performance enhancing drugs.

Fig. 5. A graphical display of the MMP for 5s, 1-, 5- and 60min
(http://www.cyclingpeakssoftware.com/images/powerprofile_v4.gif)

An inverse relationship between anaerobic (MMP5s and MMP1m) and aerobic
(MMP5m and MMP60m) performance level and a positive association within each
pair might be expected. However, as central capacity is the main limiter for VO2max
(Midgley et al 2006) and anaerobic capacity is mainly determined by peripheral
factors (Hawley & Stepto 2001) one person could of course be talented in both
areas. On the other hand, MMP60min (FTP) is also very much dependant on
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peripheral factors (Hawley & Stepto 2001) that stand in contrast to those for
anaerobic capacity so world class performance level in both MMP1min and
MMP60min would be very unlikely. However, the performance level in each capacity
can also be influences by psychological factors such as the ability to withstand the
sensations of effort, pain and discomfort associated with each type of maximal
exercise.

Various profiles:

(-) This is a profile of a typical all-rounder, i.e. a rider that is competitive in many
events. As stated above there is a bit of an inverse relationship between aerobic and
anaerobic performance level and thus a rider with this profile in the world class
range would be very surprising. A rider with this profile might have reached full
potential in all four performance characteristics, but there could be variation in the
amount of improvement possible.

(\) The profile of a classic sprinter, i.e. a rider most prone to short term and high
power events as track sprinting or if the aerobic level is high enough as a road
sprinter.

(/) The profile of a pure time-trialist, i.e. a rider most prone to long constant power
sustained efforts.

(^) The profile of a rider that has both a fairly high aerobic and anaerobic power,
which could indicate that it is a rider well suited for intermediate events (e.g. track
pursuit) or an all-rounder in the making.

(v) Once again, as stated above the expected inverse relationship between aerobic
and anaerobic capacity would make this profile unusual and if such a pattern
emerges caution should be taken regarding if the data is correct. On the other hand,
a rider could have reached full potential regarding FTP, which is highly dependent on
peripheral aerobic adaptations and at the same time full potential for producing a
momentary high power output, which can be greatly influenced by inter- and
intramuscular coordination (Elliott 1999).

(~) A very fluctuating profile would also be rather unusual and is an indication of a
need to review the data input.

Considering the importance of endurance over longer time frames than 60 minutes
in many cycling events (e.g. road cycling and mountain biking) it could be argued that
MMP for even longer time frames will provide important information. MMP180min
has been employed by Friel (1999) (termed CP180 in this case) as part of a
comprehensive testing protocol utilizing a PM. Due to the many definitions of LT
some authors have used it to describe the intensity termed AT in this review. LT on
the other hand has been closely linked to Fatmax, the intensity where the largest
absolute amount of lipids is oxidized (Achten & Jeukendrup 2004 and González-Haro
et al 2007).
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Fatmax is a paramount factor for long term endurance performance as during exercise
of 2-3 hours and longer, carbohydrate can be the limiting factor (Abbiss & Laursen
2005) and lipolysis is of utter importance. The speed-duration relationship during
running is not linear and there are two distinct points where the curve changes most,
i.e. at ~1km (140-240s) and after ~20km (~1hr) (Billat et al 1999). The first one has
been attributed to the point where aerobic metabolism becomes predominant and
the second point to where substrate stores become a limit (Billat et al 1999 and
Joyner & Coyle 2008).

Hawley & Stepto (2001) report that in already well trained athletes with similar
VO2max and muscle respiratory capacity (who largely determines MMP5min and
FTP) there still exist large differences in fuel metabolism affecting performance over
longer durations that stem from other adaptations, such as IMTG, neuromuscular
recruitment and acid-base status. This is also speculated on by Joyner & Coyle (2008)
who suggest that neurological factors limiting endurance need more attention.
Although all the characteristics of the professional riders in Padilla et al (1999, 2000
and 2001) and Mujika & Padilla (2001) are impressive the most distinguished
attribute of these riders are their power at LT (~330W or 4.8W/kg) highlighting the
importance of sub-maximal performance. On the other hand the professional riders
in Vogt et al (2006) had a power at LT of 3.5W/kg, which means that, either, there
has been a quite remarkable decrease in the performance of professional cyclists in
the last five years or that there are variations due to methodology. The later
alternative seems more plausible as the same riders produced 5.5±0.4W/kg during a
23min uphill TT in the same study, suggesting a FTP of >5W/kg, which is in
accordance with the TT-power output reported by Padilla et al (2000a) and Mujika &
Padilla (2001).

The large contribution of lipid oxidation to endurance performance and the
entrainment of this system warrant creating a whole training intensity zone around
Fatmax (Meyer et al 2008). Unfortunately the same authors also conclude that the
intra-individual variability of Fatmax is so high that it is difficult to use it for the
prescription of training zones.

Using MMP for durations longer than 60 minutes is probably more important for
elite riders and also these athletes are probably the only ones with a low enough CV
for these durations.

Related to the fact that performance over longer time frames than 60 minutes are
important and the stochastic nature of cycling, Schabort et al (1998) developed that
100km TT interspersed with 1km sprints at 10, 32, 52 and 72km and 4km sprints at
20, 40, 60 and 80 km.

Scaling, ratios and changes

The main resistive forces on a cyclist are 1) aerodynamic drag (CdA) when speed is
>20km/h, 2) changes the amount of kinetic and potential energy the rider will
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consume when accelerating and climbing and 3) rolling resistance (Crr) which is small
resistive force depending on tire and surface. During cycling races it is common to
encounter sections where all these conditions occur (Martin et al 2006) and it can
therefore be difficult to know how to normalize power output to give the most valid
data for analyzing and comparing performance. Scaling to body mass or CdA has
both advantages and disadvantages depending on which type of cycling discipline
the profile wishes to predict performance in.

Mountain biking (XC and MX) and climbing on the road is disciplines/riding
conditions were the rider have to exert significant effort against gravity. Specialists in
these areas have similar anthropometric values and power-to-mass characteristics
and generally should scale to body mass (Impellizzeri et al 2005, Impellizzeri &
Marcora 2007, Impellizzeri et al 2008 and Lee et al 2002). This information is, for
example, important to consider when riders consider switching between cycling
disciplines. In addition, in MTB-racing speeds are lower and rolling resistance higher
(Impellizzeri & Marcora 2007) making CdA less of an issue and increasing the
importance of BW.

Mass exponents from 0.32 to 0.91 have been proposed for cycling power output
(Jobson et al 2008b, Nevill et al 2006, Padilla et al 1999) as the ascent has to be very
steep before there is no advantage of having a higher absolute power output (Swain
1994).The formula (MMP x m-0.34)0.58 should be referred to as the “performance
capacity ratio” for the given MMP (Nevill et al 2006).

Using some kind of mass exponent, such as of 0.32 for flat terrain and 0.67 for
climbing, may be better for predicting performance. However, when trying to
understand power output requirements for racing it may be better, and certainly
more simple, to use absolute or relative to entire body mass (Ebert et al 2005).

Instead of normalizing power output to body mass it is interesting to normalize to
CdA as it is the main resistive force at the speeds which both time trialing and
sprinting is conducted and is suitable when analyzing performance in these
conditions. During sprinting, finding the right balance between aerodynamics and
power producing capacity, e.g. knowing when to stand and sit during sprinting, has
the potential to have a large effect on performance. Reported CdA values for elite
sprint cyclists is 0.245m2 when seated and 0.304m2 when standing (Martin et al
2006). A less valid and accurate, but more readily accessible alternative value to CdA,
is frontal surface area (FSA), which is 0.007184 x BM0.425 x height0.725 x 0.0185 (Padilla
et al 1999). Although not further described here valid and reliable measures of CdA
can be obtained through field tests using a PM (Martin et al 2006).

The tables in fig. 5 are representative for young male adults (ages where elite
endurance athletes are most common) and values for female are 85% of those for
males. This might not be accurate, as for example the VO2max of women is only
~10% lower than in men due to lower hemoglobin concentrations and higher body
fat (Joyner & Coyle 2008), probably leading to about a similar (10%) reduction in
MMP5min. There is no evidence of women having a lower fractional utilization of
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VO2max or lower efficiency (Lee et al 2002) which then should mean that 85% is a
too low prediction of the aerobically oriented power producing capacity for women.
Anaerobic performance on the other hand is more related to muscular
characteristics, e.g. ATP and CP stores, muscle glycogen, fiber types, muscle enzymes
and myoglobin, muscle buffer capacity and lactate transport and muscle Na+/K+-
pump (Elliott 1999) and there might therefore be another magnitude of difference
between men and women. Ebert et al (2005) have reported that world class female
riders’ maximally produce 12, 7 and 5 W/kg respectively for 5 s, 60 s and 4 minutes
during World Cup races. In the review of Impellizzeri & Marcora (2007) it is reported
that MAP for elite female MTB riders is between 4.5 and 6.0 W/kg.

These values deteriorate with age, as for example VO2max typically decrease with
0.5ml/kg/year after the age of ~30. Power at VO2max has been shown to decrease by
0.048W/kg/year and FTP decreased by 0.044W/kg/year in males (Brown et al 2007).
Balmer et al (2008) demonstrated a 24W (7%) per decade decline in 16.1km TT
power output. But the 16.1km TT was still performed at the same relative intensity
suggesting that it is VO2max and not fractional utilization that changes. Surprisingly,
both the VO2max and power at VO2max and AT showed a much lesser decline in
females (Brown et al 2007). On the other hand, it has been shown that regular
endurance training slow this rate of decrease to about 0.2ml/kg/year. If this also is
true for power output has yet to be determined.

Another factor affecting the power producing capacity is altitude. VO2max decrease
with ~6.3% per every 1000m gain in altitude. VO2max is on the other hand not the
only determining factor for endurance performance and performance may be
decreased to a lesser extent (Clark et al 2007).

Average power during a 5km TT, which is just above MMP5min in duration, was
decreased by 7.1% per 1000m gain in altitude (% decrease = 0.0071 x altitude in
metres – 3.44) (Clark et al 2007).

Gregory et al (2007) report that relative performance values correlate better with
mountain bike performance than absolute values. Relative peak power from a GXT
correlated better (r=0.93 p<0.01) than relative power at AT (r=0.78 p<0.05). Also
Prins et al (2007) has concluded that mountain bike performance is better correlated
to relative than absolute peak power output from a GXT. Impellizzeri et al (2005) and
Impellizzeri & Marcora (2007) further support this. This suggests that relative
MMP5min is the most important value for mountain biking.

For long-term performance monitoring it is important to know which magnitude of
performance improvement can be expected during an athletes’ career. Impellizzeri &
Marcora (2007) report ~5% increase in MAP from the beginning of base training until
the start of the competitive season, a ~7% increase in power at AT and ~15% in
power at LT in the same time frame. From a more long term perspective, data from
5000 and 10000m running suggest that from the entry into international
competition, at an age of ~21 years, there is a ~4% improvement over the next four



46

years leading to near maximal performance levels (Gibbons, U.S. Olympic
Committee).

There could be some useful information to be gained by looking at the ratios
between the different MMP-durations.

Anaerobic power reserve (APR) is quantified as the difference between maximal
anaerobic power (MMP <6 s) and maximal aerobic power (MAP), and is suggested to
estimate the portion of the power output that is provided through anaerobic
pathways (Mendez-Villanueva et al 2008). Along the same lines, Baron (2001)
suggests using a “power index” by dividing a riders’ Wmax with Wpeak and multiplying
with 100. Riders with a power index of <40% are prone to anaerobic performance or
need to improve their aerobic performance and riders with an index of >45% are
aerobically orientated or need to improve their anaerobic performance. MMP5s and
MMP5min might be proper values to use for this type of analysis.

The ratio between MAP or MMP corresponding to VO2max and FTP could also give
information regarding fractional utilization of VO2max (Denadai et al 2006).
Fractional utilization has been reported to increase with training status where
untrained or moderately trained have a LT at ~60% of VO2max while it in elite
endurance athletes ~75-90% (Joyner & Coyle 2008). The ability to utilize a high
fraction of VO2max is, for example, paramount for MTB (Impellizzeri & Marcora
2007) and longer time trials on the road (Mujika & Padilla 2001).

Thus, ratios or power indexes appears useful for talent identification, determining
training status or training program recommendation. However, profiles or ratios like
these have been reported to be rather stable over time suggesting that an athletes’
profile is more of an innate ability than something trainable (Billat et al 1999). This
would mean that they are more suitable for talent identification than monitoring
training effects.

Instead of a graphic profile, others have proposed using the ratio or percentage of an
athletes’ own PB’s to the world record over several distances or durations to see if
the athlete is prone to longer or shorter events.

Conclusions and suggested testing strategies

Conducting tests using a PM is rather simple and readily available for any rider
and/or coach with access to a PM. Presently there are several tests that theoretically
could provide valuable information, but which tests to use depend on the riders’
performance level, willingness to adhere to a testing protocol and target events.

Scaling the test results to body mass and/or aerodynamic drag can make the results
more valid and looking at ratios between different tests can provide additional
information about the performance characteristics and developmental level of the
rider.
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Field testing has a higher validity compared to laboratory testing, but standardization
of the test conditions is instead a major drawback. It is therefore vital to take
appropriate measures to minimize this negative impact of variable conditions.

Table 2 describes the most appropriate tests for the most important metabolic and performance
characteristics of a rider.

Physiological characteristic Test Comments

Alactic anaerobic and maximal
neuromuscular

Inertial load test

Maximal effort from 0-50 rpm to 100-
150 rpm in < 7 seconds

The test is very easy to perform and
provides reliable results regarding

maximal neuromuscular and alactic
anaerobic performance level together
with information regarding fiber type
composition and optimal cadence for

maximal power production.

The test is suitable for competitive
riders in all disciplines as it not only

tests an important performance
capacity, it can help in talent

identification and event selection.

Lactic anaerobic

Wingate (anaerobic power)

Mean Maximal Power for an effort of
30 seconds.

Additional information can be gained
about the riders endurance at these
intensities through the fatigue index

(FI) and/or fatigue profile (FP)

AWC (anaerobic capacity)

Calculated from the Mean Maximal
Power of ~3 different maximal efforts

of 2 to 20 minutes in duration

Both anaerobic power and capacity is
important in many cycling disciplines as
anaerobic performance may be the fine

line between winning and finishing
outside the podium in a race.

Should be used by competitive riders,
but may not be a priority for testing for

recreational riders.

Maximal aerobic (VO2max)

Mean Maximal Power over durations of
3-10 minutes.

Which duration best represents the
riders VO2max is somewhat debatable.
It seems as the higher the level of rider
the longer duration. On the other hand
for simplicities sake it might be wise for
some “gold standard”, e.g. 5 minutes.

Testing for VO2max is arguably suitable
for most cycling disciplines and for

riders of all levels.

May be used for determining
appropriate training zones (see below).

Anaerobic threshold (AT)
Mean Maximal Power for ~60 minutes

and is termed Functional Threshold
Power (FTP)

Important for all endurance disciplines
and for riders of all levels.

May be used for determining
appropriate training zones (see below).

Lipolytic capacity
Mean Maximal Power over durations of

>60 minutes

Most suited for elite riders in
endurance oriented disciplines. Too
little research is conducted to give

definitive conclusions.
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7. Quantifying the demands of competition

Competition data are important for describing the characteristics of successful
performance. The power output of cycling competition varies greatly depending on
the type of event ranging from match sprint (200m) to RAAM (Race Across America).
This data can be used by coaches’ and athletes’ to develop training programs, modify
racing tactics and talent identification. Most research on cycling racing has utilized
HR-monitors (Fernández-Gracía et al 2000, Lucía et al 1999, Padilla et al 1999, Padilla
et al 2001 and Padilla et al 2008 and Rodriguez-Marroyo et al 2003). Unfortunately
HR-data can be influenced by factors such as body position, cardiac drift,
environmental conditions and the riders’ physical state (Ebert et al 2005). Although
HR can’t describe the stochastic nature of cycling, the average estimated power
output from HR is very close to the actual average power thus making many of the
conclusions from studies using HR valid (Padilla et al 2008).

Much of the following is derived from elite or professional racing which might not
always apply to lower category competitions. However, it provides a framework and
understanding of which factors to look for when analyzing PM-data from
competitions.

Fernández-Gracía et al (2000) state that they are the fourth published study to
describe and quantify intensity during professional road racing. Surprisingly, this
means that from 1989 to 2000 there were only three studies and all of these used
HR-monitors instead of PM’s although these have been available during this period.
These authors confirm the results from the previous studies, that professional road
cycling is a stochastic sport where the ability to produce short high intensity bouts
above the AT limits performance.

HR seems to be a valid measure for the macro aspects of a race, but is too blunt to
pick up the finer differences in competitive demands.

During road racing it appears as the only power outputs where there is a difference
between the most successful and all other riders is the highest and lowest power
ranges, i.e. the best riders accumulate more time well over threshold and less time
recovering a very low power output (Martin, D.T. et al 2001).

Ebert et al (2005) report that the distinguishing differences between flat and hilly
races in female cycling competitions are: 1) more time spent between LT and AT in
hilly races, 2) more time accumulated above MAP in flat races, 3) higher MMP for
longer time periods (180-300 s) for hilly races and 4) higher MMP for shorter time
periods (5-15 s) for flat races. This was expected as flat races often involve sprints
and short surges to maintain position, while in hilly races there is extended periods
of constant power during climbing. There was a larger standard deviation in power
for flat compared to hilly races. In addition more time was spent at a cadence of 60-
80 rpm in hilly races and more time >100 rpm in flat races, this might have better
been analyzed through “quadrant analysis” (see below). This is supported by Vogt et
al (2007) who studied male professional riders at the Tour de France and report
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higher MMP30min for hilly (394W vs. 342W) compared to flat stages, but higher
MMP15sec (895W vs. 836W) for flat compared to hilly races.

In major professional stages races performance during climbing and time trialing are
the main determinants of overall result (Padilla et al 2008).

The intensity at which the climbs are ridden is determined by their difficulty, i.e.
more difficult climbs at higher power output, (Rodriguez-Marroyo et al 2003) and
position within the stage, i.e. the last climb in the stage usually has the highest
power output (Padilla et al 2008). Vogt et al (2008) has researched the power-
cadence relationship for climbing during racing. They report that 1st category climbs
are ridden at 312W and 73rpm while HC category climbs at 294W and 70rpm. This
has led them to conclude that higher power outputs are achieved at higher cadences
during climbing, which is in contrast to Rodriguez-Marroyo et al (2008) who reported
higher cadence in less decisive climbs. However, all this data is highly affected by the
riders positions within the team and overall characteristics, i.e. helper, sprinter,
break away, GC-contender (Padilla et al 2008 and Rodriguez-Marroyo et al 2008).

The intensity at which the time trials are ridden is even higher than climbing during a
road stage. This is most likely being a product of the duration of TT’s being shorter
and that climbs are sections in stages of long duration (>4hrs) (Padilla et al 2008).

MTB-racing is not as well researched as road cycling and there are presently only two
studies into the intensity and characteristics of XC MTB-racing (Impellizzeri et al 2002
and Stapelfeldt et al 2004). It is however clear that, with the exception of road TT’s,
XC MTB-racing normally has a higher average intensity than road racing. This is most
likely foremost explained by the shorter racing durations, i.e. ~2 hours compared to
4-6 hours in road cycling (Impellizzeri & Marcora 2007). Using PM-data Stapelfeldt et
al (2004) found that 39% of total race time was spent below LT, 19% between LT and
AT, 20% between AT and MAP and 22% above MAP.

Just as with road cycling there is a discrepancy between power output and HR
distribution, but this seems more accentuated in MTB. For example, during
descending HR can be elevated while power output can be close to zero, which is
thought to be caused by work of the upper body and high degree of concentration.
HR is above LT ~80% of the race and usually averages ~90% of HRmax (Impellizzeri &
Marcora 2007). The average power output of an entire race is 60-80% of MAP and a
MAP/kg0.67 of 30 is the norm for elite MTB racers (Coaching Insights, February 2004).

In MTB, pacing is in part determined by the course and other competitors, which is
why it is discussed here. A MTB race usually starts with a few minutes at 120% of
MAP to get a good position (Coaching Insights, February 2004), then settles and after
that intensity actually seems to decrease until the finish (Impellizzeri & Marcora
2007). The blood lactate profile of a MTB-race suggests that it is much similar to a TT
with a fast-start strategy (Impellizzeri & Marcora 2007).



50

MTB-racing has a high degree of technical demand and only 40% of the variation in
performance is explained by aerobic fitness. Therefore it is very difficult to analyze
PM-data from MTB-racing and one must always take this into consideration when
analyzing competition data. Off-road cycling economy is the ability to transform
mechanical power into speed in difficult terrain (Impellizzeri & Maroca 2007). These
authors also report an interesting phenomenon observed by Australian National
MTB Team coaches that riders taking more time to complete a course often generate
higher power output than those riding faster. This could be the result of these riders
generating a short burst of power to generate speed and then keeps this speed
through a high degree of technical ability, while slower riders generate a more
constant power output but wastes the power through poor technique.

Most studies into field based values in cycling has focused on road cycling, track
cycling and XC mountain biking. However, Hurst & Atkins (2006) has quantified
downhill mountain biking using a PM. They report peak power outputs of 834W,
with mean power at only 75W. There was no significant correlation between any of
the measured power output values and performance time, which highlights the high
technical demands of downhill mountain biking and questions the relevance of
measuring power output in this discipline.

Conclusions

There are presently some studies into the demands of cycling competitions that give
valuable insight. Using this data can help coaches and riders determine optimal
training-, racing programs, racing tactics and testing strategy. Although PM’s have
been available for more than 20 years there is still lacking extensive studies into the
power output of many disciplines. There is still more research needed on, for
example, different cycling disciplines, how different courses affect power output
profile and how different positions within a team affect power output profile.

Over time, when more racing data is available and more knowledge regarding which
aspects are the most important to analyze, it is likely that new tools for analyzing
racing data will emerge and that those presently in use will be refined further.
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8. Power-based training zones

Of the essential training variables, intensity and its distribution is probably the most
critical, but also most heavily debated (Billat 2001a, 2001b, Seiler & Kjerland 2004).
Measuring workload with a PM gives accurate and real-time feedback regarding the
intensity of exercise (Gardner et al 2004). Other common intensity measures in
cycling, such as HR, respiration rate, blood lactate and PE, have slower response
times and/or are impractical to measure (Borg 1982, Borg & Kaiser 2006 and
Wilmore & Costill 2004). It is therefore believed to be easier to guide intensity and
build the microstructure of a training session, especially when it is very variable and
high intensity (at least above LT), by power output (Allen & Coggan 2006 and Vogt et
al 2006).

Using HR-monitoring, Seiler & Kjerland (2004) report that the intensity distribution in
elite endurance athletes (e.g. cross-country skiers) generally has a polarized profile.
Training is either conducted below LT or above AT and surprisingly little in the
“aerobic-anaerobic transition zone” (i.e. 75-5-20%). This is actually quite surprising
considering that, compared to power output, HR seems to overestimate the time
spent in the “aerobic-anaerobic transition”-zone (Vogt et al 2006). In addition, recent
research indicates that high intensity training (HIT), well above AT or VO2max, is
beneficial also for endurance performance (Billat 2001a, 2001b, Burgomaster et al
2008, Gibala et al 2006, Hawley 2008, Kubukeli et al 2002 and Westgarth-Taylor et al
1997). Physiological and perceptual responses to intermittent high intensity training
are different than that of continuous training of the same average power
output/intensity (Christmass et al 2001 and Palmer 1999). The same has been shown
for interval training sessions of different lengths with a work:rest ratio of 1:1 (Seiler
& Sjursen 2004). If this represents optimal training for cyclists is very much
debatable and most likely varies depending on individual, but will not be covered in
this text.

The assumed advantage of interval training is the accumulation of more time spent
at high intensities. When designing an interval training session the following
variables must be considered (Seiler & Sjursen 2004):

1. Work interval duration
2. Work interval intensity
3. Recovery interval duration
4. Recovery interval intensity
5. Total work duration (intervals x duration)

When athletes self-organize their interval training they appear to adjust their
intensity in a manner where blood lactate and perceived exertion responses
throughout each session are essentially identical (Seiler & Sjursen 2004). On the
other hand these authors speculate, based on their own results, that the intensity of
the recovery interval is often self selected too low. Both recovery and optimization
of the physiological responses during the following work interval seem to lay around
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50% of VO2max. With a PM it is easier for the coach to prescribe precise intensity
level for both the work and recovery interval.

How to analyze training data in light of these concepts will be covered in the
“Analysis of training and racing”-section.

One of the first discoveries made when research into the characteristics of cycling
using a PM was conducted was the high variability or stochastic nature of cycling
competitions (Ebert et al 2005 and Vogt et al 2006). A problem with the high
momentary variability of power output during training is that it makes it more
difficult to keep within a prescribed power zone. It is therefore important to
remember that it is the average power or NP of the whole training session, interval
or training block that is most important.

Coggan Training Zones

These zones are developed by Andrew Coggan and included in the Cycling Peaks
WKO™ software. They are based around the following assumptions:

1. “LT is the most important physiological determinant of endurance cycling
performance, since it integrates VO2max, the percentage of VO2max that can
be sustained for a given duration and cycling efficiency” (Coyle 1988)

2. Determining the appropriate number of zones is somewhat arbitrary since
physiological responses to exercise fall on a continuum, with one zone
blending into another. Seven zones were felt to be the minimum to represent
the full range of physiological responses and adequately describe the
different types of training to required/used for meeting the demands of
competitive cycling.

3. The Borg 10-point scale is used as it explicitly recognizes the non-linear
response of many physiological variables (e.g. blood and muscle lactate) and
thus provides a good indicator of overall effort.

Table 3 displays Coggans seven training zones.

Zone Power output
(% of FTP)

Heart rate
(% of HR at LT)

Perceived exertion

1 < 55 % < 68 % < 2

2 56 – 75 % 69 – 83 % 2 – 3

3 76 – 90 % 84 – 94 % 3 – 4

4 91 – 105 % 95 – 105 % 4 – 5

5 106 – 120 % > 106 % 6 – 7

6 > 121 % N/A > 7

7 N/A N/A Maximal

How often there is a need to recalculate the training zones based on changes in FTP
is highly individual. World class athletes have been shown to have very stable
performance levels and typically fitter athletes have more stable performance level
than less fit athletes (Paton & Hopkins 2005). But it has also been shown that
performance at threshold (FTP) is more variable than the heart rate response at
threshold (Hagerman & Staron 1983), which is commonly used to calculate heart
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rate training zones. Impellizzeri & Marcora (2007) report a 7% increase in AT from
beginning of base training to the start of the competitive season and a 15% increase
in LT during the same time.

The notion that power at LT is the best predictor of cycling performance is a bit
skewed in that it is the best predictor of TT-performance, which is only one discipline
in cycling. LT has also been the subject for discussion as power at LT, although well
correlated to performance, under-represents the power output during competition
(Kenefick et al 2002). Other disciplines have other measurements that better predict
performance in those events. For example mountain biking performance is best
predicted by relative maximal aerobic power (Prins et al 2007). On the other, using
multiple measurements for calculating the different zones is practically more
complicated needing more formal testing. Therefore, if only one reference value for
calculating training zones should be used, FTP seems to be the most logical choice.

It is also acknowledged that the training zones should only be viewed as a framework
and that the exact power output during training in a specific zone should be
referenced to previous sessions of the same type.

There is also some concern about basing training levels from performances achieved
at optimal conditions (rested, fully loaded with carbohydrates, using caffeine,
mentally loaded, high catecholamine response). Especially since recent research has
shown that it is beneficial to exercise with low muscle glycogen levels (Hansen et al
2005) and that the best motor learning experiences are achieved when the learner is
challenged by difficulties (Rose 1999).

Worth noting is that many zones have, in addition to a numerical value from 1-7,
functional names (e.g. recovery, threshold, VO2max, anaerobic capacity,
neuromuscular power) related to the physiological system they foremost train. The
exemption is zone 3, which is termed “tempo”. Considering the importance of lipid
oxidation for many cycling disciplines, and that this zone is more or less the same
intensity as Fatmax for most riders, a suitable name might be Fatmax?

Stern Training Zones

The other major paradigm for calculating intensity zones is from as percentage of
MAP. British cycling coach Richard Stern has designed zones based on MAP that also
is included in the Cycling Peaks WKO™ software.

Table 4 displays Sterns seven training zones.

Zone Power output in % of MAP Intensity
Recovery < 40% Recovery

1 40 – 55% Endurance

2 50 – 65% Endurance

3 60 – 70% Endurance

4 65 – 75% Intensive

5 70 – 85% Intensive

6 80 – 110% Maximal

7 110 – 150% Maximal
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Laursen and Jenkins (2002) proposed using MAP and Tlim at MAP for designing
interval training programs. Other than this, there is scares research into using MAP
for prescribing intensity zones for endurance training.

The relationship between power output and perceived exertion

Relating power output zones to perceived exertion has the advantage of making
riders aware of their own subjective physiological and psychological response to a
given objective measure of exercise intensity and its relationship with duration (for
elaboration see the “intra-personal communication” section). A favorable aspect of
PE is that it is a relative measure independent of fitness level (Green et al 2005).

There are two main PE-scales in used in sport settings the Rate of Perceived Exertion
(6-20 point RPE) and the Category scale with Ratio properties (the 0-10 CR10 and 0-
100 CentiMax/CR100). The CR-type has been shown to be better suited than RPE for
describing intensity. In addition, the CentiMax (CR100) is less prone to persuade
riders to give a value close to a verbal anchor point (Borg & Kaijser 2006).

Many studies into the relationship between PE and power output has utilized
different incremental test (GXT) (Borg & Kaijser 2006, Faulkner & Eston 2007 and
Garcin et al 1998), which differ quite a lot from the stochastic nature of cycling
competitions but may still provide insight to the power to PE relationship.

Perceived exertion is more accurate if it is anchored to some objective measure of
intensity during exercise (Faulkner & Eston 2007 and Green et al 2005), such as
power output. On the other hand, athletes seem to ascribe PE-levels more to the
overall “hardness” of exercise, and take into account the duration of exercise, than
purely exercise intensity (Garcin et al 1998 and Green et al 2005). PE has a strong
relationship with blood lactate during GXT (Green et al 2005), has growth functions
positively accelerating with power output at values of 1.5-1.9 (Borg & Kaijser 2006)
and has been related to intensity. But blood lactate but has minimal impact on PE
over time in prolonged exercise (Green et al 2005). PE usually increases linearly until
it reaches maximal levels at volitional fatigue during constant power output exercise
or at the finish in time trials. This rate of increase is set early on in a feed forward
manner by “psychophysical judgments”, depends on exercise intensity and can
predict the point of fatigue during constant intensity work (Crewe et al 2008).

Seiler & Sjursen (2004) speculate that a “typical” aerobic interval session should feel
“hard” (RPE 15-16) initially and feel “very hard” (RPE 17-18) at the end of the last
interval. Learning to anticipate the slope of the increase in PE and what PE a certain
power output will give at different degrees of fatigue is a training knowledge the
rider will develop over time.

PE is a product made up of several cues, i.e. local (muscles, joints, skin), central
(cardiovascular and pulmonary), psychological and overall (Borg & Kaijser 2006), but
which is most appropriate to use is less clear. Faulkner & Eston (2007) conclude that
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whole body/overall PE is a consistent and reliable means of describing exercise
intensity and fatigue. However, they noted that other researchers have reported
local muscle fatigue in the legs to dominate the assessment of effort during cycling
(Garcin et al 1998).

Athletes usually give consistent values of PE at threshold (Green et al 2005), but
humans are less accurate in determining intensity subjectively at lower intensities
(Borg & Kaijser 2006).

As long as riders are aware that the PE at a given intensity will increase as a function
of duration there is no problem in ascribing PE intensity zones related to power
output. It is in conjunction with power output also an important component in the
every-day monitoring system of training load, performance level and “readiness”
which is further elaborated on in the “intra- and inter-personal communication”-
sections.

Conclusions

Using FTP or MAP for basing training zones seems to be a valid and reliable practice
for aerobic part of the intensity continuum and both methods generate similar
zones. However, for anaerobic capacity, anaerobic power and maximal
neuromuscular power it might be better using anaerobic testing data, e.g. inertial
load, Wingate tests and AWC, perhaps by using percentages of personal bests.

Relating objective intensity data to the subjective perception has many advantages,
which will be expanded on in the “intra-personal communication”-section.
Therefore, PE-scales (CR10 and CR100) linked to these zones is certainly warranted.
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9. Analysis of training and racing

When analyzing PM-data from a training session or a race, there are some general
considerations to take into account, such as training status,
psychological/motivational status and environmental stress.

When analyzing data from road cycling competitions it is important to take into
account the role the rider had within the team (Jeukendrup et al 2000), e.g. helper
(domestique) or captain, as this can greatly influence the data. “Domestiques” often
TT at a lower intensity to save energy (Jeukendrup et al 2000) and achieve their
highest climbing intensity in the ascents preceding the last one (Padilla et al 2008).

Temperature is a contributor to fatigue and response to exercise and can influence
both short and long term performance (Abbiss & Laursen 2005). It therefore needs
to be accounted for when analyzing PM-data.

In addition to the following methods and concepts for analyzing training and racing
Abbiss et al (2008c) recently used “exposure variation analysis” for examining pacing
profiles.

Normalized Power (NP)™

To account for the stochastic nature of cycling power output, Andrew Coggan
developed Normalized Power (NP)™ in 2003. NP uses an algorithm to estimate “the
power output that the cyclists could have maintained for the same physiological cost
if the power output had been perfectly constant”. This algorithm is mainly based on
the following assumptions:

1. The physiological responses to rapid changes in exercise intensity are not
instantaneous, but follow a predictable time course.

2. Many critical physiological responses (e.g. cardiac output/heart rate,
ventilation, VO2, core temperature, glycogen utilization, lactate production
and stress hormone level) are curve-linearly related to exercise intensity and
many of these responses are thought to have a half-life in the range of 25-70
seconds.

NP is calculated by:

1. From 30 seconds into the power output data creating a 30 second rolling
average

2. Raising the values obtained in step 1 to the fourth order
3. Average of all the values obtained in step 2
4. Taking the fourth root of the number obtained in step 3

30 second rolling average was used because many physiological variables have a
response time of ~30 seconds. This is supported by Amann (2006) that concludes
that ventilatory response is 30-40s and VO2 seems to lay between 20-45s depending
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on intensity and the level of the rider (Busso & Chatagnon 2006 and Figueira et al
2008).

Coggan has suggested ±5% accuracy in estimating a power output value from
variable efforts that is interchangeable in terms of PE with a constant power effort.

Contradicting the usefulness of NP is the fact that physiological and perceptual
variables seem rather unaffected between exercise at constant power output and
varying (~5%) power output with the same average (Atkinson, Peacock, St Clair
Gibson & Tucker 2007 and Palmer et al 1999). On the other hand, it has been shown
that substrate utilization (Christmass et al 2001) and glycogen depletion in type I and
II muscle fibers (Palmer et al 1999) is different between intermittent and constant
exercise of the same average power output, but that it is not fully understood what
causes this change. In addition, Palmer et al (1999) suggests that although they failed
to demonstrate a significant difference there might be a reduction in 20k TT power
output following varying compared to constant power exercise for 140min.

Considering the great number of factors contributing to fatigue during cycling and
that these act in different ways depending on duration and intensity (Abbiss &
Laursen 2005) it seems very complex to calculate how straining a varying power
output would have been had it been constant.

NP Busters

One of the most apparent signs that there is more research needed regarding the
NP-concept is the many posts (213 on the GGW-forum 2008-10-20) about “NP-
busters”. A NP-buster is when the NP of an effort is higher than the MMP from a
constant effort of the same duration, which by definition is impossible. This could of
course be a result of a poorly estimated MMP, but the discussions on the forum
suggest that there might be a “glitch” in the NP-calculating algorithm.

This phenomenon seems more frequent during criterium racing on a course
including a hill.

These NP-busters could be the effect of the work the arms and torso do and the
lateral shifting of the riders BW from the pedals on one side to the other when
performing multiple standing accelerations out of corners (Reiser II et al 2002). It
could also be that the algorithm doesn’t adequately account for the constant
draining and refilling of the AWC during exercise performed intermittently above or
below the CP (Morton & Billat 2004) and thus adds all anaerobic work into one
gigantic AWC.

Parameters that could affect the NP for different individuals:

- Lactate kinetics (pH kinetics)
- Oxygen kinetics (and hence probably HR kinetics)
- Buffering capacity
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- AWC

Palmer et al (1999) has demonstrated that type I muscle fibers were more glycogen
depleted by constant load exercise whereas type II fibers were more depleted by
variable intensity exercise. In exercise that is highly limited by glycogen depletion
there should exists an optimal variation in power output that depletes all muscle
fiber types at the same time and therefore enabling the rider to expend more energy
for the given duration.

Faria et al (2005a) reports that it might be wise to perform a sprint when fatigue
starts to set in during constant pace riding. This forces type II muscle fibers take on
some of the work giving the type I fibers a chance to provide more pyruvate for the
mitochondria. Thus high intensity work can sometime facilitate the overall long term
work capacity.

Intensity Factor™ (IF)

NP and/or average power output for a training session doesn’t indicate at what
relative intensity the individual was exercising. To account for this, Coggan related
the power output to the persons FTP, but instead of using average power he used
NP, which theoretically may be a better indicator of absolute intensity. Dividing NP
with FTP gives the Intensity Factor (IF)™, which is a convenient way of displaying
relative exercise intensity between two individuals with potentially varying
performance levels.

Typical IF-values for different types of cycling events and common training sessions
(Allen & Coggan 2006):

- <0.75 – recovery rides
- 0.75-0.85 – low intensity endurance rides
- 0.85-0.95 – tempo training, aerobic and anaerobic interval training and

longer (>2,5hrs) road races
- 0.95-1.05 – Threshold training, shorter (<2,5hrs) road races, criteriums,

longer time trials
- 1.05-1.15 – Shorter time trials
- >1.15 – Prologues and most track events

As glycogen stores have been shown to increase with training (Hawley & Stepto
2001) the time to exhaustion at a certain IF <1.0 should increase with training.

In light of the utter importance of FTP for most cycling disciplines the use of it as an
anchoring point, i.e. IF of 1.0, seems to be a valid approach.

Energy expenditure

A PM provides a valid measure of the external energy production of a training
session, which in turn provides an estimate of internal energy expenditure
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depending on the efficiency of the rider (Allen & Coggan 2006). Mechanical
efficiency for humans riding a bike is ~25% and the energy expenditure obtained by a
PM (Joules) needs to be multiplied by four to obtain the total energy expenditure in
Joules. Alternatively the energy expenditure obtained by the PM is an approximate
of the total expenditure in Kilocalories.

This has two practical applications, regulating on-bike energy distribution and energy
intake and off-bike energy intake, i.e. diet and weight control.

Muscle glycogen depletion has been shown to have detrimental effects of endurance
performance, a fatigue often termed “the bonk” or hypoglycemia. Increased size of
muscle glycogen stores is a functional adaptation of endurance training (Bangsbo &
Michailsik 2004). Johnson et al (2006) have shown that glycogen availability does not
alter endurance performance until muscle glycogen levels reach a certain level,
which some researcher have speculated is not a result of the peripheral effects it has
but rather an increased perception of fatigued (Noakes et al 2004).

It is therefore interesting to analyze performance in terms of energy expending
capacity especially related to glycogen stores.

Analyzing energy expenditure, average power output and/or NP leading up to “a
bonk” may give some clues as to if the rider had a too aggressive pacing approach or
did not use an optimal energy intake during the ride. However, with perhaps the
exemption of NP, these measures are rather blunt as the substrate utilization may be
influenced by how this power output has been produced in relation to power at
Fatmax, FTP, MAP and maximal power output.

Accurate estimations of glycogen utilization during exercise may be an invaluable
tool both during exercise, as feedback to how much glycogen may be left in “the
tank”, and for post ride analysis. In theory, an estimation could be derived from
power output data as Chatagnon & Busso (2006) have proposed a model for
estimating the relative contribution of energy from the aerobic and anaerobic
systems based on the critical power paradigm. From the point where there is 100%
aerobic energy production up until the MAP there is a combined increase in energy
production from both aerobic and anaerobic energy systems, thereafter any increase
in energy production will come from anaerobic systems. They demonstrated that
anaerobic energy contribution was 0% at a power output slightly lower than the one
at LT up to 12% at MAP. However, there are several factors that may limit this
model, e.g. VO2 kinetics, effects of exercise duration and environmental conditions.
But provided the potential usefulness of estimating the amount of glycogen that has
been utilized by the cyclist during a training session or race it should warrant future
research into the subject.

Pedaling dynamics

The optimal cadence for cycling differs depending on if it means the most
economical, maximum power producing, least fatiguing or most comfortable.
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Research regarding cadence has had problems explaining the discrepancy between
freely chosen cadence and what is theoretically optimal from different perspectives
and this has been termed “the cadence paradox” (Kohler & Bouteliier 2005).
Irrespectively, the optimal cadence for a racing cyclist is the one that produces the
best performance, i.e. the greatest power output for the complete duration (Foss &
Hallén 2005 and Kohler & Boutellier 2005).

Cadence is linked to power output as it is the force applied to the pedals together
with the cadence that determine power output. But the relationship and their
meaning to performance is less clear and might also be irrelevant as we shall see
below.

Hansen & Ohnstad (2008) have concluded that freely chosen cadence (FCC) seems to
be a robust innate motor rhythm as it is largely unaffected by mechanical and
cardiopulmonary loading and appears to remain constant over 12 weeks. This
shouldn’t imply that external and internal conditions cannot affect FCC, but that
changes in FCC should be difficult to impose by training and conscious decisions.
Therefore, before moving on to the discussion below regarding the power output to
cadence relationship it must be noted that from a motor performance perspective
this might be somewhat irrelevant. Dynamic Systems Theory states that actions are
shaped by the intentions of the performer and the constraints imposed by the
environment and the conditions in which the action takes place. Motor performance
is self-organized as a result from the interactions of all sub-systems involved and no
one system is capable of prescribing the whole action (Rose 1997). Thus as long as
the rider has every intention of performing as good as possible the constraints of the
situation will determine the optimal cadence for a given power output and the rider
will tend to self-organize towards that cadence.

Also, one aspect that is important to note when discussing power output and
cadence, is that internal power output (the metabolic cost of just moving the limbs)
increases in a curve-linear fashion with cadence almost independent on the external
workload applied (Foss & Hallén 2005). On the other this seems to have a marginal
effect as power output is responsible for 95% of the variation in mechanical
efficiency and cadence per se do not significantly contribute (McDaniel et al 2002).

Theoretically optimal cadence (OC) and FCC has been shown to change with power
output (Steen Nielsen et al 2004) and the relationship between power output, force
and cadence has been shown to influence muscle activity and coordination during
cycling (Baum & Li 2003, Prilutsky & Gregor 2000 and So et al 2005). The FCC at
lower power outputs is usually higher than OC (Steen Nielsen et al 2004), but these
two deviate towards each other as power output increases (Foss & Hallén 2005).
Could it be that the FCC and OC meet at “threshold”? Foss & Hallén (2005) speculate
that the better the cyclist the higher cadence. Unfortunately amateur cyclists often
adopt the same cadence as professionals believing that this is the optimal, which
may not be true for them.
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Crank inertial load is another factor affecting FCC (Hansen et al 2002), which could
be the reason why riders adopt a lower cadence when climbing (Lucía et al 2001), as
the crank inertial load then is decreases compared to level ground cycling.
Interestingly cadence was higher in less decisive climbs suggesting that riders adopt
a lower cadence when they needed to optimize performance (power output)
(Rodriguez-Marroyo et al 2008). In addition, Harnish et al (2007) has shown that
cyclists choose lower cadence when standing compared to seated cycling at similar
power output. Unfortunately, PM’s can presently not distinguish between seated
and standing cycling. Also, during climbing a lower cadence could be the result of
there not being low enough gears on the bike to choose a higher cadence.

FCC has also been proposed to be explained by muscle characteristics, i.e. force-
velocity relationship, largely determined by fiber type composition. The muscle has
different optimal shortening velocities, and cadence, for maximizing power
production and efficiency. The optimal cadence for any circumstance will most likely
be between the most powerful or the most efficient (Kohler & Boutellier 2005).

Higher cadences may be chosen for a number of reasons, including high power
outputs during racing, reduced PE, more effective muscle pump leading to increased
blood flow to working muscles, reducing crank force application, reducing
neuromuscular fatigue and minimizing glycogen depletion of type II muscle fibers
(Ebert et al 2005). However, there must exist a ceiling as adopting a 25% too high
(compared to FCC) cadence seems more detrimental than adopting a 25% too low
cadence for endurance performance (Foss & Hallén 2005 and Steen Nielsen et al
2004). This is also supported by Mora-Rodriguez & Aguado-Jimenez (2006) who
report that power output at AT and VO2max was lower at 120 rpm than FCC in well-
trained cyclists. Low cadences seem to induce lower (optimized) neuromuscular and
metabolic demands, but higher cadences seem to minimize the drifts in
neuromuscular and metabolic demands (Sarre & Lepers 2005). Which is the most
beneficial cadence will therefore vary depending on if the rider needs to optimize
power output or reduce the resulting fatigue from a given power output.

When energy supply might be the most limiting factor the FCC has been speculated
to diverge toward the most efficient. The cadence during a 60min TT is often higher
than the most efficient, but FCC seems to decreases during long lasting exercise
(Vercruyssen et al 2001), possibly due to neuromuscular fatigue (Lepers et al 2000),
minimize energy expenditure (Kohler & Boutellier 2005) or muscle glycogen
depletion (Johnson et al 2006). This is not very surprising as the duration when
substrate availability starts to become the major limiter is around 1 hour.

Lastly, the choice of cadence seems to be affected by the variability of the effort,
with cadence increasing with increasing variability in power output (Theurel & Lepers
2008). Cycling races are often stochastic in nature and this could be one reason for
the relatively high cadence employed by racing cyclists.

It seems rather clear that the most advantageous cadence is determined by stable
innate traits (e.g. muscle characteristics and motor rhythm), the power output that
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needs to be produced and the conditions under which that power is produced. This
is further complicated since these parameters constantly changes in many cycling
disciplines. Therefore, the rider continuously needs to find the optimal balance
between efficiency, power and fatigue (Kohler & Boutellier 2005) and any power to
cadence data must be also interpreted carefully and be related to the altitude profile
of the same ride.

Quadrant analysis™

Quadrant analysis™ (QA) is method for analyzing the power to cadence relationship
(Allen & Coggan 2006).

The wide range and highly variable nature of cycling power output has significant
physiological implications, both in terms of the acute response to a single ride and
for chronic adaptations to repeated training sessions. These responses are not only
metabolic (see Normalized Power™) but also neuromuscular. QA is an attempt “to
obtain additional insight the neuromuscular demands of a race or training session”,
i.e. the forces that the leg muscles must generate and at which velocities these
forces are generated.

Power output is “force to the pedals x the speed at which the pedal is traveling”.
None of the current PM’s measure force directly at the pedal, but when knowing
power output and cadence it is possible to calculate the AEPF (average effective
pedal force) over one pedal revolution. It is of course very difficult to measure
muscle shortening velocities during cycling, but it has been shown that CPV
(circumferential pedal velocity) is highly related to joint angular velocity (Martin
2000).

Having both AEPF and CPV it is possible to create a scatter plot for a race or training
session graphically displaying the force (f) and velocity (ω) of every pedal stroke. 

However, a scatter plot will be very arbitrary and relative in nature if there are no
points of reference. QA therefore uses the power and cadence at FTP to calculate
and separate low force from high force and low velocity from high velocity pedaling.
This is then used to divide the scatter plot into four quadrants:

1. High force, high velocity pedaling
2. High force, low velocity pedaling
3. Low force, low velocity pedaling
4. Low force, high velocity pedaling
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Fig. 6. A scatter plot from four different types of cycling efforts
(http://home.earthlink.net/~acoggan/quadrantanalysis/id12.html)

The use of power and cadence at FTP as the point of reference is motivated by
research showing 1) that power at LT is the most determining factor for cycling
success (Coyle et al 1988) and 2) that the force generated when pedaling at self
selected cadence at LT also represents the point on the intensity continuoum where
there is a large increase in the type II muscle fibres being recruited. Both force and
velocity can influence the recruitment of type II fibers, but it has been concluded
that cadence is rarely high enough to influence this recruitment and it is force that is
the main factor in muscle recruiment in cycling (Ahlquist et al 1992).

QA can be used to graphically display neuromuscular differences in sessions with
similar average power output and average cadence. For example, looking at QA from
micro intervals (e.g. 15 sec on – 15 sec off) show that they theoretically would recruit
far more type II fibers than a continuous effort of the same average power output,
even if the the force of every pedal stroke is increased by a lowering of the cadence.
This is contradicted by Christmass et al (2001) who show that intermittent exercise
utilizes more fat than continuous exercise. Regardless of which is true, recruiting
type II fibers and forcing them to endurance specific adaptiation is a essential part of
endurance training (Michalsik & Bangsbo 2004).

The fact that blood lactate concentration for a given power output increases with
increasing cadence is paradoxial and seriously contracts the notion that a high
cadence utilizes less glycogen. This could, however, be a response to the increased
blood flow to the muscle associated with a higher cadence (Denadai et al 2006 and
Mora-Rodriguez & Aguado-Jimenez 2006).

The relationship between cadence and power output, and its consequenses for
fatigue and performance in cycling, has been researched rather extensively, with
varying and contrasting results (Faria et al 2005b). As there could be important gains
in performance by changing the force-velocity relationship of a given type of effort
there might be very useful information from analyzing QA-patterns from different
sessions.
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Many factors affect the power-cadence relationship as has been described in the
“pedaling dynamics”-section, e.g. absolute power output, crank inertial load, the
need to optimize power output or minimize fatigue. This will affect the scatter plot,
but in what direction and what magnitude is currently not fully clear.

The developer (Dr. Coggan) notes some limitations with QA and does not regard it as
an absolute measurement, but rather a “general indicator of fiber type recruitment”.
Firstly, the recruitment of type II fibers is more gradual than a pure threshold
reaction at a certain force generation, meaning that the dividing lines in the scatter
plot are somewhat arbitrary. Secondly, the recruitment patterns of muscle fibres are
affected by the duration of exercise and it would need a three dimensional plot
(which is thought to be too complex for routine use) to display this change over time.

To develop these limitations further there are other factors than exerice duration
that affects fiber recruitment such as state of fatigue from previous training (Bessot
et al 2008), standing/seated and uphill/flat/downhill cycling (discussed in the “field
based tests using a PM”-section) and training state (Bessot et al 2008).

It is at this point not possible to determine if a data point in a QA comes from seated
or standing cycling. As position has been shown to influence both power generating
capacity, muscle coordination (Millet et al 2002) and cadence (Harnish et al 2007)
this is unfortunate.

During a pedalstroke the force development varies in a siunsoidal manner with
minimum force when the cranks are vertical and maximal force when they are
horizontal. It is thought that AEPF will be approximatly half of the maximal force in
the pedal stroke depending on power output (Martin et al 1997).

During MTB races the rider “has to make huge efforts, exerting maximal force for
anything from one pedal stroke to power up a short rise – almost weight lifting on a
bike” (Coaching Insights February 2004), which highlights the need for maximal
strength during MTB races.

Bieuzen et al (2007) has shown that muscle coordination in cycling depend on
maximal strength capacity. Billaut et al (2005) has shown muscle coordination to
change during repeated sprints.

Hansen et al (2007) concluded that maximal strength training reduces FCC. However,
they can’t conclude that it is strength per se that reduces FCC or some other
adapation related to maximal strength training. It is speculated that maximal
strength training reduceds the PE from the muscle-tendon system at a given load
and thus leading to the rider chosing a cadence which means a lower velocity but
higher load.

Does strength diminish with exercise duration and thus fatigue? If so and the time
spent in Q1 also decreases then it could be hypothized that strength is a limiter to
performance in the later parts of an effort.
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Fig. 7. A scatter plot showing the AEPF-points from several efforts relative to maximal strength
(http://home.earthlink.net/~acoggan/quadrantanalysis/id2.html)

Theurel & Lepers (2008) report increasing neuromuscular fatigue and self selected
cadence with increasing variability in power output. In that way the profile of a QA-
scatter plot may in itself give information regarding the most appropriate cadence
for that training session or race.

Fiber type recruitment and cycling efficiency appears to be linked, as when pedaling
at the rates typically reported (~80 rpm) the type I muscle fibers contract much
closer to their optimal contraction velocity than type II fibers (Faria et al 2005b).

Conclusions

Normalized Power™, Intensity Factor™ and Quadrant Analysis™ all seems to be
promising tools for analyzing PM-data. There are, however, presently some
unanswered questions and methodological issues that need to be further researched
before they can be deemed valid and reliable enough for elite level or scientific
analysis. Energy expenditure is more valid and reliable, but only gives information
about just that, which of course can be used in energy management on the bike and
nutritional strategies.

Pedaling dynamics can affect power output in many ways and need to be taken into
consideration when analyzing data. Unfortunately, there is much conflicting research
and it is at this moment very difficult to conclude if there is anything to gain from
manipulating cadence or if it is most often self-organized in a certain way due to
certain genetic traits or abilities.
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10. Planning and monitoring the training process

In cycling, like many other sports, training is one of the interventions that have the
largest positive impact on competitive performance, but can also lead to injury,
illness and overtraining. The quantification of training is therefore an important issue
for athletes, coaches and sport scientists. In the applied sports setting the aim of
quantification is to systematically analyze and prescribe training and to motivate the
athlete. One problem with training quantification is the amount of data and how it is
analyzed. Oversimplifying this will mean losing important details, but too much data
is overwhelming and information can be lost due to the difficulty of analyzing. It is
therefore important to have the right amount of valid and reliable data that can be
inputted into the most valid, reliable and “simple to use” tools.

Various adaptations have different time spans for reaching their maximum. It can be
quite useful to monitor the changes in performance following changes in the training
program (e.g. going from one training period to another). If there is a plateau in the
increase in performance it might be worthwhile to consider varying the training
orientation once again.

Training Stress Score™ (TSS)

To achieve peak performance the cyclist must utilize a training program that blends
very hard riding with the correct amount of recovery. The extent and rate to which
that intensity, volume and frequency is manipulated can greatly influence a riders
competitive performance (Faria et al 2005a).

Training Stress Score™ (TSS) has been developed by Andrew Coggan as a means of
quantifying the training load a certain training stimulus places on a rider, taking both
intensity and duration into account.

TSS = [(duration (s) x NP (W)) x IF] / (FTP (W) x 3600 s)

Historically one of the most utilized methods for estimating training load has been
TRIMPS developed by Bannister et al in 1980. Morton (1990) further expanded on
this concept and introduced a multiplying factor giving a greater weight to high
intensity exercise. This was based on the observation of an exponential ride in blood
lactate as intensity increases. This exponential rise in blood lactate is also an
important factor for the calculation of TSS. As NP, which in turn influences IF and
TSS, is based on them same assumption that blood lactate correlates well with an
increase in training load per time unit with increased intensity. Taha & Thomas
(2003) suggest that using the lactate curve is not a good indicator of how much the
training load increases with intensity when using it together with HR. However, this
might not be true for power as there might be a better correlation between blood
lactate and power.

“With volume low, but the intensity high, his CTL was not very high in the fall,
although he was training pretty intensely”
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(www.cyclingpeakssoftware.com/power411/performancemanager.asp). This quote
highlights the problem of TSS overestimates load from volume and underestimates
load from intensity.

Endurance performance can be limited by several physiological systems depending
on the individual, duration of exercise and external conditions (Noakes 2000). This
could of course then give arise to several different responses to the same training
stimulus. For example, a large part of the fatigue experienced during exhausting
endurance exercise stems from the CNS, which also appears to have a rather slow
recovery process (Presland et al 2005).

The review by Abbiss & Laursen (2005) into fatigue in cycling indicates that it can
occur at a number of sites in the body and they cite eight models related to different
physiological systems:

1. cardiovascular/anaerobic
2. energy supply/energy depletion
3. neuromuscular fatigue
4. muscle trauma
5. biomechanical
6. thermoregulatory
7. psychological/motivational
8. central governor

Fatigue is seen as a non linear complex systems model where fatigue is a
consequence of the interaction between several of these systems and interpreted in
the brain. This highlights the difficulty of trying to quantify the training load an
athlete will experience from a training session as there are numerous factors to be
taken into account.

Low muscle glycogen stores can result from both training and diet and has been
shown to limit endurance and contribute to fatigue (Abbiss & Laursen 2005). In
addition it has also been shown that glycogen stores affect immune function
(Nieman 1998), which is not at all taken into account by TSS, and can greatly
influence long term performance if the rider becomes sick.

A major limitation to the current TSS calculation is that it doesn’t differentiate
between power output achieved in the beginning or at the end of an exercise session
when the athlete is fatigued and hence will perceive the effort as harder (Presland et
al 2005). TSS also doesn’t take into account if a given power output is performed in a
session at the end of a short training block, perhaps designed induced to over-
reaching (Kellmann 2002). The athlete is then probably already fatigued and a given
power output could induce a higher training load.

As most cycling disciplines are outdoor activities environmental conditions such as
rain, cold or wind, may also contribute to the load independent of the power output.
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It could be argued that the TSS-concept should be expanded to include the option of
individualizing the score depending on individual responses to various types of
exercise of different duration, intensity and structure. It can for example not be
ignored that different individuals experience the same physiological strain in
different ways enabling them to endure different amounts of this type of training.

TSS is currently calculated relative to a riders FTP. Riders with widely different AWC
relative to FTP might theoretically be able to produce different TSS-scores from
intense anaerobic training, e.g. a rider with low FTP and high AWC will most likely
produce a different TSS-score than a rider with a high FTP and low AWC.

Recovery guidelines based on TSS:

- <150 TSS – recovery generally complete by next day
- 150-300 TSS – some residual fatigue may be present the next day, but gone

by 2nd day
- 300-450 TSS – some residual fatigue may be present even after two days
- >450 TSS – residual fatigue lasting several days is likely

A 1 hour maximal TT is the reference point of the TSS scale and gives 100 TSS.
Considering this, the above scale becomes rather strange as this would mean that a
~40km TT competition would be possible many days in a row.

In the review of Taha & Thomas (2003) it is discussed if the calculation of the load
from a training session could be based on the maximal power output. This is an
interesting concept, but may mostly apply to cyclists in the more sprint orientated
discipline, who spend more time training close to this intensity, whereas endurance
athletes generally spend very little training time at these intensities and focus their
training around their threshold (Seiler & Kjerland 2004).

Performance Manager Chart™ (PMC)

Predictions of the effect training has on an individual’s performance are guided by
on-going monitoring, experience and art (Taha & Thomas 2003). The optimal training
program is one that maximizes the athletes’ performance, especially at the right
time, and avoids pit falls as sickness, injury and over training. Best performance
occurs when fitness is maximized and fatigue is minimized (Wood et al 2005).

The most common approach for monitoring the relationship between training and
the resulting performance has been the impulse-response model first proposed by
Banister et al (1975), which uses training load as input to predict future
performance. Volume, intensity and frequency have to be taken into account when
estimating training load. Since then there have been numerous attempts using
variations of this model to monitor training and predict performance, which have
been more or less successful. Although there are many limitations, these models
have been rather stable over many types of sports and using different inputs of
training load, suggesting that the human body responds the same way to differing
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training loads (Taha & Thomas 2003). Although these models seem accurate at
predicting performance, the construct validity of the fitness and fatigue parameters
on which the models are based are not fully understood (Wood et al 2005).

The Performance Manager Chart™ (PMC) is by far the most utilized model in cycling
at the moment as it is included in the Training Peaks Software™. In simplified terms
the PMC models the relationship between chronic training load (CTL) and acute
training load (ATL) producing a relationship between them termed training stress
balance (TSB).

CTL is the quantification of how much the athlete has trained over a longer period. It
is an exponentially-weighted moving average of daily training load with a time
constant preset to 42 days (but can be individualized by the user). A high CTL is
needed to gain the highest possible fitness level and is seen as the positive effect of
training load. On the other hand, CTL can also influence long term fatigue in the
athlete (Kellmann 2002). ATL is the quantification of the athletes’ short term
training. ATL is an exponentially-weighted moving average of daily training load with
a time constant preset to 7 days (but can be individualized by the user). ATL will
mostly influence the current state of fatigue and is seen as the negative influence of
training load. The concept of long term training both having a positive and a negative
effect on performance was mostly developed by Busso et al (1994). Wood et al
(2005) conclude that both parameters are needed for accurate performance
modeling. However, a low training load is not always analogous to best recovery and
feelings of performance readiness (Martin 2004). The research trying to incorporate
the negative (fatigue) factor in the models can very well be distorted by the fact that
there is very conflicting results regarding monitoring fatigue in athletes (Kellmann
2002 and Halson & Jeukendrup 2004).

On the other hand, it has been shown rather extensively that fatigue decays faster
than fitness (Taha & Thomas 2003), which still makes monitoring the relationship
between fitness and fatigue useful. For example, when tapering it has been shown
that an exponential decay in training load is the superior strategy (Faria et al 2005a).
This brings us to the third metric in the PMC, the TSB, which is the relationship
between the CTL and ATL (TSB=CTL-ATL). TSB is seen as an indicator of how fully
adapted and “fresh” the athlete is likely to be. It is important to note that the time
constants for CTL and ATL do not seem to be overly sensitive as constant of 30-60 for
CTL and 2-19 for ATL have produced rather similar results in the literature (Taha &
Thomas 2003). But, considering the shorter time constant for ATL, the same amount
of error in TSS from a training session will have a larger effect on TSB than the same
error in CTL. In addition, the training sessions closest to the performance day will
have the largest impact on performance readiness. These sessions can affect both
performance enhancing factors such as blood volume, glycogen storage or growth
hormone secretion (Wilmore & Costill 2004) and various markers of fatigue (Halson
2002). The major problem for the fatigue component is that it is not only affected by
training, but other stressors in life. Wood et al (2005) had rather poor correlation
between their modeled fatigue and POMS scores, which is a good measure of global
fatigue.
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An important requirement for this method is a quantification of the training load as
input for the model. The PMC uses cycling power output data converted into a
training stress score (TSS)™ as input. Various measurements of training load has
been previously been used in research, such as TRIMPS (from HR), VO2 and distance,
but power output has so far not been researched. On the other hand, given the
stochastic nature of cycling training and competition and the quick response of
power output, it should be a better representation of training load compared to:

1. HR, which has a slow response time (Palmer et al 1999), is influenced by
external factors (temperature, previous training load, hormonal load) (Wingo
et al 2005) and can’t accurately quantify training above VO2max (Palmer et al
1999 and Vogt et al 2006) which is crucial in cycling

2. Blood lactate, which is impractical and its invasive nature is risky
3. VO2, which is impractical because of large equipment
4. Distance and speed, which is influenced by external factors (terrain, riding in

a bunch) (Palmer et al 1999)

Using TSS as input demands quite frequent evaluation of FTP as the calculation of
TSS uses FTP. Here the developers admit that small errors in FTP may “have
commensurate effects on CTL, ATL and TSB”. For high level cyclists with very small
variations in long term performance level this may not be a problem. For the
developing rider, however, this means that frequent FTP-testing is paramount for
the accuracy of the PMC. In this regard, a training load metric using HR-data as input
could be more useful since HR at a give relative intensity is more stable than power
output at the same relative intensity (Hagerman & Staron 1983).

To obtain a statistically valid fit of the model to actual data it is necessary to have
multiple and quantitative measurements of performance. In this regard a PM is an
invaluable tool, since it measures the actual performance of the cyclist on a day-to-
day basis. Looking at the pattern of training load (in this case CTL, ATL and TSB) and
relating this to performance is a very important component when using performance
modeling. An interesting concept is relating performance to percentage of personal
best instead of absolute values (Mujika et al 1996 and Wood et al 2005).

However, it is rather problematic to know which measurement of performance to
use since there are many performance characteristics that can influence the result in
cycling. Of course it could be argued that FTP is the best representation as it is the
best overall determinant of endurance cycling performance. However, FTP will only
determine the overall level of the endurance cyclist (regional, national or world
class) whereas other more short term/higher intensity characteristics are known to
decide which place in a competition the cyclist will achieve within that performance
level. Also, more sprint type cycling events (track sprint and BMX) may have other
characteristics that most determine the performance level.

Taha & Thomas (2003) report data that indicate that experience increase the
effectives of this type of modeling. It is however vital to constantly change the



71

variable (time constants in the PMC) as they change with training maturation until
they reach a stable level. Mujika (1996) report that in elite swimmers modeling could
only explain 45-85% of variation in performance. But also note that this poor result
probably is a product of the difficulty in obtaining good values for training load input.
So, modeling works best for elite athletes, but given the low CV of elite athletes it is
quite questionable if these models are sensitive enough to draw any conclusions
from until it is concluded that power output data is sufficiently valid and reliable.
Taha & Thomas (2003) end their review by concluding that future research on
performance modeling should focus on the underlying physiological structure to
incorporate into the models. This is certainly a pressing issue as it is reported in
Busso (2002) that the time to recover performance levels varies greatly depending
on if it is endurance or strength oriented.

At the moment these models doesn’t differentiate between if a given training load
comes from a long low intensity or short high intensity session and don’t take into
account the athletes ability to adapt to a higher training load. So, by reducing
training into a single value much vital information regarding training is lost (Taha &
Thomas 2003). This certainly is a very important limitation as specificity is a founding
principle in training (Bompa 1999).

For riders competing or at least training in more than one cycling discipline it might
be of value to be able to know how much training load is coming from each of these.

Utilizing training in other sports and training modalities, so called cross-training
(Carlsson 2001), is quite popular and used by cyclists in all cycling disciplines and of
all levels (Burney 2007, Friel 2000 and Ross 2005). Manual TSS input is of course
possible and it is suggested that TSS from similar workouts, HR-data or estimating
from PE be used. Although, exactly how the load from this training is then quantified
is still unclear and complicated (Millet et al 2002).

The concept of active recovery means that some sessions are used for recovery
rather than trying to create performance adaptations from overload (Kellmann 2002
and Kenttä & Svensson 2008). The PM-data from such a session would be considered
as a small addition in training load, when it actually is relieving fatigue. Faude et al
(2008) concluded that 1 hour of training below LT led to full recovery in four days
after a period of intensified training (leading to fatigue) whereas 3 hours of exercise
at the same power output worsened the fatigue. These authors did not use a control
group who rested completely, but this shows that low intensity training per se does
not have a recovering effect. They also speculated that the ability to recover is
trainable and/or a genetic talent differentiating amateur from professional riders
and that more research is needed regarding recovery processes. How input from
recovery type sessions should be included and interpreted in an impulse-response
model is therefore unclear at present.

In addition, it is also very unclear how the model takes long term adaptations from
years of training into account. It is for example known that endurance training
adaptations have very different time courses (Bangsbo & Michalsik 2004), which may
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affect how the body reacts to a given training load depending on where on this
adaptation continuum the athlete is (beginner or years of training).

The developers give guidelines regarding optimal CTL (e.g. 100-150TSS/day), increase
in CTL over time (e.g. not increase by >5-7 TSS/day/week for >4 weeks) and TSB (-10
to +10 being “neutral” and >+10 is likely accompanied by good performances), but
these must naturally be validated by scientific studies, which is presently lacking,
before any conclusions can be drawn. This is therefore an area for very interesting
research in the future.

One major limit to the PMC is its lack of ability to determine training specificity,
which is at least as important as training load to achieve optimal form. Tools such as
quadrant analysis, power distribution and normalized power can be useful to analyze
specificity. The PMC doesn’t take into account the intensity composition of training
at all. Seiler & Kjerland (2004) have reported two main training concepts or
traditions regarding the intensity of training, i.e. “lactate threshold training model”
and “polarized training model”.

Fig. 8. Graphical representations of the two training intensity traditions reported by Seiler /Kjerland
(2004)

Although it is unknown how different intensity distribution affects the training effect
(adaptation) for a given training load, it is debated and suggested that there might
be large variations (Seiler & Kjerland 2004). For example Shephard et al (2004) have
reported large variations in the increase in VO2max (0 to 41.5%) from the same
relative training stimulus.
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Managing training load and fatigue with the PMC

An important part of coaching is determining how fatigue presents itself in different
athletes and when fatigue is good, i.e. overreaching followed by recovery leading to
increase in performance, and when it is bad, i.e. leading to overtraining and long-
term fatigue (Faude 2008, Kellmann 2002 and Martin, D 2004). Unfortunately the
balance between training and overtraining is often a very delicate one and the
quantity of training stimuli leading to either performance enhancement or a chronic
fatigue state is presently unknown (Halson et al 2002). In addition to fatigue, the
very long duration of training sessions and high overall volume of training in cycling
compared to many other sports has led to overuse injuries unique to cycling and that
85% of cyclists has experienced injury (So et al 2005). Any method that can quantify
the individual riders’ tolerance for training load before the risk of injury is too high
should be of value.

Practically, fatigue is the inability to perform at previous levels, which is why PM’s
are so valuable since they measure the internal performance level. Using the PMC or
other measures of training load it can then be determined if the load has been too
high (over training leading to fatigue) or too low (under training leading to de-
training). If the load of training does not seem to be the problem, then it is time to
analyze the composition of training or other factors such as health, diet and non-
training stressors (Kellmann 2002). The problem with PM’s is that in elite/world class
cyclists they might not be sensitive enough to detect performance deteriorations
before it is too late and a massive recovery regimen is needed. This is highlighted by
Faude et al (2008) who did not see a significant decrease in power output in a 30
minute TT (HR and blood lactate was on the other hand significantly affected) after
an intensified period of training leading to hormonal and psychometric parameters
indicating over training.

As previously stated, one important aspect of managing training fatigue is the
question of “if fatigue always is negative for long term performance and need to be
avoided”? Athletes may have to train themselves into a state of fatigue to achieve
the very adaptations necessary for top performance. Over-reaching or “crash
training” is advanced training techniques employed by elite cyclists that might
induce increased performance enhancement (Friel 1999). It is based on the concept
of overloading and overcompensation (Bompa 1999 and Faude et al 2008), where a
large acute increase in training load will lead to even larger adaptation termed
“supercompensation”.

Following a rigorous training period the outcome can only be the following (Martin,
D 2004):

1. Athlete feels good and performance is good/improved
2. Athlete feels good but performance is poor
3. Athletes feels fatigued and performance is poor
4. Athlete feels fatigued but performance is good/improved
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Halson et al (2004) notes that not all athletes respond negatively to a large increase
in training load. The fourth situation is not uncommon and can be termed perceptual
fatigue (Martin 2004), which can be very persuasive and influence even the most
experienced athletes. This early fatigue is characterized by an increased perception
of effort for given power output, but no deterioration of the ability to achieve a
given power output. Here a PM can be a very powerful tool to show that the
performance level is normal despite the perceived fatigue.

It is also common that elite athletes often have problems in performing well after
resting or light training and need a previous day of rigorous exercise to perform at
their best (data from Australian Institute of Sports cycling program in Martin, D
2004). In addition it has been shown that important training adaptations such as
plasma volume expansion can significantly be induced after just 6 hours following
exercise (Laursen et al 2003). This has led to athletes often performing priming or
“leg opener” sessions the day before an important race. Using a PM can increase the
chance of finding the optimal regimen before important races.

A paradox in managing negative fatigue (overtraining) is that it often is the athlete
that feels and performs the best that is most susceptible to become fatigued, as they
will be more prone to push themselves too hard (Martin, D 2004). It is therefore
important for the coach to be extra tentative when the athlete seems to be in “top
form”. Here the PMC could be valuable tool since it is possible to graphically view the
pattern of CTL, ATL and TSB over an entire season coupled with racing results and/or
actual performance data from a PM.

It is quite clear that the PMC could prove a valuable tool for managing the macro
scale aspects of training. For example, peaking multiple times during a training
season is rather complicated (Bompa 1999) and good planning tools can improve this
process. However, there are many other aspects than training load that need to be
taken into consideration. Some limitations are acknowledged by the developers of
the PMC, but they also state that “the body responds to training like a swiss watch”
and you only need to learn how to use the PMC in the right way to tune that watch.
A plethora of factors can influence the momentary performance of a cyclist, such as
financial burdens, mass media, competitions, training camps and world-wide travel
(Faude et al 2008). It is also not always know in advance which performance
characteristics will determine the outcome of a cycling competition. Is it then worth
investing time and effort on this type of performance modeling? Supporting this
notion, Palmer (2008) concludes that although long-term monitoring can give insight
into the cause and effect of training, the dose:response relationship remains unclear.

An alternative, to relying on modeling of training load through dose:response
relationships, is to directly measure its effect, performance itself, through frequent
performance testing. This makes sense as the only “true” indicator of overtraining is
a deterioration of performance. When regularly training and competing with a PM,
there is a continuous monitoring process of the riders’ performance level. Both the
coach and athlete develop a sense of what is normal and will rather quickly discover
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when performance start and improve or decline, and make quick decisions base on
it.

“Training is testing and testing is training” is a now famous quote made by Andrew
Coggan on the GGW-forum.

How large, negative changes in performance need to be, and for how long, before
actions need to be taken, is still a bit unclear, but some data exist. For example,
Halson et al (2002) has studied the time-course of performance changes in cyclists
during two weeks of intensified training (IT) with repeated performance tests in the
laboratory together with psychometric and biochemical markers. Their subjects TT-
efforts declined from 261.7W before IT to 239.5 to 247.9W during and immediately
after IT which then recovered to 265.1W after 1 week of recovery. This is a decline in
performance of approximately 7-8% and the time course of the performance
changes in their study showed similar patterns where the decrease in performance
level was the largest during the first 7 days of IT and then leveled off but still
continued to decline. The large decrease in performance during the first week was
attributed to acute fatigue from the initial training sessions and it is likely that the
much smaller but continued decrease in performance is the effect of chronic fatigue.
They also concluded that the longer the performance duration the larger the decline
in performance from over-reaching.

The need for a system that monitors and quantifies the training process to avoid
overtraining is rather obvious. Kenttä & Hassmén (1998) has suggested the following
areas that need to be addressed for better understanding of overtraining:

- Tests and criteria to place an athlete on the overtraining continuum prohibit
accurate diagnosis.

- An easily managed method of monitoring the training process, preferably
matched with a method for monitoring recovery.

- Integrate reliable markers of overtraining into the monitoring process.

PM’s could certainly meet some of the demands above, but more research and
practical experience in needed.

Murphy (2005) states that absolute values or point of reference to determine
overtraining can’t exist as it is an individualized response. In Kellmann (2002) it is
proposed that a complete monitoring system should include both objective, e.g. TSS,
PMC and performance testsing, and subjective, e.g. perceived load and fatigue using
POMS or scales such as CR100, measures of training load. A future system might be
able to correlate these variables to each other to fine tune the individual response to
volume, intensity, frequency and perhaps mode of exercise.

Power-to-heart rate decoupling

A concept proposed by the coach Joe Friel, “power-to-heart rate decoupling” is a
method of analyzing aerobic endurance level by looking at the relationship of power
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output and heart rate during long lasting efforts (>~1h) to see how much they
diverge (decouple) relative to each other over an effort. Friels hypothesis is that “as
aerobic endurance improves there is reduced heart rate drift relative to constant
power output” (www.trainingbible.com).

A 2-4 hour effort at the intensity around Aerobic Threshold (AeT) (the description of
AeT indicates it is interchangeable with LT in this review) is divided into two halves.
The NP is divided by average HR for each half to establish two ratios. These ratios are
then compared by subtracting the first ratio from the second, then dividing the
remainder by the first ratio and lastly multiplying by 100. This gives a power-to-heart
rate ratio percentage of change from the first to the second half of the aerobic
threshold ride. The report states that less than 5% decoupling indicates that an
athlete is aerobically fit and is ready to move on to a period of more high intensity
training. It is, however, acknowledged that external factors as hydration, heat and
altitude can affect the decoupling rate.

As HR at a given VO2 is independent of cadence (Chavarren & Calbet 1999), this
would support the use or HR as a substitute for VO2 during exercise.

The deflection point, i.e. is when there is coupling between HP and power for the
first part of the session, but at some point decoupling begins to occur. This could be
correlated to various physiological mechanisms such as dehydration, hyperthermia
(Coyle 1999), hormone levels, VO2 drift, increase in muscle fiber recruitment,
substrate utilization (Cheatham et al 2000), levels of glycogen stores (Currell et al
2006), neuromuscular fatigue and slow component of VO2 (Bessot et al 2008) and a
reduction in VO2max (Wingo et al 2005).

Bessot et al (2008) also speculate that cadence could influence the magnitude of this
time-dependant change in efficiency, termed the slow component of VO2, while
others report this phenomenon to be cadence-independent (Foss & Hallén 2005).
The slow component has mostly been related to exercise above AT (Bessot et al
2008), which would mean that exercise at AeT, would be too low intensity to elicit a
“slow component”-response. Foss & Hallén (2005) report the slow component to be
only mildly affected by fitness level as amateur cyclists had an upward regulation of
200ml VO2 during 20 minutes of exercise at 80% of VO2max and professional cyclists
had 130ml, but at a lower relative intensity. This would contradict the use of cardiac
drift as an indicator of aerobic fitness level, but does not down play the negative
impact that the slow component can have on performance.

Conclusions

It is at present very doubtful if the quantification of training load (TSS) based on the
current model of power output is sensitive enough to base decisions regarding
training on. The vast number of stressors, fatigue and responses to exercise makes it
very difficult to create a simple, valid and reliable system. Although TSS is most likely
the best system available for cyclists today, it may still be too blunt to rely on when
trying to reach the highest equilibrium of training load and recovery, especially for
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elite level athletes. Further research into how to individualize and adjust the TSS
calculations for each athlete is desirable. Until more is understood the subjective
perception of fatigue may be the best method for fine tuning training load.

The notion to link cardiovascular drift to training status is once again appealing and
has some theoretical value, but is presently not well understood and should thus not
yet be recommended.
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11. Power meters in the inter-personal
communication between coach and rider

Communication and interaction between coach and athlete is a major part of the
coaching process. The coaching process has been conceptualized, modeled and
schematically displayed by Lyle (2002). This model provides a good starting point
when analyzing the integration of PM’s into the coaching process of a cycling coach
and most of the text below is derived from this model unless otherwise referenced.
As there is currently no scientific studies who has explicitly investigated how PM’s
can be used in inter-personal coaching relationships the following text is speculative
in nature.

Role and style of the coach

The coaching process is the agreement between rider and coach and the
operationalisation consists of the purposeful, direct and indirect, formal and
informal series of activities and interventions designed to improve competitions
performance. The coaching practice refers to the full range of behaviours, activities,
interactions, processes, individuals and organizational functions that result from the
operationalisation of the coaching role and coaching process.

There are several types of coaching roles: the sports teacher, the participation sport
coach, the performance sport coach and representative team/group coach.

- Sports teachers could have use for PM’s as they could provide a fun way of
teaching basic exercise physiology and give a deeper understanding of the
sport of cycling. However, most schools can’t afford PM’s and the
complicated nature of PM’s might outweigh any benefit. Coaches at
educational sports programs are categorized as performance coaches.
Therefore sports teachers will not be discussed further in this text.

- Participation coaches care for athletes that are irregularly involved in the
sport and rarely compete. As the name hints they emphasize participation
and recreation over practice and improvement. The coach is often loosely
tied to the athlete and will work with short term goals and limited planning.
Coaching style is often more important than sport specific competence.

- Performance coaches usually care for elite athletes regularly competing. Their
relationship is more formal and stable which enables full or partial utilization
of the coaching process working with long term goals and extensive planning,
interaction and management.

- Representative coaches usually care for national or regional teams, mostly
with athletes on the highest level. The coaching process is normally not fully
utilized and the coach is often second hand to the riders’ “normal” coach.
Goals and preparations are frequently targeted towards certain specified
events, e.g. World- or Olympic Championships.
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Of course a single coach can operate under more than one of these forms of
coaching at the same time depending on situation and amount of riders coached. In
cycling the most common coaching roles are the personal coach, sports director, and
national-team coach.

The personal coach can be involved in almost all aspects of the coaching process and
is the role most characterized as a performance coach. All applications of PM will be
used by this coach, e.g. testing, training- and racing analysis, setting training zones,
planning training sessions and managing training load.

The sports director is mostly seen in road cycling (as it is the cycling discipline most
described as a team sport) and is the person responsible for the performance of the
whole team and is normally in the team car behind the peloton or by the course in
circuit racing. It is thus mostly the PM-applications relevant to the racing situation
that is useful, e.g. team selection from test-, training- or racing data, telemetry of
power output as information base to guide pacing or team tactics or recognizance
trips of future racing courses.

The national team coach will have different degrees of coaching depth depending on
cycling discipline and the level (very much determined by economical and resource
factors) of the national team program. The national team coach can be the only
coach the rider has and can have the resources to take advantage of all the
applications of PM’s, but can also be a person the riders see one time per year at a
Championship race where their use of a PM is almost none.

In cycling it is not uncommon for the rider to be “self-coached”, i.e. personally
responsible for a large part of the coaching process (Callan 2010). Although there is
no scientific data to support this notion I would argue that the majority of all cyclists,
both performance and participation, are self-coached when it comes to training and
preparations. In road cycling, at least at the elite level, a sports director is normally
present during competition, but may not be involved otherwise.

Of these it is the performance coach and representative coach that would have the
most possible positive applications of a PM and are implied if not otherwise stated in
the text.

The participation coach can have use for PM’s and the knowledge regarding their
applications if the athlete feels that the technical and analyzing side of cycling is the
most enjoyable. Also, “episodic” session using a PM, perhaps a performance test
may provide motivation for the participant athlete. Further, the participation coach
can use a PM to create a “competitive stimulus” without actual competition, having
riders’ compete against themselves trying to achieve better results in various tests.

Performance coaching can be viewed as the epitome of sport coaching as it requires
the “fullest” application of the coaching process.

- There is an intense commitment to a preparations program
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- Obvious attempt to influence and control performance
- Individual components are identified in the program
- Specific long-term and short-term goals
- Intervention of the coach is integrated in a progressive process
- Riders operate within a recognized competition structure
- More emphasis is placed on management and decision making skills, e.g.

recording, monitoring, planning and analysis
- Extensive interpersonal contact between coach and rider

Independent of which role the coach may have it is possible to execute coaching in
various styles. According to the Situational Leadership Theory (Brown 2000) a leader
(i.e. coach) need to adapt style according to the “readiness” of the followers (i.e.
riders’) for the task at hand. This readiness is conceived as the combination of riders’
ability, willingness and confidence for the task. Applied to the use of PM’s and their
applications in the coach-rider relationship it means that methods and their
magnitude and breadth should change over time as the rider (and coach for that
matter) develops. When the rider is first introduced to PM’s a high degree of control
and task orientation should be executed by the coach and conversely as the rider
develops experience with PM the coach can loosen the control enabling the rider
more freedom to experiment and relate the PM-data to personal experiences.

In addition, different coaching styles more innate to the coaches’ personality may
lead to different degrees of use with PM’s. Authoritarian, intense and business-like
coaching styles may lend themselves more to PM-utilization than easy-going or nice-
guy styles.

The structure and parts of the coaching process

“The coaching process is a cyclical series of activities centered on a dynamic set of
performance goals. The process is serial and continuous. A variable pattern of coach
interventions, athlete activity and organizational activity is devised to respond to a
set of external constraints and personal performance goals, which are time
dependant. A flexible model of expectations, based on current status and identified
performance targets, is generated and used to regulate the process. Constant
feedback loops and a series of threshold decision points regulate the model.”

The model of the coaching process is made up the following “building blocks”, which
have different degree of meaning and application for PM’s.

1. The information platform is the fuel required to feed the platform. Planning,
decision making, regulating, monitoring and evaluating in a systematic and
logical fashion depends on the availability of valid and reliable information.
An enormous amount of information can be generated about an athlete,
especially today with all new technological features and devices, which PM’s
certainly is an excellent example of.

Power output data is arguably the most valid and reliable performance data
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that can be gathered from a cyclist and should therefore be highly prioritized.
PM-data can give information on performance level, training load, specific
execution of the training program, demand of competition and tactical and
pacing strategies. It is paramount for the coach to differentiate and prioritize
this information in a way that the right amount of the most useful and
accurate data is gathered and utilized.

2. Coaching expertise is the knowledge and skills of the coach in implementing
the coaching process, which will likely be shaped by the capacities, values and
personal characteristics of the coach. This expertise can be sub-divided into:

- Sport specific, i.e. technique, tactics, performance requirements.
- Established principles of training, i.e. training theory, coping strategies,
planning, injury prevention, learning and teaching strategies.
- Sub-disciplines, i.e. sports psychology, exercise physiology and
biomechanics.

In addition to the above mentioned types of expertise it can also be
categorized into:

- Declarative (knowledge about), i.e. the coach need to be familiar with
different types of PM’s, software, PM-specific metrics, methods of retrieving
data from PM’s.
- Procedural (knowledge how to), i.e. know how to operate a PM, use all
functions of an analysis tool, interpret data correctly.
- Propositional (what will happen if), i.e. draw conclusions and make
predictions of the future utilizing PM-data.

As a rider it is paramount that one trusts the coach and feels confident about
the coaches’ expertise, especially when it comes to the advanced equipment
and methods that PM’s provide.

3. Performer capabilities, both current and potential, which determine both
performance goals and achievement. This is, however, very difficult to make
judgments about. Genetic factors may set the limits for performance, but it is
the coaching process that determines how close to those limits that a rider
will reach. Using PM-data from training, racing and tests, e.g. Power Profile,
ratios between different MMP-durations, comparing power from training to
that in competition and maximal tolerable training load and help shed light
into this complicated matter and refine the process. This information should
be used to individualize training and other preparations.

4. Analysis of performance is essential for almost all stages of the coaching
process, from goal setting, predictions and monitoring progression to training
program design, planning and tactics/strategy. Any sport is made up of:

- Primary components, e.g. technical, physical, tactical, psychological and
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event-related.
- Secondary components, e.g. equipment, environment, medical conditions
and social interactions.

Attributing success or failure in terms of internal controllable factors that are
believed possible to affect, e.g. power output or pacing strategy, can sustain
further efforts to improve rather than give up, compared to external
uncontrollable factors, e.g. weather, competitors performance (Hassmén et
al 2003 and Kitsantas & Zimmerman 2006). Training and preparations should
focus improve internal controllable factors and learning to cope with external
uncontrollable factors. In this regard, a PM could be very useful as it can
provide evidence that the internal factors of a performance was “up to par”
but other things affected a result negatively.

PM’s themselves are secondary components, but the data they give is
primary components. The focus when using a PM should therefore not be on
the PM itself, but on the practical applications and data and how this can be
used to affect internal controllable factors, e.g. improving a specific power
range, drawing conclusions regarding tactics, avoiding overtraining.
Unfortunately a PM can give arise to disturbance if it is not used properly
leading to invalid and unreliable data, induces stress due to the massive
amount of data or malfunctions during a race or training session.

5. Operationalisation involves the behavior and practice of the coach and rider
and the translation of planning and intentions into preparation and
competition. This can be divided into:

- Practice management, i.e. planning and executing training and other
preparations. This can, for example, be using power based training zones,
designing interval sessions based on previous competition or testing data or
planning the overall training load for a pre-season training camp based on
experiences from other camps.
- Competitions management, i.e. selections and direction. Talent
identification and/or strengths and weaknesses of a rider determine which
type of races might suit him or her best, but also which competitions to use
as training/preparation. Also, a PM can assist the coach regarding tactics and
pacing during competitions, e.g. pacing strategy or maximizing a teams’
collective potential.
- Program management, i.e. administration, organization and finance. As
PM’s are quite expensive they always compete with other expenses and the
coach must be able to prioritize. Deciding if a rider should purchase a PM, go
on a training camp or visit a physiotherapist may not always be an easy
decision.

The balance of these management duties varies greatly between different
coaching roles and thus affects which PM-applications can be utilized.
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6. Systematic development is the rational approach and purposeful integration
of the contributing performance variables in identified goals and the
progression towards these goals. It is based on science and is intended to be
a stable, predictable and manageable process.

This is the building block that may have the largest variations between
coaches and coaching situations, both due to coach and rider characteristics,
values and preferences. How systematic a coach process should be and which
components should be included is very personal and may vary depending on
situation. It is however rather clear that the monitoring of this development
will be more accurate with the use of a PM.

7. Planning involves a predetermination of training and preparations which are
intended to capture the sequencing, level and nature of the activities thought
to lead to the realization of the riders’ goals. The output from planning also
provides a regulation and evaluation mechanism.

Before planning of future training and preparation to reach goals, it is
necessary to evaluate the past and present. Here a PM is invaluable when
determining performance goals through performance testing and analyzing
the expected demands of target competitions.

Planning is often structured around the competitions program of the rider.
The optimal structure and organization of the training is still very debatable
and individual. However, PM-applications, such as intensity zones for
planning training sessions and PM-data for planning training load, will
enhance any training program.

Planning regular regulation and evaluation of the training process is
paramount for keeping on track towards the set goals. Inserting testing at the
appropriate times and continuously monitoring training load and the
execution of individual training sessions is very much made more accurate
and simplified by PM’s and the tools they come with.

8. Goal setting is a planning exercise and necessary to give direction and
purpose to the coaching process. It is the goals and the preparation and
performance that is needed to reach them that drive the planning process.

There basically three types of goals:

- Outcome goals related to competition results and other public measures of
success, e.g. top 10 in nationals or make the first echelon in a big race with
cross-winds.
- Output (performance) goals which are absolute measures of the needed
performance components, e.g. increase FTP with 5% from 5W/kg to
5,25W/kg or increase Pmax from inertial load test with 200W at end of 5 hours
training rides. This knowledge of performance was not readily available to
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cyclists (perhaps with the exception of track cycling) before the introduction
of PM’s.
- Process goals which are related to various activities that have the ability to
affect outcome and performance goals, e.g. perform a testing session every
month, analyze PM-data after predetermined competitions or never exceed a
certain power output during “recovery rides”.

Motivation to reach power output performance goals is high as they are
valid, reliable, objective and “performance itself”. In addition, with power
output goal achievement is very clear.

9. Regulation procedures is a continuous process of achieving the best fit
between planning and goals setting, the current and projected status of the
rider and evolving circumstances.

A critical part of regulation is to identify and quantify the thresholds, catalysts
and decision-filters that constitute the decision-making criteria by which the
coach control the process.

Power output is the single most valid and reliable form of feedback available
to the cycling coach to regulate the training process. This data can give
information to the coach regarding progression rate through training-, racing
and testing data. When improvements are made it gives both coach and rider
a sense of causal control, self-satisfaction and self-efficacy beliefs, which are
three key sources of motivation (Kitsantas & Zimmerman 2006).

A negative trend in performance can be evaluated depending on if it was
expected from a planned period of heavy training (overreaching) or if there is
a need for interventions aimed at preventing overtraining. Presently there
are rather scares scientific data to recommend threshold values for example
regarding the magnitude and duration of decreased performance before it
should evoke a reaction. The coach has to make own decisions about which
threshold values to use based on experience and discussions with the riders,
but a analysis method such as the PMC could certainly aid such a process.

10. Monitoring procedures is the activities gathering the data that will be used in
the regulation process. This is very much the core of the role of the PM in the
coaching process in cycling. An important part of this process is that the data
is gathered and stored in an organized and retrievable fashion. This is
certainly one of the largest challenges for any user of a PM as it gathers so
much data.

With power output every training session or race is an evaluation of the
riders’ performance level, even when it is not maximal testing the rider
usually has a feeling (PE) that can be related to power output and previous
experiences. This is supported by studies into prediction of exhaustion and
VO2max from PE at sub-maximal levels (Eston et al 2005 and Faulkner &
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Eston 2007).

With the right tools it is possible to graphically portray the dynamics and
direction of changes in performance in a continuous, simple and straight
forward manner. Research has shown that spontaneous and subjective
monitoring of performance is often inaccurate, but objective monitoring with
visual graphing can significantly facilitate the quality of evaluation (Kitsantas
& Zimmerman 2006). These authors have shown that students who graph
their results were more likely to attribute performance insufficiency to
controllable factors whereas students who did not graph were more likely to
attribute it to ability. They also found that students setting absolute
standards were less likely to be aware of improvements than those setting
relative standards based on previous performance. In addition, the students
had higher feelings of self-satisfaction and self-efficacy beliefs about
performing. Unfortunately the students didn’t spontaneously adopt this
strategy. In this regard, it may be wise for coaches to persuade rider to
always train with a PM and make sure that no data is lost. Also, stress the
importance of relating performance to oneself, for example by displaying
testing results as percentages of personal bests and relative to body weight
or CdA.

There are currently various software available to assist in this, e.g. Cycling
Peaks WKO+ and SRMWin. Such software should be able to organize the data
in the most logical way for the user, provide metrics for various parameters,
display data in various ways and assist in planning, evaluation and
predictions.

As performance testing can be such a valuable tool in the coaching process it
is surprising that none of the current software have more functions for
performing tests and analyzing and storing test data.

11. Preparation and training program is all the practical activities outside of
actual competition. Training is all the rehearsing, practicing and improving of
performance components in a setting where the workload can be controlled.
Preparation includes all other non-training activities such as recovery, testing,
tactical discussions and mental preparation.

During training the rider need to be accustomed with using a PM so data is
gathered in the most reliable way and the practical handling of the PM is not
interfering with the quality of training. It is the responsibility of the coach to
make sure that rider is used to and competent to use the PM properly.

12. Competition program is an assumed part of sports coaching although it may
not be included in participation sports. For performance sport this is often
the foundation which all other planning is structured around.

Cycling is generally a sport where there is a rather large degree of freedom in
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selecting and scheduling competitions, although some competitions may be
more or less predetermined. Racing is therefore often used as an integral
part of the preparations to reach top form at a certain time, as racing is the
most competition specific type of training. However, the nature and load of a
cycling race, especially on the road, may vary considerably depending on
tactical and environmental conditions. This may make it necessary to adjust
the racing program depending on the outcome of the previous competitions.
In this regard PM-data can be used to make the correct decisions based on
quantified training load and which performance characteristics have been
addressed in these races.

Participation coaches can use a PM to motivate riders by letting them to
compete with themselves, e.g. try to set a new personal best power output
for a given duration.

13. Individualization means adapting the coaching process to the individual
needs of a rider and is one of the basic principles in the operationalisation of
the coaching process. Although the coach usually employs general training
principles and “recipe”-type planning and delivery the coaching process will
operate more effectively when individualized, both to the rider and coach.

Not all applications of PM’s suit all rider, coaches, situations and coaching
processes. It is very important that the coach and riders choose the most
appropriate applications for their needs. Using more PM-applications than
necessary will only take time away from more important issues, e.g. recovery,
other specific training and preparation.

14. Personal and social meaning is an important core in the coaching process
which sometimes is lost and masked by other processes. The coaching
process takes place in an interpersonal and social space where values,
idiosyncrasies and personal qualities are reflected in behavior and are
exacerbated by success and failure. The riders’ mental state forms part of the
performance capacity and it is linked to emotional response.

Coaching is essentially an interpersonal activity and anything that affects
negatively or diverts attention away from getting the most out of the coach-
rider relationship can potentially harm the development of the rider.

Using a PM, analyzing PM-data and trying to draw conclusions from this can
certainly take focus away from other crucial aspects of cycling, e.g. riding
skills, group dynamics, recuperation, optimizing the social environment which
the rider operates in on a everyday basis and utilizing other performance
enhancing equipment/techniques. Also, using PM-data in certain ways can
have a negative influence on the rider, e.g. conducting performance tests
when the rider is overreached and thus performing poorly and using this data
to point out that no development has occurred, not selecting the rider for
races based on these data or that a certain race is not suited for this rider.
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The model proposed by Lyle has six phases, made up of the building blocks described
above, which are connected through feedback-loops and threshold decisions making
short-cuts in the scheme.

1. Initiation phase is when the coach-rider relationship begins as takes form. At
this stage the coach needs to make a situational review, collect performance
history, find initial expectations and set the boundaries of the coaching
contract/agreement.

In the situational analysis it is, among other things, determined what
resources are available, i.e. if there already is a PM present or if it has to be
determined if one is needed. If the rider will start to use a PM it is very
important that the coach educates the rider in how to use it properly.
Otherwise it can cause stress for the rider and render unreliable data that can
mislead the coach.

Collecting performance history is certainly made much easier and informative
if there is valid, reliable and well-organized PM-data to access. Data from
previous training, racing and testing is used to assess strengths and
weaknesses of the rider and can be compared to standards related to goals. If
no data is available or the data may not be fully trusted for some reason it is
wise to quickly make such data available through a battery of appropriate
tests or a period of high quality training- and racing data.

2. Goal setting phase is the first step after the coach-rider relationship has been
defined. The coach needs to know the final outcome of the training process
to determine the direction and magnitude of the effort to get there.

Setting short-, medium- and long term goals or at least goals with different
time frames is a common practice. The goals with the shortest time frame are
usually related to training in the nearest future, e.g. learn how to pace well
using the PM during intervals or perform a battery of tests before next
training period. Goals over longer time frames are usually related to a target
race or a desired performance level, e.g. produce over 1500W in sprints next
year or climb 10min at 4W/kg.

Using knowledge of what magnitudes of change could realistically be
expected in the time frame given (from present to the date of target
competition) it is possible for the coach to set performance goals. These must
of course be related to the demands of the target competition, but can be set
towards the upper end of what is realistic (or perceived as realistic by the
rider) as this has been shown to motivate athletes. Preferably there is PM-
data available for the event, either from this athlete or from riders’ who have
been successful in that event.
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3. Strategic planning phase is where all general structures and details of the
training plan are described. It is normal that this is set over one or more years
and is structured around the competition program and the skills and abilities
that need to be improved in this period.

Dividing the training plan into macro-, meso- and microcycles or Main
Adaptations Cycles are common planning practices. These should be
designed to improve the rider in a progressive way by varying methods,
volume and intensity of training to improve the abilities of the rider in a
sequence where the adaptations from one cycle lay the foundation for the
next (Bompa 1999 and www.verkoshansky.com).

Intensity is a key component in designing training sessions to affect different
abilities. As power output is arguably the most valid and reliable
measurement of intensity (Allen & Coggan 2006, Gardner et al 2004 and Vogt
et al 2006) it should be a great advantage when planning training sessions.

When planning an appropriate progression for training load during the
different cycles using metrics of training load, a power output metric such as
Training Stress Score (TSS) can be very useful.

In the training plan the coach should have inserted decision points regarding
the riders’ status and readiness. Planning tests targeting the abilities that
were meant to improve during the cycle is important for the monitoring and
regulation process.

4. Regulation phase is the ongoing process from when the coach-rider
relationship starts that deals with continuously making decisions based on
the information retrieved from monitoring.

As stated, this regulation, and the decisions made in it, is mostly governed by
thresholds. Feedback about these thresholds is given based on the
competitive schedule- and results, performance goals and the riders’
response.

PM-data from training, racing and tests are continuously analyzed. The
results have to meet threshold values at certain points for the training to
commence as planned. The results from planned tests are used to know if the
rider is progressing as planned and is ready for the next training cycle.
Different tests target different abilities, which mean that some tests are only
inserted into the program in certain cycles whereas others might be used
year round. For example, if training zones are based on FTP, frequent FTP-
testing is needed to keep the zones up-to-date. In the same way if TSS is used
as metric for training load frequent FTP-testing is needed as it is an integral
part of the TSS calculation.

Also if other critical threshold value is exceeded for certain duration it might
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evoke a response in terms of an unexpected change in the training process.
This can for example be a predetermined decrease in power output for given
amount of time in conjunction with a high training load will force a recovery
period. A plateau in critical performance abilities, e.g. MMP5min or Wingate-
test, for a given amount of time might indicate that further training will not
lead to substantial increase in performance. If this plateau occurs ahead of
schedule in the training plan a move to the next cycle might be warranted.

Using performance data, in a more long term perspective (over several
seasons), it should be possible to make decisions regarding when there has
been a plateau in physiological performance (supply) and there may be more
to gain by increasing focus and resources on decreasing the resistive forces
(demand) that act on the rider (Olds 2001).

The coach should regularly analyze the PM-data from training to make sure
that the training is executed in the intended manner. There are always small
discrepancies between the way the coach intended the training to be
performed and the way the athlete does it due to interpretations and
practical issues. How large these discrepancies are allowed to be before the
coach should intervene is another threshold value.

5. Preparation phase is the most pragmatic phase where all the practical
training and preparation occurs that prepares the rider for future goals and
competitions. Competitions can occur in this phase as part of training and
preparations, but will be discussed separate. With possibly the exception of
professional road racing, which can include >100 days of competition during a
8-9 month period over a year, this phase is the most comprehensive between
it and the competition phase.

The PM is here used in guiding, monitoring and giving immediate feedback
regarding the training and preparations.

During a training session the PM is used to make sure that the all the
parameters related to training that a PM measures, e.g. power, cadence, HR,
duration, training load, are executed in the predetermined manner so the
intended adaptations can occur.

The immediate objective feedback offered, together with the overall
response of the rider (PE) can be used to make instant decisions such as
adjustments in intensity or duration, e.g. if the rider is having a good day it
may be possible to push a bit harder than planned or conversely disrupt the
session pre-maturely if the rider is showing signs of unwanted fatigue. This
kind of contingency planning can be done through threshold values
communicated to the rider that is used when the coach is not present, e.g. if
a target power can’t be reached in two consecutive intervals the training
session is disrupted and an alternative session (most likely a less intense)
takes place.
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How many of the potential applications of a PM that is used may change
depending on the spatial placing in preparation period. The earliest part of
this period often includes cross-training and, especially for elite riders, a
“mental break” from all stress of the rigorous training and preparations
during the racing season.

It is also in this phase that the majority of recording occurs, which is normally
done by the rider self as the PM is mounted on the bike and solitary training
is more widespread than for example team sports. It is therefore of utter
importance that the coach makes sure that a simple but effective system of
recording and communication of data is in place. There are currently
software and on-line applications for this, but a personally tailored system
may offer additional advantages. The rider must be well adjusted and
comfortable with the procedure so it doesn’t interfere and causes more
negative than positive impact on performance. The magnitude and breadth
of the recordings must be individually prescribed.

6. Competition phase is specific to the competition situation. It can thus be both
a training cycle where the focus is on competitions and competitions during
any other phase. The coach can use a PM before, during and after a
competition or competition period.

Before competitions power output makes any rehearsal strategy more
explicit, specific and gives it meaning. Tactical strategy can be given an
absolute value e.g. avoid having a NP below power at Fatmax first half of the
race or keep power below FTP first 5min of a TT. The PM should be included
in any formal or informal pre-race checklist, e.g. battery capacity, calibration
process and memory availability.

If there is the need for a team selection the coach can use PM-data to
facilitate the decision process (Olds 2001). Looking at power profiles of
different riders give information on which may be best suited for a certain
race or course. Viewing trends in performance and/or through performance
predictions, e.g. PMC, can give the coach a better understanding on the
performance readiness for different riders. However, if these strategies are
employed it is crucial that those making the selection have extensive
knowledge of which parameters and performance characteristics that are
important to monitor and value.

Staying informed on matters that impact tactics is utterly important. This is
why technical aids such as cycling computers have become so popular and
why time gaps are given (Prehn 2004). During competitions new technology
has made communication of PM-data between the rider and coach very
simple, e.g. radio communication and telemetry (www.srm.de). At the
moment this communication is limited to the data already available to the
rider, but could in the future include advanced real-time analysis that might
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need greater computer capacity than what is possible in a mobile CPU on the
bike. The coach could then inform the rider about things otherwise known
and analyze this without the stress and exertion of racing a bike.

As described above (“Pacing strategy and racing tactics”) it is possible to
calculate the success or the optimal strategy of catching breakaways (Olds
1998). A coach and sports director can apply these predictive models during a
competition and control the efforts of the riders in a team or to motivate
them.

Communicating PM-data between the rider and coach during competition
can facilitate decision making both for the rider as an individual and for a
whole team. If the coach has knowledge about the performance capacity of a
rider and how to interpret different kinds of PM-data, it is easier to be of
assistance to the rider. The rider is in the “heat of battle” and maybe
experiencing great fatigue, which are not favorable conditions for decision
making. The coach on the other hand is more likely in a better state, although
also often under pressure.

During a competitions cycle it is often paramount to fine tune training, e.g.
load, specificity and methods, to bring the rider to the most important races
in absolute best condition, which is a delicate balance. With PM-data
available and the knowledge how to interpret it and turn it into adjustments
in training and preparations increases the chances of succeeding. The
problem is on the other hand that this data has to be reliable and once again
be magnitude of data can be confusing and frustrating. It is therefore very
important to limit data used to the most relevant for the specific situation
and rider. An example is performing a test in this period, this may give
valuable information and serve as a motivator for some riders while only
increase stress in an already stressful period for other riders.

After competitions PM-data can be a powerful tool for the coach to analyze
factors contributing to success or failure, fine tune training and preparations
depending on the demands of the competition, help the athlete cope with
the result and attributing to the factors most beneficial to the rider.

The model described above has a rather complicated profile, but should be viewed
as a guide and general structure. As a coach the implementation and execution of
these building blocks and phases is an ongoing learning process and a measure of the
degree of coaches’ expertise. A coach who has refined this process without the use
of a PM might need to change parts of the individual coaching process and/or
learning new components.

The coach and the rider should evaluate the process regularly in order to determine
if it is effective. The following coaching features should emerge:
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1. Routinize regular practice when possible, e.g. use the same intensity zones,
describe training sessions in same way, communicate PM-data at
predetermined intervals.

2. Adopt option-reducing strategies for decision making, e.g. utilize the most
relevant markers and/or performance characteristics for the given cycling
discipline and base decisions on them. Good knowledge of the demands of
competition and the traits, performance profile and readiness of the rider
reduces the options of the action.

3. Prioritize record keeping. This might not be observable for the rider as this
data may only be kept by the coach if the rider feels this to be a disturbance
in training and preparations.

4. Focus attention through threshold and key catalyst indicators to prevent over-
monitoring. It is vital that the coach finds the perfect balance between
monitoring all aspects of interest and the effect that this monitoring has on
the rider.

5. Avoid over-planning and maintain a contingency approach. The beauty of
PM-data is that it is immediate and objective which enabled the coach to
adopt a more loose planning approach as feedback for making decisions and
adjustments during the process always is available.

6. Retain flexibility and the human response approach, i.e. always relate the
objective data from the PM to the subjective response of the rider and
individualize the coaching process to the rider, e.g. the magnitude of record
keeping, test battery and data analysis.

There is certainly a paradox/discrepancy between the nature of PM’s and the
methods available through them and trying to avoid over-planning, over-monitoring
and retain a flexible and humanistic approach. Through this paradox PM’s can have
negative effects on the coach-athlete relationship. PM’s can be perceived as
complicated and lead to a massive amount of data, which possibly could make
“technophobic”, more skill-oriented and/or pragmatic athletes anxious,
overwhelmed and focused on less important issues in their sporting life. It is thus a
bit of a fine line between utilizing all the applications of a PM and them having a
negative impact on the rider.

Which age it is appropriate to start using advanced equipment like PM’s in an
athletes’ career is quite debatable. Tim Gibbons, Endurance training coordinator
sport science and technology division, of the U.S. Olympic Committee, has released a
document that gathers data regarding common elements of internationally
successful programs in biathlon, XC-skiing and Kenyan distance running:

The period of 16 to 24 years is seen as a “critical period” for physical and technical
development. Although it is stressed that successful athletes usually participate in a
variety of sports in the age of 8 to 15 years, it is noted that specialization into one
sport in the late teens is crucial to allow for structured training with a long-term
perspective. This specialization is the start of approximately six years of systematic
training that usually precedes top performance. During this period high quality
coaching is the primary factor for improvement. Unfortunately the most skilled
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coaches are often recruited to senior elite programs, which mean that riders normally
don’t have access to these persons until the end of this period.

However, generally these coaches have three common principles in their programs:

- The design and structure of training is a result of science and experience.
- Daily communication between coach and athlete is important in order to

adjust the training with regard to health, fitness and weaknesses.
- Daily analysis of the training and performance data prevents overtraining

through helping the athlete understand the relationship between
overtraining markers and fatigue.

All three of the above principles benefit from the use of a PM.

To develop aspects that are important to cycling success fully, e.g. pacing strategy,
aerobic and anaerobic fitness, knowledge of tolerance for training load, a PM can be
a valuable tool.

In the LTAD-plan developed by Balyi (2008) this “critical period” encompasses the
stages “Train to compete” and “Learn to win”. Utilizing advanced training equipment
such as PM’s is usually introduced in the “learn to win” stage. However, some
applications may be used in the preceding stage, such as familiarization with
terminology, performance tests for talent identification or selection to educational
sports programs.

One characteristic of these programs in biathlon and XC-skiing is that they place
more emphasis on training than competition. This could be due to the limiting effect
of non-training stressors, e.g. competitive pressure and travel, which has been linked
to over training (Kellmann 2002). Here a PM could be useful to provide feedback
regarding performance level to substitute for competitive results and Monfort-
Steiger et al (2005) has concluded that a ~30min TT performance tests can be
reproduced with a CV of just 3.4% in adolescent cyclists 15-17 years of age.

Using a PM to increase the likeliness of achieving “flow”

Flow has been defined as “a state of optimal experiencing involving total absorption
in a task, and creating a state of consciousness where optimal levels of functioning
often occur” (Hassmén et al 2003). Although it is to a large extent something within
the rider the chances of achieving it can be increased by the coach manipulating the
circumstances in a favorable way and helping the rider to focus on these aspects and
will therefore be discussed in this section.

Flow has been delineated as a balance between external demands and internal skills.
It is argued that it is difficult to help people achieve flow by trying to create it. Flow is
a result of an environment that matches the challenge of the task with the skills of
the rider (Murphy 2005). The coach can thus not force a rider into flow, but has to
create a flow-inducing environment.
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The following circumstances increase the chance of a rider experiencing flow
(Hassmén et al 2003). A PM and how the coach employs it can facilitate several of
the factors listed:

1. A balance between challenge and skill: Objective data regarding the demands
of a competitions or tolerance of training load coupled with performance
data of the rider can help design training sessions with a perfect balance
between challenge and ability.

2. Action and consciousness is united: Seeing the performance (power output
reading on the GUI) change in real-time with changes in effort.

3. Explicit goals: The possibility of setting performance goals makes the whole
goal setting process more explicit.

4. Direct and clear feedback: The PM gives the rider immediate feedback during
a session about how performance is compared to goals.

5. Focus is on the present and relevant: Maximizing power output is one of the
most relevant tasks for the rider and with a PM real-time feedback on this is
available.

6. A feeling of control: Power output is more controllable performance variable
for a rider than for example speed as it is affected by external conditions.
Basing training around power leads to a greater sense of control.

7. Low uncertainty: A well calibrated PM gives valid and reliable knowledge of
performance.

8. Altered experience of time
9. The experience is “autotelic”
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Conclusions

In theory, the PM can be used in all phases of the coaching process and it is a
powerful tool in the communication between the rider and coach.

1. PM’s should be introduced to the rider between the age of 16 to 24 years
2. Many riders are “self-coached” and a PM can simplify this process
3. A PM gathers a vast amount of valid and reliable data from the rider
4. The coach needs to know about different types of PM’s, how to use them

properly and how to interpret the data they generate
5. A PM can be used in talent identification, assessing strengths and weaknesses

and for racing tactics
6. PM-data can be used to analyze performance and to attribute success or

failure to internal controllable variables
7. The PM can be used during both training and racing, but the coach need to

prioritize when it is appropriate
8. The PM will monitor the development of the rider
9. Planning is made more accurate and clear
10. PM’s enable setting output goals to much larger extent
11. The regulation process is made more valid and reliable
12. Monitoring can be simplified and frequent through objective data displayed

graphically and since all training and racing is testing
13. Making it easier for a coach to individualize to a specific rider
14. A coach can incorporate a PM in a riders sporting life in a way that can

increase the likeliness of reaching “flow”

However, no present research has been conducted towards this and it is therefore
impossible to draw any conclusions other than that it is promising and should receive
further scientific attention.
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12. Power meters in the riders intra-personal
communication

Many athletes and coaches have the opinion that the quantity and quality of practice
is closely linked to competitive success and that self-disciplined learning is important
for improvement. When this practice is performed in solitary, self-regulation, which
is defined as “cyclical efforts to optimize cognitive, motivational and behavioral
processes leading to goal attainment”, plays an important role (Kitsantas &
Zimmerman 2006). Cycling training often involves practice by oneself and there is
therefore a need for a reliable system of self-regulation, which current and future
practices with PM’s can be a vital part of.

Self-regulation takes place in three sequential phases (Kitsantas & Zimmerman
2006):

1. Forethought
2. Performance
3. Self-reflection

Forethought includes the processes of task analysis and finding motivation. Here the
cyclist can make a decision regarding what is thought to be demanded in terms of
power output, if he or she thinks they have the ability for this performance and if
they have the motivation for the effort.

During the actual performance the cyclist can use the self-regulatory system, i.e. the
PM, to control and make observations about (monitor) the performance (more on
this in the section “PM’s as an aid for motor learning”).

Self-reflection occurs after the performance but reflects back upon it in terms of self-
judgment, self-evaluation and self-reaction. This process involves attributing ones
success or failure to ones’ ability or effort and comparing the outcome against some
goal or standard. The outcome and its relation to the set standard will then be used
as base for a new forethought.

A major problem during self-evaluation is having good data to evaluate oneself
against. As competitive results in cycling depend on so many other factors than the
performance of the rider, it is here of vital importance to have valid and reliable
knowledge of performance (power output). Comparing to absolute standards of
power output may be useful when evaluating the chances of success or for team
selection, but it is also necessary to compare to a relative standard, e.g. previously
attained power output of that rider.

Interoception, perceived exertion and pacing

Afferent information from all physiological systems within the body has been termed
interoception (Cameron 2001). This information plays a major part in an athletes’
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perceived exertion (PE) from a given workload/power output (Abbiss & Laursen
2005). The ability to relate PE to performance output, i.e. power output, during
training and racing can be a valuable internal tool with the potential to affect
performance greatly. Having a fine tuned PE to power output relationship is
important as the cyclists always has access to this ability irrespective of the presence
of feedback devices such as PM’s. It could also be argued that a sensitive PE is a
better indicator of exercise intensity as it is based on the actual physiological
conditions within the rider. An enhanced PE may be a vital part of sporting
experience in that a rider with a highly sensitive and fine tuned PE under different
external conditions has the ability to fully exploit the momentary physiological
potential.

Related to this is the central governor model, first developed by Ulmer (1996), where
there is believed to exist a central regulator located either in the heart, brain or
along the neuromuscular pathway. Based on motor learning and anticipated task at
hand, this governor uses afferent signals from the physiological systems in the body
and perhaps external feedback in order to optimize movement patterns and exercise
performance (Abbiss & Laursen 2005).

In support of the above, Atkinson & Brunskill (2000) saw a 1-unit drop in RPE when
the power output was reduced by 5% in a tailwind section and speculated that it
might be possible to learn to better sense changes in power output. There has been
observed an inverse relationship between power output and duration in the Vuelta a
Espana. Also during 1 minute sprints every 10 minutes during 60 minutes exercise
saw the subjects restore power output to initial values in the last sprint suggesting a
reserve saved for last and some pacing.

Various stress hormones are secreted during competitive stress such as epinephrine
and cortisol (Kellmann 2002). These hormones have the potential to alter the PE to
power output relationship from training to racing (Baume et al 2008). This in turn
could affect the pacing strategy employed and thus performance. However, Baume
et al (2008) found that at least cortisol did not significantly change the PE to power
output relationship.

There is evidence that the communication between the brain and peripheral
physiological systems may regulate pacing during exercise. These traits or systems
have been grouped together and termed “psychophysiology” (Atkinson et al 2007).
The specific physiological and cognitive mechanisms responsible are presently not
well understood (Abbiss & Laursen 2008). However, Ansley et al (2004) has shown
that power output and iEMG track each other well during 4km intervals suggesting
that it is central mechanisms that regulate pacing. It is, however, very common that
this regulatory system fails and that the rider adopts a sub-optimal (often too hard in
the beginning) pacing strategy (Atkinson & Brukskill 2000 and Atkinson et al 2006).

It has been hypothesized that there exists a fatigue avoiding anticipatory regulation
system within the CNS known as “teleoanticipation” through a “central governor”. In
this hypothesis it is believed that riders regulate their effort, and thus power output,
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through an algorithm in the brain, with the end point of the race as a reference point
(St Clair Gibson et al. 2006). The central governor takes in information from afferent
interoceptors (e.g. muscle pH, glycogen stores, core temperature) and afferent input
from exteroceptors (e.g. hills, wind, ambient temperature, competitors, distance
reference points in the terrain, time elapsed from a chronometer) with the purpose
of continuously regulating power output so that homeostasis is maintained in all
physiological systems and no catastrophic failure occurs before the end of exercise
(Abbiss & Laursen 2008, Atkinson et al 2007, Faria et al 2005a, Ulmer 1996).

Any tool that facilitates this internal communication (fine-tuning the “central
governor”) could improve the ability to fully exploit the capacity of the physiological
systems. PM’s seem very promising in this area and should be investigated regarding
their potential effect.

It has been speculated that athletes most often reach exhaustion and stop exercising
because they feel they don’t want to continue rather than that they are totally
unable to continue. The afferent feedback leads to an intolerable perceived exertion
and a conscious unwillingness to continue at that intensity or at all. Of course there
are examples of riders reaching a level of fatigue where they are physiologically
unable to continue (Foster et al 2007). Using a PM this process could be fine tuned
when accurate feedback of workload is given and teach athletes how hard push they
can push themselves to utilize all their capacity and avoiding going too hard.

Memory of prior similar events stored in the brains neuronal circuits will optimize
the choice of strategy (Atkinson, Peacock, St Clair Gibson & Tucker 2007). Having a
power output to reference this memory to could be argued to improve the choice of
strategy even further.

A good sense of physiological workload and it physiological implications, combined
with experience regarding what workload can be imposed for a given duration
before catastrophic fatigue sets in, can improve tactical decision making during
competitions. Decision time for finding the best response to competitor/s actions is
often rather short and any improvement in response time and precision in these
decisions could have large effects on performance.

Power meters as an aid for motor learning

“Degrees of freedom” is defined as “any of a limited number of ways in which a body
may move or in which a dynamic system may change” and has been a central theory
in human motor control the past decades (Rose 1997). However, movement output
can be a product of the function of many biological and cognitive systems which
have a great number of degrees of freedom. The construct of degrees of freedom
has less often been linked to theories about cognition independent of movement,
but Newell et al (2005) makes a good case for it to be applicable also in this setting.
Pacing and racing tactics in cycling must be regarded as mostly cognitive. Therefore,
using the theory of degrees of freedom can be useful when trying to understanding
how cyclists’ cognition, actions and movements are controlled and coordinated.
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Coordination of movement has been defined as “the process of manipulating the
relationship between segments within or between muscles” whereas control is
defined as “the absolute magnitude of movement” (Rose 1997). The cycling
movement is constricted by the crank arms (So et al 2005) and it can therefore be
hypothized that cycling performance is not highly dependent on the coordination of
movement. The control of movement, i.e. force, velocity and frequency, on the other
hand could be speculated to influence power output and performance. As the force,
velocity and frequency of movement all can be measured with a PM it could be a
powerful feedback and learning aid for controlling the degrees of freedom involved
in cycling movement and thus performance.

Learning to utilize the degrees of freedom in a task in an optimal fashion has been
shown to be highly task specific and usually develops through three stages (Newell
2005 and Rose 1997):

1. Freezing or reducing the number of degrees of freedom to a minimum. E.g.
focusing on the PM-data in real time and doing extensive analysis of the data
after each performance to find what may mostly contribute to performance.

2. Gradually releasing additional degrees of freedom that may improve
performance and testing these strategies in variable external conditions. E.g.
learning to use the right amount of PM-data at the right time depending on
type of discipline, environment and track.

3. Fully utilize and exploit the available degrees of freedom in a way that
optimizes performance. E.g. having used the PM-data to fine tune the control
of performance output to the extent that only limited but well timed
feedback from the PM is necessary.

Learning feedback has the most effect if it is directly related to the goal of the task
(Newell et al 2005 and Baca & Kornfeind 2006) and a greater amount of feedback
may have negative effects on learning (Rose 1997). Power output is a large part of
the supply and demand equation determining performance in cycling, where
minimizing resistive forces (Jeukendrup 2002) and utilizing the capacity to produces
the right amount of power at the right moments of the race (Craig & Norton 2001,
Ebert et al 2005, Hurst & Atkins 2006, Vogt et al 2006 and Impellizzeri & Marcora
2007) the other parts. At the moment the other (non power output) parts of the
equation are difficult to derive quantitative measures of feedback from.

Page & Hawkins (2003), Bundzen et al (2005) and Baca & Kornfeind (2006) have
combined suggested the following criteria for feedback devices in sports:

1. Be informative and accurate with respect to the features and parameters of
the sport

2. Objective and independent from the operator and the conditions of the data
collection

3. Capable of allowing simple and rapid measurements
4. Capable of real time display of measurements and rapid analysis
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5. Usable within a wide range of conditions, including competition
6. Reliable and high capacity to store the collected data for later analysis
7. Accessible to non-professional operators, including athletes (self-monitoring)
8. Minimize the degree to which the system interferes with the athlete
9. Capable of providing graphic and understandable information

PM’s and the current methods of analysis all comply with these criteria, but there is
probably still room for improvement as research on the subject is lacking. For
example, since Baca & Kornfeind (2006) suggests that the GUI of the feedback
system play an important role in its effectiveness, future studies in this area is
suggested.

Learning dynamics is thought to have two time scales (Newell et al 2005). The slow
time scale determines the rate of change between practice sessions and the fast
time scale is the rate of improvement of fine tuning within a session. The warm up
before a race is an excellent example of the fast learning scale, where cyclist relates
the afferent input from all physiological systems (see interoception) to the power
output to create a feeling for optimal pacing strategy.

The momentary power output presented by the PM is real time information
feedback. The POI (described in the “pacing strategy and racing tactics”-section) is a
form of feedforward information that gives a goal to which the direct feedback can
be related to.

Small changes in motor or cognitive output can have large effects on actual
performance (Newell et al 2005). In cycling this could be that a small improvement in
the ability to perform at exactly the optimal cadence or power output can have
accumulating effects over a whole race, which can be several hours in duration.

The mastery of degrees of freedom in pursuit of excellence in action goals is limited
by “knowing how” and “knowing that”, meaning that there are things we do that we
don’t know about and things we know about but can’t do (Newell et al 2005).
Broadening the knowledge base will induce better learning.

The brain can only control a limited amount of degrees of freedom and if we have
optimized the cognitive control, i.e. decisions regarding power output based on
external cues, there will be more capacity for motor control and thus better power
output (Bazanova & Shtark 2007).
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Conclusions

Although no research has been made on how PM’s affect the intra-personal
communication in cycling, there is rather compelling theoretical basis for it to be an
excellent form of feedback.

The PM can be seen as a communication link between body (physiology) and
thought (psychology), assisting in self-regulation. This communication can improve
the fine tuning of the relationship between a riders perceived exertion and
performance and may also improve learning to regulate power output (motor
control).
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13. Testing the theoretical framework for inter-
and intra-personal communication with PM’s

To test how well the theoretical framework that emerged from the critical review
mirrored the opinion of experienced PM-users, a questionnaire (appendix 1) was
used.

58 persons completed the on-line questionnaire, but four responses were
disqualified due to incorrect answers (non-numerical) and late response.
Respondents came from 11 different countries, were 39,06 ± 10,16 years of age and
had 3,87 ± 2,86 years of experience with power meters. Of the 54 respondents
included, 43 were riders and 11 were coaches (five respondents who answered that
they are both rider and coach were regarded as coaches).

Table 5. A summary of the results from the on-line questionnaire.

Questions Mean ± SD
1. How useful is gathering power output data for a racing cyclist? 8,94 ± 1,09

2. How important is it for a coach to be knowledgeable about different types of power meters, software,
training metrics and methods for derive data from a power meter?

8,44 ± 1,45

3. How important is it for a coach to be knowledgeable about how to operate the power meter and related
utilities?

7,87 ± 1,65

4. How important is it for a coach to be knowledgeable about drawing conclusions from power data? 9,31 ± 0,97

5. How useful is power output data for analyzing the performance of a rider? 8,91 ± 1,09

6. How useful is power output data during the training situation? 8,46 ± 1,42

7. How useful is power output data during the competitive situation? 6,45 ± 2,19

8. How important is the use of power output data for the long term systematic development of a rider? 8,83 ± 1,26

9. How useful is power output data for planning the training process? 8,37 ± 1,42

10. How useful is power output data for setting cycling specific goals? 8,48 ± 1,28

11. How useful is power output data for monitoring the training process? 9,20 ± 0,74

12. How useful is power output data for regulating the training process? 8,69 ± 1,23

13. How useful is power output data for making decisions about other forms of preparation other than actual
training?

6,04 ± 1,97

14. How useful is power output data for making decisions regarding the competition program? 6,75 ± 2,23

15. How useful is power output data for individualizing the training process? 8,85 ± 1.02

16. How important are power meters for social status in cycling? 3,56 ± 2,30

17. How large impact can a power meter have on the likeliness of achieving "flow" during cycling? 4,83 ± 2,60

18. How important is power output data for fine tuning a riders’ perceived exertion (PE)? 6,81 ± 2,20

19. How important is power output data for improving a riders pacing strategy? 8,28 ± 1,50

20. In your opinion how many years does it take to learn how to near fully utilize the potential applications of
a power meter?

2,41 ± 1,09

The responses were overall very positive as the mean response from 1 to 10 was
7,48 ± 1,95 and 11 of the questions had a value between 7-9. This is not very
surprising considering the research group was recruited from the GGW-forum, which
probably mostly is made up of users who are satisfied with their power meters and
its applications. Others may have tried using a power meter and deemed it not
useful and might thus not be active on this internet forum. However, the positive
attitude and many years of experience with power meters this group possesses
vouch for knowledgeable opinions.

Looking at the results, eight questions stand out from the rest and these questions
deserve further attention.
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The questions “How important is it for a coach to be knowledgeable about drawing
conclusions from power data?” and “How useful is power output data for monitoring
the training process?” were the only to receive a score of >9 (9,31 ± 0,97 and 9,20 ±
0,74 respectively). This suggests that these areas are the most essential applications
of power meters. Drawing conclusions from power output data and using these
conclusions to monitor the training process seems to be “the core” of PM-utilization.
Normalized Power™, Training Stress Score™, Performance Manager Chart™,
Quadrant Analysis™ and power-to-heart rate decoupling are excellent examples of
tool and concepts assisting in this process, but as stated in the above sections most
of these tools may need further refinement before they are fully applicable. More
research is also needed regarding testing and interpreting the results to monitor the
training process.

Six questions received a mean value <7 indicating that these areas are not perceived
as very important when using power meters. Interestingly, five of these were also
the only questions with a standard deviation of >2, meaning that there was a larger
difference in opinion regarding these matters. The questions will be dealt with in the
order of appearance in the questionnaire.

The question “How useful is power output data during the competitive situation?”
received a score of 6,45 ± 2,19. This of course suggests that a PM is less valuable
during competition compared to training. This might be true, but it is worth noting
that two respondents answered with different values for mass-start racing and time-
trialing and both of them answered with a higher value for time trialing (5 vs. 8 and 6
vs. 10). This lends support to the notion that a PM is a very valuable tool for pacing
during time-trial racing, which of course is further supported by the question “How
important is power output data for improving a riders pacing strategy?” receiving
8,28 ± 1,50 and discussed extensively in the “pacing strategy”-section on p.9 of this
paper. Presently PM’s may not have as much to offer during mass-start racing where
other aspects need more attention.

However, the opinion that PM’s are less useable for competition is further enhanced
by the question “How useful is power output data for making decisions regarding the
competition program?” receiving 6,75 ± 2,23. The question was intended to
investigate the opinion towards applications such as using performance profiling to
select suitable competitions, using the PMC™ to peak at the right moment and
monitoring training load through TSS™ as especially road racing can have very
arbitrary load depending on tactical outcome of the race. Hopefully this was
understood but not perceived as important as other areas.

“How useful is power output data for making decisions about other forms of
preparation other than actual training?” received a score of 6,04 ± 1,97. A PM could
theoretically be used to evaluate efficacy of ergogenic aids, equipment and
positioning on the bike (aerodynamics and ergonomics). These are things not directly
involved in performing the sport itself and may therefore not be viewed as important
and something measuring the impact of these preparations may therefore likely be
even less appealing.
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The question “How important are power meters for social status in cycling?”
received 3,56 ± 2,30, which was the lowest score. PM-users thus don’t view a PM as
something bringing them much social status in their sport. Considering the direct,
clear and over-shadowing hierarchical order and status coming from performance
level and competitive results it is not surprising that such a small aspect within the
sport will not give arise to any major shifts in social status. On the other hand a
follow up question could be to investigate if there is any worth in a feeling of
inclusion in the group “PM-users”.

The question “How large impact can a power meter have on the likeliness of
achieving "flow" during cycling?” received as score of 4,83 ± 2,60. The term flow was
not defined and it was assumed that the respondents were sufficiently familiar with
the concept of “a state of optimal mind set and experience”. Flow is a rather
subjective experience which could have influenced the answers. Using a PM can take
some focus away from the outcome of a performance, giving more attention to the
process itself, which has been suggested to increase the likelihood of reaching a
state of flow. On the other hand, actively trying to achieve flow has also been
suggested to decrease chances of succeeding (Murphy 2005).

Considering the fairly compelling evidence in the “intra personal communication”-
section in this paper and the benefits of having a good body awareness, it is a bit
surprising that the question “How important is power output data for fine tuning a
riders’ perceived exertion (PE)?” received a score of 6,81 ± 2,20. Are riders not aware
that they can use their PM as an objective “anchor of intensity” to fine tune their PE?
Is this process so difficult and impractical in real life that many perceived it as not
worth the effort or simply can’t use it? Could a PM even be detrimental to this
process due to all the feedback that can be a bit overwhelming? This area certainly
warrants more research.

The low score of the above areas may be a result of them not being fully explored
and the benefits not being known among PM-users. The larger difference of opinion
regarding these areas warrants more research into them to achieve a better
understanding of their benefits or lack thereof. Using a PM in the heat of
competition, to achieve flow and to fine tune PE are all rather complicated matters
that simply may not suit all riders.

The question “In your opinion how many years does it take to learn how to near fully
utilize the potential applications of a power meter?” was, in retrospect, not well
formulated, as four respondents answered with a number >10 or with text (which
were eliminated from the data). These respondents claimed that you never stop
learning to utilize a power meter and interpret power output data in new ways.
While this is very likely true, the aim of the question was to estimate how many
years of use it takes to reach some arbitrary “threshold level of competence” where
most of the major issues are mastered. Some respondents answered with a time
interval, e.g. 2-5 years, and in these cases a mean value for this interval was used,
e.g. 3,5 years. According to the data included it takes 2,41 ± 1,09 years to reach a
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level of competence to near fully utilize the potential applications of a power meter.
Hopefully future research and experience giving arise to new books and instructions
on power meters and their applications will lead to shorter learning-time.

Conclusion

This small questionnaire could be the first of its kind as the author is not aware of
any other. It is, however, not comprehensive enough to draw any final conclusions
from, but give some hints as to which elements are the most useful and can be
viewed as “the core” of PM-utilization.

Generally PM-users are very positive to the most methods, concepts and
applications of PM’s. There are, on the other hand, a few areas that are deemed less
useful, but these same areas are also those with the most differentiated opinions.

The results obtained here can therefore be a stepping stone for further research,
especially into those areas that received the lowest scores and/or the largest
standard deviation.

This knowledge can be used when deciding which areas have the highest priority
when it comes to designing and developing new methods, concepts and applications
and refining those currently used. It can also be used for designing and incorporating
PM-knowledge into cycling coaching courses, books and manuals to make coaches
and riders aware of which tools are most appreciated.
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14. Summary of results and conclusions

Pacing and racing tactics

• Sound scientific basis for using a power meter for pacing during > 120 s long
efforts

• A power meter can be useful for post-ride analysis, but more research is
needed

• Power meters have the potenital to be useful for tactics in mass-start racing,
but much more research is needed

Performance testing

• Power meters offer more valid and sport specific than tests in the laboratory
• Practical and readily available for riders and coaches
• Problems with test reliabilty and standardization
• Is the sensitivity of current power meters good enough?
• Performance (power) profiling
• More research is needed to reach better consensus on methodology

Table 6. Summary of performance tests with power meters

Physical parameter Test

Anaerobic alactic Inertial load test

Anaerobic lactic
Wingate

AWC

Maximal aerobic (VO
2
max) MMP 3-10min

Anaerobic threshold (FTP) MMP 60min

Lipolytic capacity (FatMax) MMP 60-180min

Quantifying the demands of competition

• Very promising field as power meters give true knowledge of performance
• Power meters can supply objective data of the physical demands of

competition depending on discipline, course profile and position within a
team

• Rather surprising that not more research on the demands of competition is
conducted using power meters

Power based training zones

• Establishing power output training zones has advantages over other types of
training zones (e.g. heart rate or PE) but demands a slightly different
approach
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• Good scientific basis for using FTP or MAP when determining aerobic training
zones as both Coggans and Sterns methods do

• For anaerobic training it might be better to use percentages or personal bests
from data from anaerobic tests, such as wingate or inertial load test

• Relating objective power data to subjective perception seems to be an
effective way of fine tuning a riders ability to sense effort

Table 7. Summary of power based training zones

Zone
Power output

(% of FTP)
Power output

(% of MAP)
Perceived

Exertion (PE)

Recovery < 40%

1 < 55 % 40 – 55% < 2

2 56 – 75 % 50 – 65% 2 – 3

3 76 – 90 % 60 – 70% 3 – 4

4 91 – 105 % 65 – 75% 4 – 5

5 106 – 120 % 70 – 85% 6 – 7

6 > 121 % 80 – 110% > 7

7 Maximal 110 – 150% Maximal

Analysis of training and racing

• Normalized Power, Intensity Factor and Quadrant Analysis are all very
promising tools for analyzing power meter data, but more research is needed

• Data on energy expenditure from power meters seem reliable, but limited to
just that

• Power meters provide valid and reliable data regarding pedaling dynamics,
but there is much debate and conflicting research as to how this affects the
rider

Planning and monitoring the training process

• TSS and PMC are both very promising tools for the future

• Although TSS may be the most valid and reliable objective measure of
training stress for cyclists at the moment, more research and refinement is
needed

• The PMC is certainly an impressive atempt to make the impulse-response
model for physiological training simple to use, but is far from the ”fool proof”
and exact measure of ”performance readiness” as some in the power output
community present it as

“However, such models may also be constrained by the large number of datasets
required to 'train' the model” (Jobson et al 2009)

• Aerobic decoupling as support in the scientific litterature but is at the
moment to blunt and unreliable, at least for scientific use
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Power meters in the inter-personal communication between coach and rider

• Theoretically, power meters fits well and be utilized in most parts of the
coaching process described by Lyle (2002)

Power meters in the intra-personal communication

• PM’s could, theoretically, be an excellent form of feedback in cycling
• PM’s could fine tune the riders perceived exertion and thus improve self-

regulation

Testing the theoretical framework for inter- and intra-personal communication with
power meters

• Experienced PM-users are generally very positive to concepts, methods and
applications of PM’s

• There are a few areas that are deem less useful
• The areas deem least useful are also the ones where there is most diversity in

opinion

15. Discussion regarding methodology

There are some questions regarding the methodology presently used that warrant
further discussion.

Since the scientific areas that can be applied to PM’s the literature to cover is
extremely vast. This paper has focused on a defined set of sources, but these could
of course skew the results towards a certain direction. Also, the large reference
material is difficult to overview, making it likely that small, but important, pieces of
information has been lost along the way.

The GGW-forum is most likely made up of a rather diverse set of people, making the
reliability of the content on this forum impossible to control.

The questionnaire employed in this study was posted online, but it could not block
subjects to post to the survey multiple times and therefore affecting the results.
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Appendix 1

Posted on: www.toppfysik.nu/formular.aspx?id=6

Survey on pedagogical applications of power meters

This is a questionnaire intended for users of mobile power meters in the sport of cycling,
e.g. riders and coaches. The aim is to gather information on your opinion regarding how the
use of on-bike power meters affects the inter- and intra personal communication in cycling.

The information provided through this questionnaire will be used in a dissertation paper for
a Bachelors Degree in Sports Pedagogy at the College of Dalarna. The questionaire will take
approximately 3-6 minutes to complete.

If you have any questions regarding the questionnaire or its purposes or suggestions not
covered by the questionnaire please feel free to contact me in person.

Thank you for your time and cooperation!

Best regards,

Fredrik Ericsson (student)
Kopparvägen 49B

791 41 Falun
Sweden
+46 707 797169
fredrik@toppfysik.nu

Supervisor:
Tommy Gustavsson, MSc (Sports Pedagogy), College of Dalarna, tgt@du.se

http://www.toppfysik.nu/formular.aspx?id=6
mailto:fredrik@toppfysik.nu?subject=Questionaire%20on%20power%20meters


Personal information

Questions marked with * were mandatory

 Name?

 Country*?

 Age*?

 Years of experience with power meters*?

 Which brand/s of power meter/s have you used*?

 Are you foremost a coach or a rider*?

Survey questions

Answer with a value from 1 to 10, where 1 is the least and 10 is the most important/useful.

 How relevant is gathering power output data for a racing cyclist?

 How important is it for a coach to be knowledgeable about different types of power
meters, software, training metrics, methods for derive data from a power meter?

 How important is it for a coach to be knowledgeable about how to operate the
power meter and related utilities?

 How important is it for a coach to be knowledgeable about drawing conclusions from
power data?

 How useful is power output data for analyzing the performance of a rider?

 How useful is power output data during the training situation?

 How useful is power output data during the competitive situation?

 How important is the use of power output data for the long term systematic
development of a rider?

 How useful is power output data for planning the training process?

 How useful is power output data for setting cycling specific goals?

 How useful is power output data for monitoring the training process?

 How useful is power output data for regulating the training process?

 How useful is power output data for making decisions about other forms of
preparation other than actual training?

 How useful is power output data for making decisions regarding the competition
program?

 How useful is power output data for individualizing the training process?

 How important are power meters for social status in cycling?

 How large impact can a power meter have on the likeliness of achieving “flow”
during cycling?

 How important is power output data for fine tuning a riders’ perceived exertion?

 How important is power output data for improving a riders’ pacing strategy?

 How useful is power output data for improving decision making during
competitions?

 How useful is power output data for managing the training load during a training
session?

 In your opinion how many years does it take to learn how to near fully utilize the
potential applications of a power meter?


