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Abstract The energy cost per unit of distance (Cs. ki-
lojoules per metre) of the tront-crawl. back. breast and
butterfly strokes was assessed in 20 elite swimmers. At
sub-maximal speeds (v). C. was measured dividing
steady-state oxygen consumption { J7O-) by the speed (.
metres per second). At supra-maximal v. C, was calcu-
lated by dividing the total metabolic energy (E. kilo-
joules) spent in covering 45.7. 91.4 and 182.9 m by the
distance. E was obtained as: E = Equq +'1V03maxtp—
4V Osmaxt(l —e~®/9), where E,, was the amount of
energy (kilojoules) derived from anaerobic sources.
VOomax litres per second was the maximal oxygen up-
take. o (=209 kJ - 1 O,™") was the energy equivalent of
O,, T (24 s) was the time constant assumed for the at-
tainment of VOama at muscle level at the onset of ex-
ercise. and t, (seconds) was the performance time. The
lactic acid component was assumed to increase expo-
nentially with 1, to an asymptotic value of
0.418 kJ - kg™' of body mass for tp 2 120 s. The lactic
acid component of E,, was obtained from the net in-
crease of lactate concentration after exercise (A[Laly)
assuming that. when A[La}, = | mmol - 1™ the net
amount of metabolic energy released by lactate forma-
tion was 0.069 kJ - kg™'. Over the entire range of v, front
crawl was the least costly stroke. For example at
I m-s™', C; amounted. on average, to 0.70, 0.84, 0.82
and 0.124 kJ - m™! in front crawl. backstroke, butterfly
and breaststroke, respectively: at 1.5m-s™', C, was
1.23, 1.47, 1.55 and 1.87 kJ - m™' in the four strokes,
respectively. The C; was a continuous function of the
speed in all of the four strokes. It increased exponen-
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tially in crawl and backstroke. whereas in butterfly C;
attained a minimum at the two lowest v to increase ex-
ponentially at higher v. The C; in breaststroke was a
linear function of the v. probably because of the con-
siderable amount of energy spent in this stroke for ac-
celerating the body during the pushing phase so as to
compensate for the loss of v occurring in the non-pro-
pulsive phase.

Key words Energy cost of human locomotion -
Swimming - Metabolic power - Maximal -
oxygen uptake - Lactate

Introduction

The amount of metabolic energy spent in transporting
the body mass () of the subject over a unit of distance
has been defined as the energy cost of locomotion (C di
Prampero 1986): it is usually given in kilojoules per ki-
lometre or in joules per metre per kilogram and it can be
calculated either by including or by subtracting the en-
ergy turnover at rest.

The C has usually been assessed from the ratio be-
tween steady-state oxygen uptake (VO3) and the corre-
sponding speed (v) of progression (di Prampero 1986).
This methodology precludes the assessment of C at
speeds greater than those corresponding to the subject’s
maximal O, consumption (¥Oamax). In a few studies, the
lactic acid contribution to the overall metabolic power
has also been considered (Capelli et al. 1998), thus ex-
tending the range of investigated into those where the
use of anaerobically derived energy becomes significant.
Some recent studies in running (Hautier et al. 1994;
Lacour et al. 1990) and crawl swimming (Ogita et al.
1996) have investigated v which were extended above the
range for aerobic metabolism but far below those at-
tained during actual short distance competitions.

The aim of the present study was to determine the
energy cost of swimming (Cy) at v ranging from mod-
erate. in which metabolism was completely aerobic, to
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maximal over competition distances (45.7 m. 91.4 m and
182.9 m) and times (from about 24 to about 150 s). In
addition. the assessment of C, was not limited to the
front crawl stroke. as has often been the case in the past
(Holmér 1974: McArdle et al. 1971: Monpetit et al. 1988:
Pendergast et al. 1977: Toussaint et al. 1988: Van
Handle et al. 1988). but included also back. breast and
buttertly strokes.

Methods
Subjects

This study was performed on 20 elite male college swimmers. The
"O-~max. main anthropometric characteristics of the subjects and
average best performance times over scveral distances in the four
strokes are given in Table 1. along with the stroke used by the
subject throughout the study. All the subjects were informed about
the methods and aims of the study and gave their written consent.
Measuremernts were carried out on three different occasions during
the period of the study. September to March. but not all 20 subjects
were tested on the same occasion. Of the 20 subjects 3 were eval-
uated during the month of September. 16 in December of the same
vear and | in the following March. The body surface area of the
subjects was obtained from body mass and stature (Dubois and
Dubois 1915).

C, at sub-maximal v and ¥ Oxmax

The C, at sub maximal v and F Osmay wWere measured using an open
circuit method during incremental exercise in an annular ppol 25
m wide. 2.5-m deep and 60-m in circumference over the swimmer s
course. The hoses and the two-way respiratory valve were posi-
tioned so as to keep the added drag to 4 minimum (Toussaint et al.
1990). The swimmers were paced by a platform moving at constant
r above the water surface as has been described before {Capelli et al:
1995: di Prampero et al. 1974: Zamparo et al. 1996). The first v of
the incremental test depended on the stroke used by the subject and
ranged from 0.79 to 0.96 m - s~ from breast to crawl stroke. res-
pectively. Water v was measured by means of an impeller (PT - 301
hand-held probe. MEAD. Riverdale. N.Y.. USA) connected 10 a
tachometer (F1-12P portable indicator. MEAD. Riverdale. N.Y..
USA) immersed in the water 1.5 m in front of the swimmer and
moving with the platform.

At 3 min after the onset of swimming. the expired gases were
collected through a waterproof inspiratory-expiratory valve into an
aerostatic balloon (time of collection 60 s). After that. the v was
increased by 0.12 m - s™'. for front crawl. or by 0.07 m - s~! for all
the other strokes and. after 3 min of swimming at the new v. the gas
collection was repeated. The r was repeatedly increased by the same
increment until the subject was unable to maintain the speed paced
by the platform for the required time (2.5 min). The V'O measurpd
during the last complete step was considered to represent the in-
dividual's I"Oxnax. The expired gasses during the last increment
were collected for at least 30 s. The O, and CO- t'rgctions in the
expired air were determined using i previously calibrated para-
magnetic O, analyser (Beckman CZ. Palo Alto. Calif.. USA) and an

Table 1 Main anthropometric characteristics and maximal oxygen uptake (7 Oamax ) of all the subjects tested. The time of year when the
subject was tested and the average best performance times are also given. BS4 Body surface area. F'Oamax maximal oxygen consumption

including oxygen consumption at rest

Subject Stvle Age Height Body mass BSA  FOimy  Period Average best Distance  Stroke
(years) (cm) tkg) (m°) (1 -min~") (month. year) performance times  (m)
(min:s)
DB Crawl 21 190.5 76.7 204 305 12. 1993 0:22.2 45.7 Crawl
CB Crawl 21 1879  383.1 209 435 12. 1993 0:49.4 91.4 Crawi
MH Crawl 18 182.9 69.8 191 452 12..1993 1:46.7 1829 Crawl
DM Crawl 18 188.0 31.4 208 423 9. 1993 4:51.1 457.2 Crawl
Jp Crawl 18 182.9 83.7 206 495 12, 1993 0:54.6 91.4 Backstroke
SS Crawi 19 177.8 72.6 190 408 12. 1993 1:54.9 182.9 Backstroke
LI Crawi 18 180.3 70.2 1.89 3.62 12. 1993 1:2.2 91.4 Breaststroke
CwW Crawi 19 180.3 76.8 1.96 3.95 12,1993 2:23.3 1829 Breaststroke
DH Back- 19 188.0 719 204 196 12, 1993 0:52.4 91.4 Butterfly
stroke
KM Back- 18 187.9 68.2 193 3.52 12, 1993 1:48.8 182.9 Butterfly
stroke
JP Back- 20 182.9 74.6 1.96 3.87 12..1993
stroke
RA Breast- 18 193.0 75.7 205 4.62 12, 1993
stroke :
LB Breast- 19 177.8 67.5 1.84 327 12, 1993
stroke .
ED Breast- I8 185.9 833 208 459 3.1994
stroke
IS Breast- 19 172.7 68.3 1.81 398 12. 1994
stroke
RW Breast- 19 182.9 66.2 1.86 412 9. 1993
stroke
MZ Breast- 19 194.3 33.6 2,15 4380 12, 1993
stroke
KM Butterfly 19 188.0 88.3 215 418 12,1993
SPN Butterfly 19 177.8 73.4 191 4.03 12, 1993
IS Buttertly 20 180.3 76.6 204 420 9. 1993
Mean 189 184.1 759 1.99 424
SD 0.94 5.62 6.44 0.10 049




.arrared CO, meter (Beckman LB-1. Palo Alto. Calif.. USA): the
gas volume was measured using a dry gas meter (Harvard Appa-
ratus. South Natick. Mass.. USA).

The C, at v up to ¥Oama, was calculated from the ratio between
overall ¥O» (millilitres of oxygen per second) and speed (metres per
second). The C, was converted into kilojoules per meter assuming
that the metabolic energy equivalent of one | O- standard tem-
perature and pressure. drv amounted to 20.9 kJ (a fact which 1s
strictly true only if the respiratory quotient = 0.98).

C. at maximal v

The C, at v faster than the maximal aerobic v (supra maximal) were
obtained in the four strokes as tollows. During the 2 days following
the test in the annual pool. the subjects swam at their maximai
voluntary v in a swimming pool 2. 4 and 8 laps ot a 22.9-m lane
corresponding to distances of 45.7. 91.4 and 182.9 m. The subjects
were allowed to warm up for 5 to 10 min swimming at low v less
than 70% of their individual Oy, as estimated from the F'O>
versus v relationship determined during the incremental test. The
subjects started from the block but they did not pertorm a regular
turning motion at the end of the lane. Hence. after the turn. they
did not push against the end of the pool. but resumed swimming
immediately without gliding underwater. The average v (in metres
per second) maintained by the subject during the trial was obtained
bv dividing the distance by the total time (seconds) of the trial
measured using the electronic timing system routinely used. for
competitions. After the trial. the subject sat by the side of the pool.
At the 3th and 7th min of recovery. i.e. when the blood luctate
concentration ([Laly) after swimming has been shown to reach a
peak (di Prampero et al. 1978: di Prampero 1981). blood samples
were withdrawn from an antecubital vein and immediately poured
into ice-cold 0.6-mol perchloric acid. The samples were analysed
for [La)y (millimol - I"Y) using an enzymatic method (Stat-Pack
Lactate Test. Behring Diagnostics Inc.. Somerveille. N.J.. USA)
{Gerken 1960). The subject was then allowed to cool down (10 min)
and rest for at least 40-60 min betore swimming the maximal triai.
This recovery interval has been estimated as being sufficient to
repay completely the lactic acid oxygen debt (di Prampero 1981).
The three distances were covered in series from the shortest to the
longest.

The amount of metabolic energy spent during supra maximal
swims (E. kilojoules) was assumed to be the sum of three terms (see
also Fig. 1)

E=En+ uilotmaxfp + Il;'olmuxt(l -t b (h

where = is the energy equivalent for O.. assumed to be equal to 20.9
kJ - 17" (see above), 1 is the time constant for the attainment of
I"Osmax from the onset of exercise. E,, is the amount of energy
derived from the use of anaerobic energy stores. f, is the perfor-
mance time. and V'Oaxpy,y (litres per second) includes 'O, at rest.
Equation | has been derived. after marginal transformations. from
the original equation proposed by Wilkie (1980) and the theory
behind it has been thoroughly explained and discussed elsewhere
Capelli et al. 1998 di Prampero et al. 1993; Toussaint and Hol-
lander 1994). The variables appearing in Eq. | were either calcu-
lated or assumed as follows: ¥’Oapay was that assessed during the
incremental test in the annular pool which, muitiplied by a. yielded
the maximal aerobic power (MAP. kilowatts) of the subject. The
P70, at the muscle level was assumed to attain ¥Oaypnax With a time
constant (1) of 24 s, as has been measured by nuclear magnetic
resonance spectroscopy (Binzoni et al. 1992). The E,, was the sum
of the energies obtained from lactic acid production (see Fig. 1). as
estimated from {Lalp, plus the energy derived from maximal de-
pletion of phosphocreatine (PCr) in the working muscles:

Ean = (0.418KJ - kg™" + B[Lal, )rm )

where E., is in kilojoules. my, (in kilograms) is the body mass of the
subject. B is the energy equivalent of La accumulation in the blood.
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Fig. 1 Diagram of the energetics of hypothetical supra-maximal
exercise the intensity of which is assumed to be 200% maximal oxygen
intake (I"Osmax). Upper horizontal line is the power required to swim
the distance at a given speed v. Thus. the overall energy spent during
the swim (£ see Eq. | in text) is given by the rectangle a b ¢ d. The
oxvgen uptake (§°O2) increases rapidly at the onset of the swim to
attain ¥ Oy, monoexponentiaily with a time constant T = 24s. The:
energy derived from aerobic sources E..r is given by the rectar_xgle ah
" d. adjusted for the farched area. This is expressed mathematically by
the 3rd term of Eq. | in text. The energy derived from net lactate
production (BLa) and that obtained from net phosphocreatine (PCr)
breakdown (24 PCr) are also indicated. The latter lies t0 the left of I/u’.
curves indicating the 7’0, and La production rates at the onset of
exercise: it is indicated mathematically by the Ist term of Eq. 2 in text.
Finaily. the sum of PLa and APCr yieids the overall energy obtained
from anaerobic sources E,q in Eq. 1 in text). The time delay with
which La production sets in as well as its time course. are largely
hypothetical

which has been assumed to be equal to 0.0689 kJ - kg™" - mmol™

(di Prampero 1981). and [La], is the peak blood lactate concen-
tration after exercise above resting (assumed = | mmol : l. ). In
turn. 0.418 kJ - kg™! in Eq. 2 corresponds to the net splitting of
18.5 mmol of phospocreatine (PCr) per kilogram of wet muscle in a
maximaily working muscle mass equal to 30% of th_e overall body
mass (Corresponding to 22.8 kg in our subjects). Since this value
strictly applies only within the age range 21-30 years. in younger
athletes. it has been adjusted for age {Cerretelli et a_ll. 1968): in
subjects aged 18~19 years. it amounted to 0‘3?3 k._l -kg™'.and in 20
vear-old athletes it equalled 0.407 kJ - kg™". Finally, the actual
amount of energy derived from PCr splitting at the onset of ex-
hausting exercise was assumed to increase with the exercise dura-
tion with a time constant (1) of 23.4 s. as has been described by
Medbe and Tabata (1993). . 2 )

The values of E calculated for each individual maximal swim
were then divided by the distance covered (d. metres) to yield (ki-
lojoules per metre).

Statistics

Regressions were calculated by means of a least-squares-methods
provided by a graphical and statistical package (Systat. Evanston.
TlL.. USA). The differences among peak [Lals assessed at the end of
maximal trials were evaluated using a two-way ANOVA and the
post-hoc test of Bonferroni (Box et al. 1978). Dlﬁ'erences among the
exponents and the coefficients of the exponential regressions were
analysed using an analysis of covariance after their linearisation
(Armitage 1971).
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Resuits

The average v and C; measured during the tests in the
annular pool for v up to that vielding }'Osyax are re-
ported in Table 2 for the four strokes.

Table 2 Energy cost of swimming (C.) in all the subjects and all
the strokes measured during the tests in the annular pool at speeds
up to maximal oxygen uptake 11'Oxpyg,. # Number of subjects.
Speed speed maintained during the swim. At speeds below } Oy
the standard deviation of the speed (SD) was nil since the subjects
swam at the same speed as that imposed by the platform. C, Gross

The average values of v. [La], and C, obtained during
the supra-maximal trials are reported for each 4 and for
all subjects in Table 3 together with the contribution to
the overall metabolic power output (kilowatts) of the
aerobic, anaerobic lactic acid and anaerobic alactic acid
energy sources. The average [Lal, at the end of the
shortest trial turned out to be significantly less {9.30 (SD
2.37) mmol - "', P < 0.05] than those measured at the
end of the two longer swims. which amounted. on av-
erage. to 12.6 (SD 2.35) and to 13.1 (SD 3.39) mmo-
- 17" respectively. The estimated percentages of the

o overall metabolic energy output obtained:
energy cost of swimming =)

Stroke % Speed ¢ I. From the amount of O- taken up from the environ-
et W m ment (Eser, %)

2. From anaerobic glycolysis (Eypjac, %) and
Mean  SD Mean  SD 3. From the splitting of the high energy phosphate of
Crawl S 096 0.75 0.107 the muscles (Eqnaiac, %) are also reported in Table 4.
14 0.80 0.127 The average metabolic power output maintained by the
{ﬁj g'g“) 8'{2{; subjects during maximal trials in the four strokes was
142 0.048 1.04 0.116 calculated from the ratio of Eq. | to 7, and amounted to
Backstroke 3 0.86 0.78 0.051 129.4 (SD 6.79)% of individual MAP for an average
0.93 0.81 0.117 swimming time of 137.2 (SD 10.60) s. to 169.3 (SD
Loy 084 017 21.38)% for an average time of 58.8 (SD 8.26) s and to
114 0.95 0:032 204.4(SD 38.45)% for an average time of 26.7 (SD 3.56)s.
1.21 0.99 0.097 The average anaerobic contribution to the ovgrall
1.32 0040 109 0.188 metabolic power output calculated during the maximal
Breastsroke 6 0.79 102 0.107 trials amounted to 2.82 (SD 0.21) kW, 1.63 (SD 0.41)
093 oo kW. and 0.71 (SD 0.13) kW in the four distances of
1.00 1.29 0.120 45.72. 91.44. and 182.88 m. respectively. These values
1.09 0.084 1.35 0.142 were the sum of the E ., contribution [1.67 (SD 0.52)
Butterfly 3 086 098 0.069 kW, 111 (SD 0.35) and 0.44 (SD 0.14) kW] plus that
o 0% e from the PCr splitting [1.15 (SD 0.21), 0.52 (SD 0.09)
1.07 092 0089 and 0.24 (SD 0.04) kW]. This implied that 24.6 (SD
1.14 0.96 0.089 3.88)%. 43.0 (SD 8.56)% and 54.2 (SD 9.74)% of the
1.27 0.069 1.09 0.104

total power output was derived from Eaniac SOUrces.

Table 3 Distance. Speed. blood lactate concentration ({La},). en- during maximal trials, # number of subjects. Speed average speed
ergy cost of swimming C.. together with the contribution of aerobic  maintained during maximal trials. [La}, gross peak lactate con-
(Eqer). anaerobic lactic acid (E,nic). and anaerobic alactic acid  centration assessed in the recovery phase after maximal swim. Cs
(Enalac) €nergy sources to the overail metabolic power output for  overall energy cost of swimming

all subjects during maximal trials. Diszance Distance covered

Distance Stroke n  Speed [La]y C, Eaer Eaniac Enatac
(m) (m-s™") mmol - 1™ (kJ-m™ (kW) (kW) (kW)
mean SD mean SD mean SD mean SD mean SD mean SD
45.7 Crawl 8 197 007 9.9 216 22§ 0.199 0.56 0.053 194 0428 0.83 0.091
Backstroke 3 L7130 005 1Ll 1.05 237 0.146 0.56 0.103 193 0253 0.75 0.060(2)
Breaststroke 6 1.50 0.10 1.7 298 1.79 0.389 0.65 0.073 1.09 0392 069 0.1 ¢
Butterfly 3 185 008 9.3 0.35 2.39 0.276 0.54 0.026 1.85 0215 083 0.08
20 175 020 9.3 2.37 0.58 0074 1.67 0.523 078 0.105
914 Crawl 8 175 005 105 2.74 1.73 0.16 0.90 0.089 1.29 0.260 0.53 0.04:3
Backstroke 3 164 003 124 0.81 1.64 0.194 0.88 0.157 1.05 0.155 048 O.g‘;o
Breaststroke 6 1.34  0.09 119 5.18 1.67 0.350 0.99 0.110 0.81 0423 040 0.053
Butterfly 3 163 0.1 14.1 2.37 1.84 0.145  0.88 0.044 126 0.083 051 O
20 159 019 131 3.39 0.92 0.105 1.10 0.349 048 0.075
182.9 Crawl 8 162 005 114 1.60 1.28 0.113  1.19 0.128 048 0079 0.27 Ogg?
Backstroke 3 152 003 139 1.34 1.34 0.192  L15 0205 0.55 0.100 0.24 0.038
Breaststroke 6 1.23  0.09 3.1 3.38 1.54 0210 1.24 0.152 0.41 0.127 0.19 0‘007
Butterfly 3 141 001 13.5 1.67 1.43 0.066 1.18 0.054 0.52 0.093 023 O
30 145 019 119 2.76 1.20 0.134 0.47 0.060 024 0.042




Table 4 Percentage contribution of aerobic { £,.,}. anaerobic lactic
acid ( E,q1.c) and anaerobic alactic acid sources ( Eynaiac) Of €nergy to
the overall energy expenditure for all subjects during maximal
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trials. Distance Distance covered during maximal trials. n number
of subjects. Speed average speed maintained during maximal trials

Distance  Stroke " Speed Eer Eqnlac - Esnatac
(m) (m-s™ (%) {%%) (%)
mean SD mean SD mean SD mean SD
45.7 Crawl 3 1.97 0.07 13.2 6.06 58.9 8.36 258 4.16
Backstroke 3 1.73 0.05 174 310 94 381 23.1 9.74
Breaststroke 6 1.50 0.10 A 2.86 437 $.10 29.3 3.59
Buttertly 3 1.85 0.08 16.9 1.50 57.3 .40 259 0.20
20 1.75 0.20 19.4 6.64 542 9.74 26.4 4.37
91.4 Crawl 3 1.75 0.05 333 2.30 47.2 4.6l 19.6 251
Backstroke 3 1.64 0.03 6.4 2.69 43.6 1.96 20.0 1.31
Breaststroke 6 1.34 0.09 46.3 8.06 34.8 11.16 18.7 3.61
Butterfly 3 1.63 0.11 333 1.13 47.5 2.67 19.2 229
20 1.59 0.19 37.7 7.47 430 8.56 19.3 2.59
182.9 Crawl 8 .62 0.05 61.3 2.46 247 2.81 13.8 0.20
Backstroke 3 1.52 0.03 39.2 0.97 28.2 0.53 12.6 1.21
Breaststroke 6 1.23 0.09 67.9 4.21 217 4.39 10.4 1.29
Buttertly 3 1.4l 0.0l - 61.1 413 26.6 4.10 12.3 0.04
20 1.43 0.19 63.0 448 24.6 3.88 12.4 1.81
80.0 : ° Crawl x Backstroke
—=— Eanlac 30 —
—— Eanaiac 25 F
60.0 —e— Eaer o
T 20
§4 g 15 .—\\
uy. 400 b 3 N
R wh ,
. . S~ { . , —
200 F 0 e s 20 28 *%s 10 s 20 25
speed (m-s ) speed (m-s ')
0.0 ‘ ' : .
0 50 100 150 200
20 a Breaststroke 20 o Butterfly
t(s e AT - ‘
(s) :_ NN ["\ ;
Fig. 2 The percentages of the total metabolic power output (% Eor) &y ~ 28 t '
derived from aerobic. anaerobic alactacid acid and anaerobic lactic = 20 \‘\ P
acid energy sources are represented as a function of the average time E v E A
(1) necessary to swim maximal voluntary trials. Points have been 2 ; 25t
obtained by pooling individual values regardless of the stroke utilised 3 ‘g
by the subject. For other definitions see Tables 3 and 4 : 10 ‘,
r :
i . : i
0% s 10 15 20 25

whereas 12.4 (SD 1.81)%. 19.3 (SD 2.59)% and 26.4
(SD 4.37)% were obtained from the splitting of the high
energy phosphate from the longest to the shortest trial.
respectively (see Fig. 2).

The amount and the fraction of the overall metabolic
power provided by aerobic sources increased with the d
covered. They amounted to 0.583 (SD 0.074) kW and to
19.4 (SD 6.64)% in the shortest trial (45.72 m), to 0.92
(SD 0.105) kW and to 37.7 (SD 7.47)% in the middle
distance (91.44 m) and to 1.20 (SD 0.134) kW and to

"63.0 (SD 4.48)% in the longest (182.88 m: see Fig. 2).

The average values of C are plotted as a function of
the average speed in Fig. 3 for the four strokes tested.
Data were interpolated using exponential functions to
give an empirical description of the possible relationship

speed (m-s 1)

Fig. 3 Average values of the energy cost of swimming (C,) in the
four strokes as a function of the speed. Regressions were calculat-
ed from all individual values with the exception of the butterfly
stroke where only the unfilled symbols were used. Front crawi:
¢y = 0298 10°%%% = 0.960: Backstroke: v = 0270 100491,
1 = 0.922: Breaststroke: v = 0.548 109¥%. r* = 0.981: Butterfly:
v = 0234 109375 = 0.993). The curves in each diagram are
isopleths corresponding to constant values of metabolic power equal
to 1.2. 3 and 4 kW (from bottom 1o top)

between the variables. Regressions were significantly
different in terms of exponent, but not in terms of co-
efficient. Tables 2. 3 and 4 and Fig. 3 show that the most
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cconomical swimming stroke was front crawl followed
by back. buttertly and breast strokes. In addition. in the
front crawl. back and breast strokes C, increased
monotonically with the swimming v. whereas. in the
butterfly stroke. C, reached a minimum at a » of about
| m- s~ and increased exponentially at higher .

Discussion

In the present study the C, was estimated in the front
crawl. back. breast and butterfly sirokes at r ranging
from those emploving sub-maximal aerobic metabolism
to those usually attained during competitions by elite
athletes.

In the past. C, has been assessed at v substantially
slower than those actually attained during competitions
over the shortest ¢ in the four strokes (Holmeér 1974:
McArdle et al. 1971: Pendergast et al. 1977: Toussaint
et al. 1990: Van Handle et al. 1988). Even Holmeér
(1972, 1974). in the extended series of measurements of
his seminal studies. has measured the ’O- necessary to
swim using the four strokes within a range of steady v
markedly lower than those attained by our subjects
during maximal swims. To our knowiledge. the only
attempt to estimate energy expenditure using the front
crawl stroke at maximal competition v was that ac-
complished by di Prampero (1986) applying a series of
calculations. more or less like those used in the present
study. His estimate of C, was 2.20 kJ - m™' using the
front crawl stroke at 2.0 m - s™'. However. his calcula-
tions referred to good. but not elite. swimmers and did
not include the energy metabolism at rest. As such. a
direct comparison with his swimmers is difficult to
make.

Hence. the results presented in this study extend our
knowledge of the bioenergetics of swimming to v very
close to. or even overlapping. those actually attained
during competitions in the four classical competition
strokes by elite athletes.

Estimates of metabolic power expenditure

Average respiratory gas exchange ratio at ’Oamax Was
1.07 (SD 0.04); a value which indicated that our subjects
exercised indeed at. or very close to. their MAP (see
Londeree 1986). Hence, we do not consider that any
underestimation of C; at supra-maximal v was due to the
inaccuracy with which VOayax Was measured.

To calculate E, we assumed that VOsynax was at-
tained at the onset of maximal exercise according to a
first order kinetic function with a t equal to 24s.
The assumption of a larger value of t would have led.
for given values of E,, to a decrease of E. and hence to
lower values of Cs, whereas the opposite would have
been true for a smaller t. However. this possible
source of error would have had a role only in the
two longer distances, since the contribution of the third

term of equation | to the overall metabolic power was
only a minor fraction (6.3. 4.5 and 4.2%) from the
shortest to the longest trial.

The E,, contributed substantially to £ at all distances
(see Results section above). Thus. systematic errors in
estimating and.or in assuming one or both the compo-
nents of E,, may have brought about large errors in
calculating E. and. as a consequence. Ci.

In this study. we assumed that the maximal amount
of energy derived from the complete utilisation of PCr
stores of the active muscles was 0.418 kJ - kg™' in sub-
jects aged 21-30 years and slightly less in younger sub-
jects: 0.408 kJ - kg™' and 0.393 kJ - kg™' at 20 and 18-
19 years. respectively. Assuming that the muscle mass
involved in swimming was 30% of the #m, of our sub-
jects. i.e. about 23 kg. this corresponded to. on average.
an overall decrease of PCr concentration at exhaustion
of 18.5. 18.1 and 17.4 mmol - kg™' of wet muscle mass.
These values are close to the decline of PCr that has been
measured by other authors (Bangsbo et al. 1990: Sahlin
et al. 1979) immediately after exhausting exercise. As
such. we think the assumed values are reasonable esti-
mates of the maximal amount of energy that can be
derived from maximal PCr splitting. We also assumed
that the amount of PCr used at the onset of exhausting
exercise increases with the exercise duration following a
first order kinetic function with a time constant of 23.4 s
(see Medbgo and Tabata 1993).

Therefore. the energy from PCr splitting would have-
been fully available only for the longer supra-maximal
swims the average duration of which was 137 s. Indeed.
for the two shorter supra-maximal swims. the amount of
energy derived from PCr splitting would have amounted
to about 0.286 kJ - kg™' and to 0.384 kJ kg™ in the
oldest subjects. Assuming a faster or slower time course
for the use of PCr at the onset of supra-maximal exercise
would yield values of 0.314. 0.398 and 0.418 kJ - kg :
for 1, = 19.2 s and to 0.253. 0.363 and 0.414 kJ - kg~
for 1y = 26.8 s (for the oldest group from the shortest
to the longest distance. respectively). This would result
in a 3.8%. 0.77% and 0.77% error for Ty = 19.2 s.and
3.02%. 1.10% and 0.77% error for Ty = 28.8 s in cal-
culating C,. Different t,; values for PCr splitting would
also have affected the relative contribution of all energy
sources to the overall E. _

The fraction of E,n derived from the product'lon of
lactate obviously depends on the assumed equivalent
used to convert it into metabolic energy from ppak {Laly
assessed after maximal swims. The energy equlvlalent_c{f
La assumed in this study (0.068.9 kJ - mmol” ~kg™)
was originally calculated by Margaria et al. (1963, 197 1)
during supra-maximal running the duratxon.of vghlch
was similar to our maximal trials. Moreover, in spite of
the fact that the energy equivalent of La has been
questioned on several grounds (Gastir} 1994), Med'bo
et al. (1988) have recently confirmed it py evaluating
with an independent method the lactic acid component
of oxygen deficit and comparing it to the [La]p at the end
of exhausting running.



Given the numerous assumptions involved in the es-
timate of the amount of energy obtained from the an-
aerobic metabolism. the values of the total anaerobic
capacity estimated in this study should be compared
with that determined in swimmers of the same level. The
anaerobic capacitv in oxvgen equivalent estimated in
this investigation from peak [La], and from the energy
deriving tfrom PCr breakdown amounted. in crawl
swimmers. to 51.7 ml O» - kg™' (SD 10.24: range: 72.5-
32.3). This value is close to that determined in elite crawl
swimmers using the accumulated oxvgen deficit method
(Ogita et al. 1996) which amounted to 50.2 mi O- - kg™".
[t is smaller (about 30%). however. than the average
value reported by Toussaint and Hollander (1994) which
amounted in high level athletes to 1452 J - kg™'. i.e. to
69.5 mi O, - kg™

We have therefore concluded that the set of values for
the alactic acid component and the method for esti-
mating the lactic acid contribution to the £ were not
atfected by major errors. Hence. we think that the in-
accuracy in the estimate of E. and hence of C,. was small
and. as such it did not invalidate the quantitative con-
clusion drawn from this studv. We would also like to
point out that all methods used so far to estimate energy
turnover during supra-maximal exercise are affected by
substantial drawbacks: they are either experimentally
demanding, making them difficuit to apply routinely in
large groups of subjects. or imply a substantial number
of assumptions. making them liable to inaccuracy and
imprecision. However. in our opinion:

1. The method proposed in this paper has sound phys-
iological bases and

2. The data obtained in the present study agree fairly
well with those reported by others.

This makes the present approach suitable for the
routine estimate of C in swimmers at competition
speeds.

Metabolic power requirement

The 7Osmax and C, were not evaluated at the same time
of year in all the subjects. Hence. their swimming tech-
nique and their physiological characteristics might have
been less homogeneous than assumed. a possibility that
would have made the pooling of the data questionable.
It must be pointed out. however, that only 3 out of 20
subjects were studied early in the season. In all the
others, the measurements were carried out after com-
petitions had been running for at least 4 months and
thus the beneficial effects of training on technical skill
would probably have occurred. Hence. the values of C;
and VOipax Obtained in the present study do describe
the swimming economy and the physiologicai status of a
homogeneous group of elite athletes.

" The total d and times of maximal trials were not
adjusted for the d covered and the intervals of time spent
by the subjects gliding after the start. Applying the

391

equations that have been used by Toussaint and Hol-
lander (1994) for calculating them. it can be. calculated
that our approach may have lead to a maximal under-
estimation of C; close to 7%. However. as these equa-
tions refer only to the front crawl stroke and are average
descriptions of these two phenomena. we think that their
application to individual cases should be made with
care.

The average values of C, assessed at sub-maximal v in

front crawl swimming were in good agreement with

those that have been reported by other authors at
comparable speeds (Chatard et al. 1990: Toussaint et al.
1988). but they were about 13% lower. on average. than
those reported by Holmer (1974) in elite front crawl
swimmers (see also Monpetit et al. 1983: Pendergast et al.
1977). Comparisons for the other three strokes are not
possible as the C, for these strokes had not been mea-
sured systematically. The average values of C; measured
at sub-maximal speeds in back and breaststroke were
about 20% lower than those obtained at comparable
speeds (1.0. 1.2 and 1.32 m - s~! in backstroke and 0.8
and 1.00 m - s~ in breaststroke by Holmér (1974).
Earlier studies have rarely extended the range of the v
investigated bevond those employing aerobic metabo-
lism (see Toussaint and Hollander 1994 for an extended
review of the published papers). In two cases. however.
70> has been measured using the back-extrapolation
technique (Costill et al. 1985: Lavoie et al. 1983) in front
crawl swimmers after 400-vards and 400-m maximal
swims. The values of C, at ¥Oamax, assessed during ~the
incremental test in the annular pool. were th;retore
compared with the values obtained in these studies.
From the mean anthropometric characteristics of the
subjects that have been studied by Lavoie. et al. (19_83).
their average VOamay, the mean value of v maintained
over 400 m (1.45 m - s”') and assuming an overall an-
aerobic capacity of 1420 1 - kg™! of my, and a value of‘
the oxygen stores equal to 125.4 J - kg™' of my. a C; of
1.21 kJ - m~! can be calculated. This value is about 14%
greater than that found in the front crawl stroke_at
maximal aerobic speed (1.42 m - s™") in our study which
was equal. on average. to 1.04 kJ - m™' (see Table 2.
The same applies to the data presented by Costill et a~ll.
(1985) who have reported an average C; of 1.16 kJ - m
(about 10% smaller) at 1.42 m - s~} in elite front-crawl
stroke male swimmers. These slight differences may
possibly be due to the different technical level of the
groups of subjects. )
All the mean data. regardless of the v were well in-
terpolated using continuous functions in all the strokes
with the exception of the butterfly stll'oke‘where Cs
reached a minimum at about 1.0 m - s~ to increase at
higher v. Moreover, the C; in breaststroke appeared to
show a linear increase over the entire range of_ v 'l_'he
metabolic requirement per unit of distance in swimming
has been described to be a result of the energy spent 1n
overcoming drag, in moving water for propulsion. in
accelerating the body and of mechanical efficiency
(Toussaint and Hollander 1994). Moreover. it has been
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considered that a considerable fraction of the overall
energy at low v may be spent in opposing gravity (Lavoie
and Monpetit 1986).

The high values of C at low v using the buttertly
stroke may by caused by the need to counteract the
tendency of the body to sink which. at slow v and in this
symmetrical stroke. is not opposed by an appropriate
upward lift. As the v increases. the upward force in-
creases. and the relative contributions of the several
sources of energy dissipation may change. bringing
about a temporary decrease of C,. In the breaststroke.
another symmetrical stroke. wide intracycle variations in
v occur as the athlete compensates. in the accelerating
phase. for the deceleration occurring in the non-pro-
pulsive phase of the cycle. Hence. the energy required to
accelerate the body is large and probably makes up a
large fraction of the overall C,. This. as has already been
hypothesised by Holmer (1974). may be an explanation
for the different increase ot C, with v occurring in the
breaststroke in comparison with the other strokes.

In conclusion. the approach adopted in this study
made it possible to assess the C in four common strokes
at v close to those attained by the athletes during actual
competitions. The results confirmed the findings re-
ported in previous studies at lower speeds which showed
that front-crawi was the most economic stroke to make
possible the attainment of the fastest absolute speeds.
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