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Abstract

Triathlons of all distances can be considered endurance events and consist of the individual disciplines of swimming, cycling and running
which are generally completed in this sequential order. While it is expected that elite triathletes would possess high values for submaximal
and maximal measures of aerobic fitness, little is known about how these values compare with those of single-sport endurance athletes.
Earlier reviews, conducted in the 1980s, concluded that triathletes possessed lower Vo, values than other endurance athletes. An update
of comparisons is of interest to determine if the physiological capacities of elite triathletes now reflect those of single-sport athletes or
whether these physiological capacities are compromised by the requirement to cross-train for three different disciplines. It was found that
although differences in the physiological attributes during swimming, cycling and running are evident among triathletes, those who compete
at an international level possess Vo, values that are indicative of success in endurance-based individual sports. Furthermore, various
physiological parameters at submaximal workloads have been used to describe the capacities of these athletes. Only a few studies have
reported the lactate threshold among triathletes with the majority of studies reporting the ventilatory threshold. Although observed differences
among triathletes for both these submaximal measures are complicated by the various methods used to determine them, the reported values
for triathletes are similar to those for trained cyclists and runners. Thus, from the limited data available, it appears that triathletes are able to
obtain similar physiological values as single-sport athletes despite dividing their training time among three disciplines.
© 2009 Sports Medicine Australia. Published by Elsevier Ltd. All rights reserved.
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triathlons of all distances can be considered to be endurance
events. The most common measure of aerobic fitness is max-
imal oxygen consumption (Vo,__ ) and this has often been
proposed as a determinant of endurance success.! However,

1. Physiological attributes of triathletes

Triathlon is an event comprising the individual disciplines
of swimming, cycling and running and is generally com-

pleted in this sequential order. Although race distances vary, physiological measurements at submaxnpal workloads have
also been shown to be important determinants of endurance
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measures of aerobic fitness, little is known about how these
values compare with those of single-sport endurance athletes.
Such comparisons are of interest to determine if the physi-
ological capacities of triathletes reflect those of single-sport
athletes or whether theses physiological capacities are com-
promised by the requirement to cross-train for three different
disciplines; this has obvious implications for the training of
triathletes.

Although there have been previously published reviews
on the physiological attributes of triathletes,*> these were
all published at least 12 yrs prior to the current review.
Since these reviews, the sport of triathlon has increased
its professionalism and triathletes are more likely to enter
the sport as triathletes (with a training background in all
three disciplines), rather than being converted from one of
the individual sports that comprise a triathlon. Thus, an
updated review is required that investigates the physiolog-
ical attributes of contemporary triathletes and compares this
with single-sport athletes. Unlike previous reviews, prior to
making such comparisons we will first justify the physio-
logical measures chosen and briefly comment on the use of
absolute or relative measures of aerobic fitness. In addition,
while previous reviews have concentrated on comparisons
of Vo, ., (and sometimes economy), this paper provides an
expanded review of the physiological attributes of triathletes
and includes measures such as the lactate threshold (LT), the
ventilatory threshold (VT) and peak power and velocity.

2. Maximal measures

Successful endurance athletes are characterised by high
levels of aerobic power (as measured by Vo, ), which
are nearly double that of the untrained individual, and this
has often been cited as an important predictor of endurance
success among athletes heterogenous for aerobic power.>%’
There are different methods of normalising Vo, measures,
such as per unit of fat free mass or lower-leg volume.® Most
commonly however, Vo, is expressed in absolute values
(L min~1) or relative to body mass (mL kg’1 min~!). As the
three events that comprise a triathlon differ in the amount
of body mass that must be supported by the athletes and,
therefore, in the energy required to maintain body position,
different methods for normalising Vo, may be required for
the different triathlon disciplines.

Although studies have demonstrated that absolute Vo, .
is associated with swimming performance over a distance of
400 m,”'9 Costill et al.'! found that relative V02 max Was more
highly correlated (r=0.74 vs. 0.47) with swimming perfor-
mance over a similar (365.8 m) distance. Furthermore, one
study has reported a poor correlation (r=0.30) between abso-
lute Vo, .. and 400-m swim performance.'? These results are
despite similar absolute Vo, values between the studies.
Therefore, while absolute Vo, max 18 more commonly reported
among swimmers, relative VOZmax may be more appropri-
ate when reporting and comparing the Vo, of swimmers

and triathletes. Indeed, Sleivert and Wenger!? reported that
relative and not absolute Vo, was significantly related to
swim performance during a triathlon. The analysis of Vo,
values in triathletes is also complicated by the observation
that, when compared to cycling and running, swimming
requires a greater degree of specialist training to elicit high
V0,,.,. Vvalues'* and receives little cross-training benefits
from cycling and running."

During cycling, the entire body mass is supported by the
bike and therefore a higher absolute Vo, . would appear
advantageous. However, both absolute and relative Vo2max
values of cyclists have typically been reported,®!0-18 and the
most appropriate measure may depend on the type of cyclist
being compared. Professional cyclists who are considered
“climbers” have a higher relative Vo, (and lower body
mass) compared to those considered specialist time trialists
(time trials are generally conducted over flat courses) despite
similar absolute Vo, values.'®

In contrast to cycling, relative V02 during running is con-
stant among individuals for any given velocity.!® Although
Costill? reported a relationship between both absolute and
relative VOZmaX and running performance, a stronger rela-
tionship was found for relative compared to absolute Vo, .
(r=0.83 and 0.59 respectively). Generally Vo, values
among runners are reported in relative values>?'=%3 as it is
recognised that extra body mass is detrimental to running
performance.>*

As triathletes compete in swimming, cycling and running,
Vo,.., has often been reported in both relative and absolute
values.!3-24-3% However, from the above discussion, it could
be argued that the most appropriate means to compare swim-
mers and triathletes is using relative VOZmax' Furthermore,
as the run leg has often been reported to be an important
predictor of triathlon performance,’’ the disadvantage of a
large body mass on running performance may also render
relative Vo,, . more appropriate when comparing the Vo,
values of cyclists and triathletes. A further consideration is
that the athlete may be able to compensate for a low Vo, max
(either absolute or relative) with higher efficiency or economy
values.3® Therefore, although the most appropriate measure
for triathletes has not yet been determined, for the purposes
of this review, Vo,, . , unless otherwise indicated, will refer
to the relative value.

Triathletes generally possess high Voz nax Values. Studies
that have reported the Vo, . of triathletes are sum-
marised in Table 1 (see supplementary files). Vo, values
reported for triathletes during swimming, cycling and
running have ranged from 49.9 to 57.7mLkg™! min~!,
43.6-75.9mLkg ' min~! and 49.7-78.5mLkg ™! min~!
respectively for males, and from 38.1to45.3 mL kg~ ! min~!,
48.2-61.3mLkg" ' min~! and 50.7-65.6mL kg™ min~!
respectively for female triathletes.

While triathletes possess high Vo, values, it has been
suggested, in areview paper, that Voz max Values among triath-
letes during swimming, cycling and running are less than
that of athletes specialising in only one of these exercise
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modalities.” It was suggested that this might be because
triathletes carry “extra muscle mass” used in one exercise
mode, but not used for another. However, an alternative expla-
nation is that the triathletes in these studies were not truly
‘elite’, like their counterparts in running, cycling and swim-
ming. Many of the studies reviewed were conducted in the
1980s when triathlon was barely a recognised sport and elite
or professional athletes were not being attracted to triathlons.
While running, cycling and swimming have been competi-
tive sports on an international level for many years, triathlon
is a relatively young event having conducted its first world
championship in 1989. One study used a questionnaire com-
pleted prior to a triathlon to estimate Vo, values for male
triathletes.® Furthermore, no values for elite male triathletes
during cycling and for elite male and female triathletes dur-
ing swimming were provided. Despite these limitations, the
authors concluded that triathletes possessed lower Vo, max Val-
ues than other endurance athletes. However, it is unlikely that
the review compared athletes of a comparable standard.
Since this earlier review, the physiological profiles of
triathletes who are members of national squads and who
compete at an international level have been reported.30-33-34
Vo, e Values have been reported for members of the
French,3° Great Britain*® and South African®* national
teams. The results are summarised in Table 1. When these val-
ues are compared to athletes from cycling!”*! and running?®!
who compete at a similar level, Vo, scores are comparable.
To the best of our knowledge, the Vo, of elite triathletes
during swimming has not been reported. However, the results
outlined in Table 1 indicate that triathletes who compete at an
international level possess Vo, . values that are indicative
of success in endurance-based individual sports at this level.
Triathletes have been reported to possess cycle and
swim Vo, scores that are approximately 94-97% and
74-86% respectively, of the values achieved during a run-
ning test.!3273442:43 These results are also summarised in
Table 1 (see supplementary file) and are consistent with the
observation that Voz nax dUring running is greater than during

Table 1
VO, may Of National level (elite) triathletes, runners and cyclists.

cycling, with both values being higher than during swimming
Vo,,... Measurements, regardless of training background.**
This may be because running recruits a larger muscle mass
than either cycling or swimming. A positive correlation
between oxygen consumption and the quantity of active mus-
cle mass during exercise has previously been reported.*> In
addition, running has generally been the training background
of many triathletes and they may have not yet made the phys-
iological adaptations to record similar Vo, values in the
other disciplines. Of the 14 triathletes investigated by Kohrt et
al.,*? 10 were from a running background, while three and one
were from swimming and cycling backgrounds respectively.
Therefore, although triathletes possess high Vo, values,
previous studies have observed differences between the indi-
vidual disciplines, possibly due to the muscle mass involved
and/or the training background of triathletes.

These observed differences in Vo, scores for the swim,
cycle and run appear to be less prominent for triathletes
who began triathlon as their first sport. Recently, the phys-
iological profiles of 29 young triathletes (20.9 £2.6 yrs)
who had trained and competed only in triathlon and not
in another single-sport have been reported.? It was found
that Vo, scores were not significantly different between
a cycle ergometer and a treadmill run (69.1+7.2 and
70.2+6.2mLkg™ ! min~! respectively). The homogeneity
of the aerobic capacity of modern triathletes has further
been corroborated in a study in which the subjects were
eight young triathletes (mean age of 24.0+£ 3.0 yrs) who
competed at an inter-regional level.*® These studies there-
fore provide some evidence that modern-day triathletes have
physiological capacities that are similar between cycling and
running. Although neither study investigated aerobic capac-
ity measured during swimming, there is unlikely to be a
strong cross-training effect between cycling and running, and
swimming. ">

While Vo,,., is a useful tool to assess maximal aero-
bic fitness, other measures that can easily be measured on
less expensive equipment include peak aerobic power output

Author Subjects Age (yrs) Sport Level Vo2 max (ML kg~ ! min~1)
Running Cycling
Hue et al.>* M=6 21.8 £ 2.4  Triathletes Members of French national team 78.5+3.6 759+£5.2
Schabort et al.3* M=5 23.0 £ 4.0  Triathletes Members of South African national team 747+5.3 69.9+4.5
F=5 250+ 7.0 63.2£3.6 61.3+£4.6
Millet and Bentley®> ~ M=9 248 + 2.6  Triathletes Senior elite triathletes at world NR 743+44
F=9 279 £5.0 championship level 61.0+5.0
Laurenson et al.* F=10 27.1 £3.5  Triathletes Members of Great Britain national squad 65.6+6.0 NR
Billat et al.2! M=5 334 4+ 2.0 Marathon runners Members of French and Portugese Olympic teams 79.6+6.2 NR
F=5 328 £2.8 61.2+438
Padilla et al.'” M=24 26 £ 3.0 Cyclists Members of a professional road cycling team NR 78.8£3.7
Lucia et al.*! M=13 24 £ 20  Cyclists Members of a professional road cycling team NR 752+1.6

F=female; M = male; NR =not reported.
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Table 2
V0, max Values (mL kg
measured during maximal graded exercise tests.

-1

min~!), maximal aerobic velocity (MAV) during treadmill running and peak aerobic power output (Wpeak) during cycling for triathletes

Study Subjects Age (yrs) Standard Running Cycling
V03 i MAV (kmh™") Vo, Wpeak (W)
O’Toole et al.t! M=14 40 £ 11 Ultra-endurance NR NR 574 +7.5 34044 M
F=10 31 £8 57.5 £5.6 304£39M
Schneider et al.*? M=10 27.6 £ 6.3  Highly trained 754473 NR 70.3+£6.0 376 £34 M
Deitrick?* M=7 30.6 £ 5.2  Typical weight 69.9+£55 NR 60.5+£6.2 429+38L
M=7 29.6 £ 44  Heavy weight 55.6+4.1 51.9£39 491+£45L
Bunc et al.2® M=23 17.7 £ 2.2 Young elites 67.9+5.9 152+14%2 NR NR
F=13 17.1 £ 1.4 56.1+24 12.7£0.72
Zhou et al.# M=10 274 £5.7  Recreational 63.3+28 21.1+£04 61.2+32 418+ 14 M
Bentley et al.? M=10 242 £ 4.2  Recreational NR NR 64.7+£5.1 352+47M
Brisswalter et al.”® M=10 26 £2 Highly trained NR NR 66.443.4 376.5+20S
Schabort et al.3* M=5 23.0 £ 4.0 Elite 74.7+£5.3 20.9+£0.9 69.9+4.5 385+14L
F=5 250+ 7.0 63.2+3.6 18.0£0.9 61.3+4.6 282+ 19L
Group 240 £ 5.5 689+74 19.5+1.8 65.6£6.3 333+£57L
Hausswirth et al.”” M=10 25.6 £ 4.1  Highly trained 733£50  20+12 NR NR
Bernard et al.”8 M=9 249 £4.0  Competitive NR NR 68.1+£6.5  398+25S
Hue®? M=8 247 £ 2.1 Elite 71.8+7.6 22.0£0.7 70.5£6.5 380+38S
Millet et al.3 M=6 28.3 £ 4.5  Elite long distance specialists NR NR 723+£23 401+470
Millet and Bentley*3 M=9 24.8 £ 2.6  Senior elite NR NR 743+44 385+500
M=17 19.1 £ 1.5  Junior elite 74.7£5.7 354+210
F=9 279 £ 5.0  Senior elite 61.0+5.0 293+210
F=6 19.4 £ 1.3 Junior elite 60.1+1.8 268+190
Bernard et al.” M=10 252 £ 6.8  Highly trained NR NR 61.9+4.1 380£31S
Bentley et al.8 M=9 25.1 £5.8  Highly trained NR NR 69.3+3.6 321+280

M =male; F=female; NR=not reported; L=Lode electronically-braked cycle ergometer; M =Monark mechanically-braked cycle ergometer; O =Orion
electronically-braked cycle ergometer; S = SRM electromagnetically-braked cycle ergometer.

4 Treadmill at a 5% incline.

(Wpeak) during cycling, and maximal aerobic running veloc-
ity (MAV). However, some caution should be exercised when
comparing Wpeax from different studies as the Wpe, may vary
with the test protocol.*”*8 A number of studies have reported
the Wpeax and the MAV of triathletes at V02 x (s€e Table 2).
The determination of Wpeax and MAV may be an appropriate
measure for assessing triathletes as it has been demonstrated
that both may not only be predictive of overall triathlon per-
formance but are stronger predictors of performance than
V02 . '32—34,49

Despite the difficulty in comparing the Wpex among
studies, there is some evidence to suggest that Wpe,x may
be lower for triathletes compared to cyclists. For exam-
ple, a Wpeak value of 440+ 3.3 W was reported for a group
of 14 elite cyclist (Vo,, . 69.747mLkg™! min~'), while
Mujika and Padilla>® reported a Wpeax of 439 W (range
349-525 W) for a group of 24 professional cyclists with a
VOy e Of 78.8 mLkg ™! min~! (range 69.7-84.8). It is how-
ever, difficult to make firm conclusions as the Vo, of the
triathletes was far less than that of the cyclists, and stud-
ies that have recruited triathletes with similar Vo, values
did not report Wpeak.30 Nonetheless, these values are higher
than the values reported for highly trained or elite triath-
letes (see Table 2). This suggests that cyclists may have

greater efficiency compared to triathletes during cycling.
However this difference may not be evident when special-
ist runners are compared to triathletes. For example, the
peak running velocities during incremental treadmill tests
for trained (Vo,,, = 65.9 £4.6mLkg~! min~') and elite
(77.7£6.4mLkg~! min~!) runners have been reported to
be 21.2+ 1.1 and 20.9 £ 1.1 kph respectively. These val-
ues compare favourably with those reported by highly
trained or elite triathletes in Table 2. This may reflect
the training emphasis of elite triathletes and the impor-
tance of the run discipline for overall elite triathlon
performance.?’

3. Submaximal performance measures

While Vo, describes a maximal limit for aerobic energy
production, it has been suggested that parameters measured
during submaximal exercise provide better predictors of
endurance performance.2’3 As a consequence, individuals
with similar Vo, scores can vary greatly in endurance
ability depending upon the percentage of their VOZmaX that
they can sustain during an event.>3>! Various physiological
parameters at submaximal workloads have been used to dis-
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criminate between athletes. These include variables such as
LT, VT and measures of economy at various workloads or
velocities.

The LT has often been cited as a critical workload, as it
signifies a work rate beyond which there is an abrupt increase
in lactate levels.>? However, it is difficult to compare the LT
of various athletes reported in different studies as a number
of different methods have been used to determine LT.> Fur-
thermore, although it has been demonstrated that the different
methods of computing the LT are correlated,? it has also been
suggested that the most appropriate test to determine LT may
be dependant on the length of the event being investigated.'®
A number of factors, such as variations in aerobic fitness,?
fiber size>* and the percentage of type I muscle fibers>> may
be responsible for the differences in LT observed between
subjects.

The VT is another submaximal physiological measure that
has been associated with endurance performance. The VT has
been defined as an increase in the ventilatory equivalent for
oxygen (Vg Vazl) with no associated increase in the ventila-

tory equivalent for carbon dioxide (Vg VC_(%Z). This has been
termed the ventilatory equivalent method for determining
VT.3¢ An alternative method for describing the VT is by iden-
tifying the point at which there is a steeper increase in Vcoz
as compared to VOZ- This is known as the V-slope method for
defining VT.>7 Both measures have been reported to result in
similar values of VT8 and have been used interchangeably to
describe the VT. This is expected as the ratio between Vg VEOIZ

and Vg Vg; should be the same as between Vcoz and Voz- An
alternative method used by some authors to define the VT, is
the point at which there is an increase in Vg Vgéz. Simon et

al.>® has referred to this point as the respiratory compensa-
tion threshold (RCT) and reported this to occur at a higher
intensity than VT in trained (N=6, 26.8 2.2 yrs, Vo, =
63.8 &+ 1.3mLkg ™! min~') and untrained (N=6,31.0 £ 1.8
y1s, Vo, = 35.5 £2.3mLkg~! min~') individuals.
Submaximal parameters measured during swimming,
cycling and running have been shown to be predictive
of endurance performance. It has been demonstrated that
endurance performance of a group of cyclists homogenous
for Vo,, .. (Vo,,.,. = 68.6 & 1.2mLkg~! min~!) was asso-
ciated with a high percentage of V02 at the LT (r=0.90,
P <0.001).3 It has similarly been demonstrated that submax-
imal values obtained during running tests are also predictive
of distance running performance.® Farrell et al.® (N=18,
28 +£9.0 yrs, Vo,,, = 61.7+7.5mLkg™! min~!) showed
that Vo, consumed at a treadmill velocity of 268 m min~!
(r>0.49), Vo, at the LT (mLkg~' min~!) (r>0.91) and
treadmill velocity at the LT (r>0.91) were significantly
(P <0.05) related to running performances at distances rang-
ing from 3.2km to the marathon (42.2km). This led the
authors to conclude that successful distance runners are able
to utilise a large fraction of Vo, Wwith minimal accumu-
lation of blood lactate. Finally, it has also been reported
that, despite no differences in VOZmaX or Wpeak, a group of

highly trained cyclists was able to perform a 40km time
trial significantly faster than a group of highly trained triath-
letes, partially due to a significantly higher VT.%0 Thus,
these studies suggest that submaximal physiological values
may be important determinants of endurance performance
in a variety of athletes, including triathletes. It should be
noted however, that the relationship between physiological
measures and endurance performance is often not as clear
during triathlon events,!®39 possibly due to factors such as
drafting and the sequential performance of different disci-
plines.

It is difficult to compare the LT values reported for triath-
letes as different methods have been used to calculate this
value. The LT during running, measured as an exercise inten-
sity that elicits a blood [La~] of 4mmol L™ (commonly
referred to as the onset of blood lactate accumulation or
OBLA), has been reported to be 85.1% of Vo, for a group
of well-trained triathletes (N=14, 29.4 £5.1 yrs, Vo, =
58.4 4+ 1.4mLkg~ ! min~') competing in a half-ironman
triathlon.*> The same group of triathletes exhibited a lower
LT as a percentage of VOZmax during cycling (76.1%) com-
pared with running. This coincided with a lower Vo, max Value
for this group during cycling (56.0+ 1.3 mLkg™! min~!,
P <0.05). O’ Tooleetal.®! defined the LT as the exercise inten-
sity that elicited an increase in blood [La~] of 1 mmol L ™!
above that measured during the first work rate. Using this
definition, the LT during cycling was 73 £2.2% of VOZmax
among a group of ironman triathletes with a similar Vo,
value (57.4=47.5mLkg™ ! min~!). The exercise intensity
that elicited a blood [La~] of 4 mmol L~! was also reported
and occured at 88 & 1.2% of Vo, . Compared to the pre-
viously mentioned study by Kohrt et al.,*? the higher LT at
a blood [La~] of 4mmol L~! reported by O’Toole et al.®!
may be because the subjects in this study were training for
the longer ironman event and may have completed more
cycle training. Finally, utilising the Dpj,x method for LT
determination, the LT was approximately 68% of W,k for
a group of male, recreational triathletes (N=10, 24.2 +4.2
yrs, cycling Vo,, = 64.7 4+ 5.1 mLkg™! min—!) who were
training for a local Olympic-distance triathlon.?> The LT val-
ues of single-sport athletes are comparable to these reported
values for triathletes. For example, an OBLA value of
90.4 4+ 1.1% of Vo2max has been reported for elite (VOZmax =
77.7 + 6.4 mL kg~ min~!) male distance runners while a LT
of 75.3 + 1.5% of Vo, was reported for a group of compet-
itive cyclists (Vo,,,,, = 69.3 & 1.2mLkg~! min~!) utilising
the equivalent method of O’Toole as outlined above.

The majority of studies investigating submaximal phys-
iological values among triathletes have reported the VT,
rather than the LT, 13:26:29.30.32.33.35.49.61-63 T measures dur-
ing running and cycling have ranged from 65 to 85% and
from 61 to 84% of Vo,,,. respectively. Only a limited
number of studies have investigated the VT during swim-
ming. One of these studies reported values of 71.8 +2.0%
and 75.8+£4.2% of Vo,,, for males (N=18, 27.7+1.3
yrs, swimming Vo, =49.94 1.4mLkg~' min~!) and
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females (F=7, 28.3 2.3 yrs, swimming VoZmax =381+
2.4mLkg~" min~") respectively.'3

The large range of values for VT as a percentage of
V()Zmax reported for triathletes during running and cycling
are probably due to the various methods used to determine
VT. Authors who reported lower values of VT as a percent-
age of Vo, max (DEtwWeen 60 and 75%) defined VT by means
of the V-slope or ventilatory equivalent method.30-3%-61-63
Studies that reported higher values for the VT (80-90% of
V0,1, )» have actually measured the RCT which is defined
as a nonlinear increase in VE with respect to time, V02 or
Vc02.13’26’29’32’33’49 Thus, when interpreting VT values it is
important to consider the analysis method used.

The VT values reported for the individual disciplines of
triathletes are similar to those reported for trained cyclists and
runners.*!9%%% Moreover, the VT values among triathletes
are generally lower during swimming compared to cycling,
with both being less than running VT values.!33>#° This may
be related to the mode of exercise® or to the observation that
V02 . values are typically higher during running compared
to cycling and swimming. It has been reported that triath-
letes with similar Vo, values for cycling and running also
elicit similar VT measures for the two disciplines.>? It there-
fore appears that VT values may vary with maximal aerobic
fitness within the individual disciplines of a triathlon. Given
the similar Vo, values between triathletes and single-sport
endurance athletes (discussed earlier), this further suggests
that VT values are also likely to be similar. However, the
paucity of reliable threshold values, especially for swimming,
makes comparisons difficult.

4. Summary: the physiological profile of triathletes

Data from triathletes competing at a national level have
shown that individual cycling and running Vo, values are
similar to those observed for athletes competing in individ-
ual sports at a similar standard. A number of studies have
also reported submaximal physiological values of triathletes.
Although comparisons are complicated by the number of
definitions which exist for the determination of LT and VT,
these values also appear to be similar to other endurance ath-
letes. Thus, it appears that modern-day triathletes are able
to obtain similar physiological values as single-sport athletes
despite dividing their training time among three disciplines.
Moreover, it is suggested that the physiological capacities of
modern-day triathletes are similar for cycling and running due
to possible cross-training effects between the two, however
this effect has not been demonstrated for swimming.

Practical implications

e Triathletes expecting to compete at an elite level may
require similar physiological profiles to that of single-
sports athletes.

e To achieve these physiological capacities, triathletes
should exploit the advantage associated with cross training.

Appendix A. Supplementary data

Supplementary data associated with this arti-
cle can be found, in the online version, at
doi:10.1016/j.jsams.2009.03.008.

References

1. Coyle EF. Integration of the physiological factors determining
endurance performance ability. Exerc Sport Sci Rev 1995;23:25-63.

2. Costill DL, Thomason H, Roberts E. Fractional utilization of the aerobic
capacity during distance running. Med Sci Sports Exerc 1973;5:248-52.

3. Coyle EF, Coggan AR, Hopper MK, Walters TJ. Determinants of
endurance in well-trained cyclists. J Appl Physiol 1988;64:2622-30.

4. O’Toole ML, Douglas PS. Applied physiology of triathlon. Sports Med
1995;19:251-67.

5. Sleivert GG, Rowlands DS. Physical and physiological factors associ-
ated with success in the triathlon. Sports Med 1996;22:8-18.

6. Farrell PA, Wilmore JH, Coyle EF, Billing JE, Costill DL. Plasma lac-
tate accumulation and distance running performance. Med Sci Sports
Exerc 1979;11:338-44.

7. Saltin B, Astrand PO. Maximal oxygen uptake in athletes. J Appl
Physiol 1967;23:353-8.

8. Tolfrey K, Barker A, Thom JM, Morse CI, Narici MV, Batterham AM.
Scaling of maximal oxygen uptake by lower leg muscle volume in boys
and men. J Appl Physiol 2006;100:1851-6.

9. Chatard JC, Collomp C, Maglischo E, Maglischo C. Swimming skill
and stroking characteristics of front crawl swimmers. Int J Sports Med
1990;11:156-61.

10. Nomura T. The influence of training and age on Vo, during swim-
ming in Japanese elite age group and Olympic swimmers. In: Hollander
AP, Huijing PA, De Groot G, editors. Biomechanics and medicine in
swimming. Champaign, IL: Human Kinetics; 1983. p. 251-7.

11. Costill DL, Kovaleski J, Porter D, Kirwan J, Fielding R, King D.
Energy expenditure during front crawl swimming. Int J Sports Med
1985;6:266-70.

12. Ribeiro JP, Cadavid E, Baena J, Monsalvete E, Barna A, De Rose EH.
Metabolic predictors of middle-distance swimming performance. Br J
Sports Med 1990;24:196-200.

13. Sleivert GG, Wenger HA. Physiological predictors of short-course
triathlon performance. Med Sci Sports Exerc 1993;25:871-6.

14. Roels B, Schmitt L, Libicz S, Bentley D, Richalet J-P, Millet G. Speci-
ficity of Vo, .. and the ventilatory threshold in free swimming and
cycle ergometry: comparison between triathletes and swimmers. Br J
Sports Med 2003;39:965-8.

15. Millet GP, Candau RB, Barbier B, Busso T, Rouillon JD, Chatard
JC. Modelling the transfers of training effects on performance in elite
triathletes. Int J Sports Med 2002;23:55-63.

16. Lucia A, Joyos H, Chicharro JL. Physiological response to profes-
sional road cycling: climbers vs. time trialists. Int J Sports Med
2000;21:505-12.

17. Padilla S, Mujika I, Cuesta G, Goiriena JL. Level ground and uphill
cycling ability in professional road cycling. Med Sci Sports Exerc
1999;31:878-85.

18. Bentley DJ, McNaughton LR, Thompson D, Vleck VE, Batterham AM.
Peak power output, the lactate threshold, and time trial performance in
cyclists. Med Sci Sports Exerc 2001;33:2077-81.

19. Dill DB. Oxygen used in horizontal and grade walking and running on
the treadmill. J Appl Physiol 1965;20:19-22.


http://dx.doi.org/10.1016/j.jsams.2009.03.008

346

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

R. Suriano, D. Bishop / Journal of Science and Medicine in Sport 13 (2010) 340-347

Costill DL. The relationship between selected physiological vari-
ables and distance running performance. J Sports Med Phys Fitness
1967;7:61-6.

Billat VL, Demarle A, Slawinski J, Paiva M, Koralsztein JP. Physi-
cal and training characteristics of top-class marathon runners. Med Sci
Sports Exerc 2001;33:2089-97.

Noakes TD, Myburgh KH, Schall R. Peak treadmill running velocity
during the VO, max test predicts running performance. J Sports Sci
1990;8:35-45.

Sjodin B, Svedenhag J. Applied physiology of marathon running.
Sports Med 1985;2:83-99.

Deitrick RW. Physiological responses of typical versus heavy weight
triathletes to treadmill and bicycle exercise. J Sports Med Phys Fitness
1991;31:367-75.

Bentley DJ, Wilson GJ, Davie AJ, Zhou S. Correlations between peak
power output, muscular strength and cycle time trial performance in
triathletes. J Sports Med Phys Fitness 1998;38:201-7.

Bunc V, Heller J, Horcic J, Novotny J. Physiological profile of best
Czech male and female young triathletes. J Sports Med Phys Fitness
1996;36:265-70.

Butts NK, Henry BA, McLean D. Correlations between Vo, . and
performance times of recreational triathletes. J Sports Med Phys Fitness
1991;31:339-44.

Dengel DR, Flynn MG, Costill DL, Kirwan JP. Determinants of success
during triathlon competition. Res Q Exerc Sport 1989;60:234-8.

De Vito G, Bernardi M, Sproviero E, Figura F. Decrease of endurance
performance during Olympic triathlon. Int J Sports Med 1995;16:
24-8.

Hue O, Le Gallais D, Chollet D, Prefaut C. Ventilatory threshold and
maximal oxygen uptake in present triathletes. Can J Appl Physiol
2000;25:102-13.

. Loftin M, Warren BL, Zingraf S, Brandon JE, Scully B. Peak physi-

ological function and performance of recreational triathletes. J Sports
Med Phys Fitness 1988;28:330-5.

Millet GP, Dreano P, Bentley DJ. Physiological characteristics
of elite short- and long-distance triathletes. Eur J Appl Physiol
2003;88:427-30.

Millet GP, Bentley DJ. The physiological responses to running
after cycling in elite junior and senior triathletes. Int J Sports Med
2004;25:191-7.

Schabort EJ, Killian SC, St Clair Gibson A, Hawley JA, Noakes TD.
Prediction of triathlon race time from laboratory testing in national
triathletes. Med Sci Sports Exerc 2000;32:844-9.

Schneider DA, Lacroix KA, Atkinson GR, Troped PJ, Pollack J. Venti-
latory threshold and maximal oxygen uptake during cycling and running
in triathletes. Med Sci Sports Exerc 1990;22:257-64.

Basset FA, Boulay MR. Specificity of treadmill and cycle ergome-
ter tests in triathletes, runners and cyclists. Eur J Appl Physiol
2000;81:214-21.

Vleck VE, Burgi A, Bentley DJ. The consequences of swim, cycle and
run performance on overall result in elite Olympic distance triathlon.
Int J Sports Med 2006;27:43-8.

Lucia A, Hoyos J, Perez M, Santalla A, Chicharro JL. Inverse relation-
ship between Vo, and economy/efficiency in world-class cyclists.
Med Sci Sports Exerc 2002;2002:2079-84.

Zinkgraf SA, Jones CJ, Warren B, Krebs PS. An empirical investi-
gation of triathlon performance. J Sports Med Phys Fitness 1986;26:
350-6.

Laurenson NM, Fulcher KY, Korkia P. Physiological characteristics
of elite and club level triathletes during running. Int J Sports Med
1993;14:455-9.

Lucia A, Hoyos J, Perez M, Chicharro JL. Heart rate and performance
parameters in elite cyclists: a longitudinal study. Med Sci Sports Exerc
2000;32:1777-82.

Kohrt WM, Morgan DW, Bates B, Skinner JS. Physiological responses
of triathletes to maximal swimming, cycling, and running. Med Sci
Sports Exerc 1987;19:51-5.

43.

44,

45.

46.

417.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Kohrt WM, O’Connor JS, Skinner JS. Longitudinal assessment of
responses by triathletes to swimming, cycling, and running. Med Sci
Sports Exerc 1989;21:569-75.

Astrand PO, Saltin B. Maximal oxygen uptake and heart rate in various
types of muscular activity. J Appl Physiol 1961;16:977-81.

Lewis SF. Cardiovascular responses to exercise as functions of absolute
and relative work load. J Appl Physiol 1983;54:1314-23.

Vercruyssen F, Brisswalter J, Hausswirth C, Bernard T, Bernard O,
Vallier J-M. Influence of cycling cadence on subsequent running per-
formance in triathletes. Med Sci Sports Exerc 2002;34:530-6.

Bishop D, Jenkins DG, Mackinnon LT. The effect of stage duration on
the calculation of peak VO, during cycle ergometry. J Sci Med Sport
1998;1:171-6.

McNaughton L, Roberts S, Bentley DJ. The relationship among peak
power output, lactate threshold, and short-distance cycling perfor-
mance: effects of incremental exercise test design. J Strength Cond
Res 2006;20:157-61.

Zhou S, Robson SJ, King MJ, Davie AJ. Correlations between short-
course triathlon performance and physiological variables determined
in laboratory cycle and treadmill tests. J Sports Med Phys Fitness
1997;37:122-30.

Mujika I, Padilla S. Physiological and performance characteristics of
male professional road cyclists. Sports Med 2001;31:479-87.

Costill DL. Physiology of marathon running. J Am Med Assoc
1972;221:1024-9.

Brooks GA. Anaerobic threshold: review of the concept and directions
for future research. Med Sci Sports Exerc 1985;17:22-31.

Bishop D, Jenkins DG, Mackinnon LT. The relationship between
plasma lactate parameters, Wpeak and 1-h cycling performance in
women. Med Sci Sports Exerc 1998;30:1270-5.

Bishop D, Jenkins DG, McEniery M, Carey MF. Relationship between
plasma lactate parameters and muscle characteristics in female cyclists.
Med Sci Sports Exerc 2000;32:1088-93.

Coyle EF, Feltner ME, Kautz SA, Hamilton MT, Montain SJ, Baylor
AM, et al. Physiological and biomechanical factors associated with
elite endurance cycling performance. Med Sci Sports Exerc 1991;23:
93-107.

Davis JA, Frank MH, Whipp BJ, Wasserman K. Anaerobic threshold
alterations caused by endurance training in middle-aged men. J Appl
Physiol 1979;46:1039-46.

Beaver WL, Wasserman K, Whipp BJ. A new method for detect-
ing anaerobic threshold by gas exchange. J Appl Physiol 1986;60:
2020-7.

Hoogeveen AR, Schep G, Hoogsteen J. The ventilatory threshold, heart
rate, and endurance performance: relationships in elite cyclists. Int J
Sports Med 1999;20:114-7.

Simon J, Young JL, Blood DK, Segal KR, Case RB, Gutin B. Plasma
lactate and ventilation thresholds in trained and untrained cyclists. J
Appl Physiol 1986;60:777-81.

Laursen PB, Shing CM, Tennant SC, Prentice CM, Jenkins DG. A
comparison of the cycling performance of cyclists and triathletes. J
Sports Sci 2003;21:411-8.

O’Toole ML, Douglas PS, Hiller WDB. Lactate, oxygen uptake,
and cycling performance in triathletes. Int J Sports Med 1989:;10:
413-8.

Hue O. Prediction of drafted-triathlon race time from submaximal
laboratory testing in elite triathletes. Can J Appl Physiol 2003;28:
547-60.

Boussana A, Matecki S, Galy O, Hue O, Ramonatxo M, Le Gallais D.
The effect of exercise modality on respiratory muscle performance in
triathletes. Med Sci Sports Exerc 2001;33:2036—43.

Withers RT, Sherman WM, Miller JM, Costill DL. Specificity of the
anaerobic threshold in endurance trained cyclists and runners. Eur J
Appl Physiol Occup Physiol 1981;47:93—-104.

Kreider RB, Cundiff DE, Hammett JB, Cortes CW, Williams KW. Car-
diovascular and thermal responses of triathlon performance. Med Sci
Sports Exerc 1988;20:385-90.



66.

67.

68.

69.

70.

71.

72.

73.

R. Suriano, D. Bishop / Journal of Science and Medicine in Sport 13 (2010) 340-347 347

Albrecht TJ, Foster VL, Dickinson AL, De Bever JM. Triathletes: exer-
cise parameters measured during bicycle, swim bench and treadmill
testing. Med Sci Sports Exerc 1989;18:S86.

Danner T, Plowman SA. Running economy following an intense cycling
bout in female duathletes and triathletes. Women Sport Phys Act J
1995;4:29-39.

Miura H, Kitagawa K, Ishiko T. Economy during a simulated laboratory
test triathlon is highly related to Olympic distance triathlon. Int J Sports
Med 1997;18:276-80.

Rowbottom DG, Keast D, Garcia-Webb P, Morton A. Training adap-
tation and biological changes among well-trained triathletes. Med Sci
Sports Exerc 1997;29:1233-9.

Hue O, Le Gallais D, Boussana A. Catecholamine, blood lactate and
ventilatory responses to multi-cycle-run blocks. Med Sci Sports Exerc
2000;32:1582-6.

Bentley DJ, McNaughton LR, Lamyman R, Roberts SP. The effects of
prior incremental cycle exercise on the physiological responses dur-
ing incremental running to exhaustion: relevance for sprint triathlon
performance. J Sports Sci 2003;21:29-38.

Peeling PD, Bishop DJ, Landers GJ. The effect of swimming intensity
on subsequent cycling and overall triathlon performance. Br J Sports
Med 2005;39:960-4.

Tew GA. The effect of cycling cadence on subsequent 10km
running performance in well-trained triathletes. J Sports Sci Med
2005;4:342-53.

74.

75.

76.

71.

78.

79.

80.

Van Schuylenbergh R, Eynde BV, Hespel P. Prediction of sprint
triathlon performance from laboratory tests. Eur J Appl Physiol
2004;91:94-9.

Vercruyssen F, Suriano R, Bishop D, Brisswalter J. Cadence selection
affects metabolic responses during cycling and subsequent running time
to fatigue. Br J Sports Med 2005;39:267-72.

Brisswalter J, Hausswirth C, Smith D, Vercruyssen F, Vallier JM. Ener-
getically optimal cadence vs. freely-chosen cadence during cycling:
effect of exercise duration. Int J Sports Med 2000;21:60—4.
Hausswirth C, Vallier JM, Lehenaff D, Brisswalter J, Smith D, Mil-
let G, et al. Effect of two drafting modalities in cycling on running
performance. Med Sci Sports Exerc 2001;33:485-92.

Bernard T, Vercruyssen F, Grego F, Hausswirth C, Lepers R, Val-
lier JM, et al. Effect of cycling cadence on subsequent 3-km running
performance in well trained triathletes. Br J Sports Med 2003;37:
154-8.

Bentley DJ, Libicz S, Jougla A, Coste O, Manetta J, Chamari K,
et al. The effects of exercise intensity or drafting during swimming
on subsequent cycling performance in triathletes. J Sci Med Sport
2007;10:234-43.

Whyte G, Lumley S, George K, Gates P, Sharma S, Prasad K, et
al. Physiological profile and predictors of cycling performance in
ultra-endurance triathletes. J Sports Med Phys Fitness 2000;40(June
(2)):103-9.



	Physiological attributes of triathletes
	Physiological attributes of triathletes
	Maximal measures
	Submaximal performance measures
	Summary: the physiological profile of triathletes
	Practical implications
	Supplementary data
	References


