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ABSTRACT 
 
RODRIGUEZ F.A. Metabolic Evaluation of Swimmers and Water Polo Players. 
Kinesiology, Vol. 2, No. 1, pp. 19-29, 1997. The evaluation of the metabolic capacity 
of swimmers and water polo players has experienced considerable change in the last 
years, mainly because of more specific field methods. Lactate testing is a paradigm 
of this development. However, certain restrictions in measuring the aerobic energy 
expenditure are still imposed by the apparatus required to collect expired gases (free 
swimming) or by the modifications ot the swimming mechanics (flume or tethered 
swimming). Even if these difficulties did not prevent to investigate many aspects of 
the physiological response of the swimming man, they obviously restrict the full 
expression of performance capacity in specific pool conditions. In order to overcome 
these barriers, an evaluation procedure based on the combination of oxygen uptake 
and blood lactate measurements in field conditions for the comprehensive metabolic 
evaluation of swimmers and water polo players has been developed. The procedure 
is based on simultaneous measurement of oxygen uptake and blood lactate 
accumulation during free unimpeded swimming using breath by breath gas analysis 
and capillary blood samples during the immediate recovery period after three swims 
at different velocity over 400 and 100-m (Rodriguez 1994). Direct measurements 
during an experimental discontinuous swimming protocol helped in providing 
information about different aspects of the metabolic response of competitive aquatic 
athletes and the evidence has been used to implement the evaluation method. 
Aerobic power is evaluated from peak VO2 measurements after a maximal 400-m 
swim. Aerobic endurance capacity is evaluated from the relationship between blood 
lactate accumulation and swimming velocity in two 400-m swims Mader et al. 1976). 
The anaerobic contribution is estimated from the energy equivalent of lactate 
accumulation in blood (di Prampero et al. 1978). Swimming economy at different 
swimming velocities can also be explored taking into consideration total energy 
expenditure. Differential VO2 increase between two swims at maximal velocity (400 
and 100-m) is taken as an indicator of individual oxygen kinetics. A calculation 
scheme based on individual swimming energetics allows for the estimation of the 
maximal rate of aerobic and anaerobic energy expenditure in middle and short 
distance swimming. The metabolic profile of male and female swimmers, and male 
water polo players during front crawl swimming using this method is compared and 
the practical applications and limitations of the testing procedure are presented and 
discussed. 
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The evaluation of the metabolic capacity of swimmers and water polo 
players has experienced considerable change in the last years, mainly 
because of the advancement of physiological research in the laboratory (i.e. 
swimming flumes, tethered swimming, etc.) and the application of more 
specific field methods. Lactate testing and heart rate measurements are 
paradigms of this development. 

However, certain restrictions in measuring the aerobic energy expenditure 
are still imposed by the apparatus required to collect expired gases (free 
swimming) or by the modifications of the swimming mechanics (flume or 
tethered swimming). Even if these difficulties do not prevent to investigate 
many aspects of the physiological response of the swimming man, they 
obviously restrict the full expression of performance capacity in specific pool 
conditions. On the other hand, unlike the aerobic capacity, there are no 
direct methods to measure anaerobic capacity in swimming, although several 
estimates have been developed for this purpose (Costill et al. 1992). 

The aim of this paper is to present a testing procedure based in the 
combination of VO2 uptake and lactate measurements in field conditions for 
the comprehensive metabolic evaluation of swimmers and water polo 
players, and to discuss its practical applications and limitations. 

Maximal aerobic power in swimming: the controversy. It is well 
known that the highest VO2 values of which a subject is capable is specific to 
the musculature employed during maximal exercise and to the training mode 
(Holmer and Astrand 1972; Magel et al. 1975; McArdle et al. 1978; Stromme 
et al. 1977). This implies that an exercise test, involving a large mass of the 
specifically trained muscles should theoretically elicit the highest value for 
VO2. 

However, research results on this particular problem in swimmers are 
highly controversial. Some authors have reported lower VO2 peak values 
measured by the Douglas bag method during swimming on a flume (Holmer 
1972, 1974) or during free swimming than during running, walking (McArdle 
et al. 1971), or cycling. In trained swimmers VO2 peak values have been 
reported to be 6-7% lower than in running (Holmer 1972; Holmer et al. 
1974; Magel et al 1975), and approximately the same as in cycling (Holmer 
1972). Such differences have been attributed to a reduced active muscle 
mass during swimming (Holmer 1974) or to limitations of the musculature 
and local circulation during this form of work (Holmer 1972; McArdle et al. 
1971). More recent investigations have shown that VO2 peak during free 
swimming unimpeded, either measured by the Douglas bag method or 
estimated by the backward extrapolation of the oxygen recovery curve, was 
equal or slightly higher than during running on a treadmill (Montpetit et al. 
1981). 

This problem has important implications on the physiological testing of 
swimmers, since the evaluation of the specific cardio-respiratory and 
metabolic adaptations to training is a very important aspect of their training 
control. 

Maximal aerobic power in swimming: a new approach. In a recent 
study (Rodriguez, submitted) the metabolic and cardio-respiratory response 
of trained swimmers to 400-m maximal free swimming, treadmill running 
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and cycling maximal exercise tests have been compared using a new testing 
procedure. Peak VO2 was measured by the same breath by breath gas 
analysis apparatus during the maximal laboratory tests (running and cycling) 
and during the immediate recovery period after a totally unimpeded 400-m 
maximal swim. This procedure provides immediate measured values and 
does not require the estimation of VO2 at the end of exercise by backward 
extrapolation (Montpetit et al. 1981; Lavoie et al. 1983) or by prediction 
equations (Costill et al. 1985, 1992). 

Two series of experiments were conducted in two groups of trained 
swimmers of national level. In series A (n = 14), comparisons were made 
between peak VO2 and other cardiorespiratory variables in the three different 
maximal tests: 400-m front crawl swimming, treadmill running and cycling. 
In series B (n=25), peak VO2 was directly measured after a voluntary 
maximal 400-m swimming test and during cycling in a larger and more 
heterogeneous sample of swimmers, and their results were also compared 
(Table 1). 

 

 
 

No significant differences were observed between peak VO2 and 
pulmonary ventilation values measured in the three modes of maximal 
exercise. The highest heart rates values were observed during maximal 
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running, followed by cycling and swimming (x diff.=-12.8 beats•min-1). In 
series B, no significant differences were observed either in peak VO2 values 
measured in the two modes of exercise, although swimming values also 
tended to be slightly higher. Peak heart rate was 6.5 beats•min-1 lower in 
average during swimming. 

These results lead to the conclusion that a maximal 400-m front crawl 
swimming test yields essentially equal or non-significantly higher peak VO2 

and pulmonary ventilation values than during maximal incremental running 
or cycling tests in trained swimmers. Consequently, direct breath by breath 
measurements after a 400-m voluntary maximal swim can be considered as 
a valid and specific method for the evaluation of maximal aerobic power in 
competitive swimmers. 

The oxygen cost of swimming: testing assumptions. The evaluation 
of maximal aerobic power does not provide information about the efficiency 
of the aquatic athlete. When VO2 is related to swimming speed (swimming 
aerobic effciency or economy) more significant and specific information can 
be obtained. The evaluation of swimming economy relies on several 
assumptions, and particularly on the relationship between VO2 and swimming 
velocity at submaximal and maximal speed, and its dependence on gender, 
weight, and swimming proficiency level. Many of these aspects have been 
experimentally tested, but some controversies are still to be cleared. 

In a recent study (Rodriguez, submitted) the aerobic cost of front crawl 
swimming was measured using the direct breath by breath method 
mentioned before. Three groups of athletes (male and female competitive 
swimmers and male water polo players) were tested using an incremental 
discontinuous protocol in which every athlete swam 5x400 m at increasing 
velocities (ca. 70-100% of maximal) and 100 m at maximal speed. Based on 
the results (Figures 1 and 2) the following conclusions were derived: (1) in a 
wide range of speeds (ca. 1-1.5 ms-1), VO2 increased linearly as a function of 
swimming velocity; this is in agreement with the more recent studies both in 
incremental continuous swimming (Cazorla & Montpetit 1988) and in 
discontinuous 4 min swims at increasing velocities (Montpetit et al. 1988; 
Montpetit et al. 1983); (2) no significant differences in the oxygen cost of 
swimming were observed in relation to gender or swimming proficiency level 
(swimmers vs. water polo players) when the VO2 values were related to body 
weight; this observation contrasts with previous studies (Pendergast et al. 
1977; Costill et al. 1985) but clearly support the allegations and results of 
Montpetit et al. (1988) who did not find differences in absolute values when 
male and female groups were matched in regard to body size and ability 
level. These results emphasize the importance of relating VO2 to body size in 
comparing groups of subjects with different physical characteristics. 

Peak VO2 in high velocity front crawl swimming. In the same 
experiment, all subjects reached their peak VO2 in the maximal 400-m 
swims, and three subjects did also reach that level in the 100-m maximal 
swim. In average, swimmers of both sexes reached about 95% of peak VO2 

in the 100-m maximal swim, while water polo players did only reach an 
average of 88%. Actually, differences in VO2 between the two maximal swims 
were not significant in either group of swimmers (p<0.05). Although, 
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intraindividual differences were high, these findings are a clear indication of 
faster VO2 kinetics in the swimmers, and strongly suggest that a more rapid 
increase of the aerobic power production plays a significant role in the 
performance capacity in swimming, particularly in middle distance and most 
probably even more so in shorter events like 100-m, as it has been 
hypothesized (Toussaint and Hollander 1994). 

 

 
The anaerobic energy contribution. When the energy requirement is 

such that a significant accumulation of lactate in blood takes place, the 
energy for work performance is derived from three sources: oxidative 
phosphorylations (VO2); anaerobic glycolysis, leading to a net accumulation 
of lactic acid in the body; and net depletion of alactic energy stores (di 
Prampero et al. 1978; di Prampero 1986). As blood lactate concentration 
([La]b) increases exponentially in relation to swimming velocity, the velocity 
corresponding to a comparable level of blood lactate concentration (4 mmolL-

1 lactate threshold or V4-velocity) can be considered an indicator of swim-
specific aerobic endurance (Mader et al. 1976, 1978; Heck and Mader 1985; 
Olbrecht et al. 1985; Rodriguez 1994). Moreover, different authors have 
postulated and provided evidence to support the concept that lactate 
concentration in blood reflects the anaerobic energy contribution to 
swimming exercise (Mader et al. 1976, 1978; di Prampero et al. 1978; 
Thevelein et al. 1984).  

In a different approach, the accumulated oxygen deficit (AOD) can be 
assumed to reflect the anaerobic energy production in running (Medbo et al. 
1988). The principle for its determination has also been applied to swimming 
with certain modifications and assumptions from a 4 min swim at the velocity 
corresponding to the estimated VO2max (Troup et al. 1992). The most 
important of these assumptions is the calculation of total energy demands 
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from the extrapolation of the oxygen cost of swimming as a function of the 
third power of swimming velocity. Even if this assumption is based on 
theoretical considerations mainly of biomechanical nature (Toussaint and 
Hollander 1994), this exponent is yet to be determined experimentally. 

In the same series of experiments (Rodriguez, submitted), three groups 
of subjects swam the 5x400-m incremental, and an exponential increase of 
blood lactate concentration as a function of VO2 was observed (Figure 2). The 
steep increase of [La]b occured at a lower velocity in the water polo players 
as compared to the female and male swimmers, indicating an earlier 
imbalance between the activation of the glycolytic rate and the oxidation of 
lactate (Mader and Heck 1986). 

 
 

 
In this study, V4-velocity was highly correlated with mean velocity in the 

maximal 400-m swim (r=0.919; p<0.001) and explained 84% of its 
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variance. Even if one accepts that some mathematical coupling might 
interfere as two velocities are being related, this result confirms the 
relevance of this parameter as the most valid physiological indicator of 
performance capacity in middle distance swimming. 

Rates of energy expenditure: a practical model. The parameters 
describing the rate of energy production (maximal aerobic and anaerobic 
power, as well as oxygen kinetics) are important in assessing the metabolic 
capabilities of the aquatic athlete (Toussaint and Hollander 1994). Based on 
the simultaneous measurement of VO2 and blood lactate accumulation during 
free unimpeded swimming using breath by breath gas analysis and capillary 
blood samples during the immediate recovery period after three swims at 
different velocity over 400 and 100-m (Rodriguez 1994), a calculation 
scheme has been developed in order to obtain such information in field 
conditions. This scheme was developed based on a practical model which 
relies in some theoretical and experimentally tested assumptions. 

VO2 can be taken to reflect the rate of aerobic energy expenditure (Eaer) at 
the different swimming velocities and is best expressed in mLO2•min-1. As 
discussed before, the rate of anaerobic lactic energy expenditure (Ean,lac) can 
be estimated from the energy equivalent of net blood lactate accumulation 
after exertion during front crawl swimming, using the 2.7 mLO2•min-1

•kg-1 

proportionality constant (di Prampero et al. 1978; di Prampero 1981). The 
rate of total energy expenditure (Etot, mLO2•min-1) is calculated by addition of 
the two terms (Etot= Eaer+Ean,lac), assuming that the energy released by 
alactic processes is negligible when t>1 min and VO2 reaches near to 
maximal values. In high velocity swimming (maximal 100-m), the rate of 
alactic anaerobic energy contribution (Ean,al) has to be considered and can 
also be estimated according to the constant calculated by di Prampero et al. 
(1978) lor front crawl swimming (18 mLO2•kg-1).  
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Accordingly, the rate of total anaerobic energy expenditure (Ean, 
mLO2•min-1) in this case is calculated by addition of the alactic and lactic 
energy contribution (Ean,lac+ Ean,al). Values are normally expressed in O2 

equivalents  relative  to  body  weight (mLO2•kg-1
•min-1) in order to have 

comparable results among subjects with different physical characteristics. 
Energy expenditure during an incremental 5x400-m swimming 

test. Firstly, the results of a 5x400-m incremental swimming test were 
analyzed according to this model. As mentioned before, in the range of 
velocities investigated (1-1.5 ms-1) the rate of aerobic energy expenditure  
(Eaer) increased linearly with swimming velocity, but the rate of total energy 
expenditure (Etot) increased exponentially as a function of velocity in the 
three groups (Figure 3). When the experimental data were fitted to a power 
function by the least square method, the exponents for the three groups 
were 2.58 (male swimmers), 2.96 (female swimmers), and 2.38 (water polo 
players), respectively. When values were expressed relative to body weight 
(mLO2•kg-1

•min-1), no significant differences were observed among neither 
the constant nor the exponent of the power functions for the three groups. 
Thus, they were pooled to obtain the mean power regression function (Figure 
3b). The derived exponent for the whole group was 2.61 (r = 0.997; n = 17). 

Energy expenditure during a maximal 100-m swimming test. The 
energy expenditure rates related to body size (E, mLO2•kg-1

•min-1) and mean 
swimming velocity in a 100-m maximal swim in the three groups of subjects, 
as well as the significance of the differences among groups are shown in 
Table 2. When comparing the two groups of male subjects (swimmers and 
water polo players), for a very close swimming performance the  swimmers 
showed similar levels of total and anaerobic energy expenditure (Etot, Ean, 
p>0.05) but a significantly higher aerobic component (Eaer). Male swimmers 
attained a higher swimming velocity as compared to female swimmers and 
showed a higher rate of total energy expenditure (Etot) related to all aerobic 
and anaerobic components (0.05>p< 0.01). Male water polo players swam 
faster than female swimmers and showed a higher Etot based on higher 
anaerobic energy rates (Ean,al, Ean,lac, 0.05 >p< 0.01). 

When Etot calculated values in the incremental 5x400 and maximal 100-m 
swims were pooled and fitted to a power function of swimming velocity, the 
derived power exponents for the three groups were 2.81 (male swimmers), 
3.30 (female swimmers), and 2.47 (water polo players), respectively (Figure 
4). No significant differences were observed in the proportionality constants 
(Etot= a•vb), but the exponent for the female swimmers was significantly 
higher than that of the male subjects (swimmers and water polo players) 
(p<0.05), indicating a sharper increase in the rate of total energy 
expenditure in the fastest 100-m swim (no differences had been observed in 
the 5x400 incremental test). 

The calculated rate of total energy expenditure, based only on 
experimental metabolic  measurements, yielding  an exponent of 2.8-3.3 for 
the swimmers and 2.5 for the water polo players, seems to adjust reasonably 
well to the theoretical model in which the power to overcome drag will equal 
the drag forces times the velocity, and thus to the cube of velocity (Toussaint 
and Hollander 1994). On the other hand, the metabolic calculations based on 
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400-m and 100-m are also consistent with the higher glycolytic rates in 
shorter distances, and more importantly, the estimated values for 100-m fit 
well into the derived equation for the incremental 400-m swims. 

 

 
The model can also be evaluated in how well it relates to performance in 

100-m, considering the importance of the anaerobic contribution in this 
shorter distance. Figure 5 shows the relationship between both total and 
anaerobic energy expenditure rates and mean velocity for 100-m at maximal 
intensity. In this model, 57% of the variance in 100-m time can be explained 
by the total energy rate expenditure, and 53% by the anaerobic rate of 
energy expenditure. 
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Considering that mechanical and swimming efficiency parameters are not 
regarded, the model explains reasonably well the performance capacity in a 
shorter distance. 

Practical applications and limitations. During the last years we have 
routinely conducted a standard testing protocol (Aerobic-Anaerobic Standard 
Swimming Test) consisting of a two-speed test over 400 m, with a 20-min 
rest between repetitions (after Mader 1976), followed by a maximal 100 m 
swim at the swimmer's main stroke (freestyle tor the water polo players) 
after a recovery period of an hour (Rodriguez  1994). Blood lactate and 
optional heart rate measurements are obtained. Adding direct oxygen uptake 
measurements to this procedure and applying the above mentioned 
calculation scheme provides a testing set up from which information can be 
derived about the metabolic capacities of swimmers and water polo players 
and its relation to swim-specific performance capacity. 

Besides the specificity and validity aspects that have been discussed, this 
procedure shows to be reasonably feasible and avoids the barriers imposed 
by gas analysis apparatus (hoses, masks) or modified swimming technique 
(flume, tethered swimming). The main limitation is the availability of the gas 
analyzer by the pool side. As in any testing method, optimal instrument 
calibration and use are to be emphasized. Hopefully, this procedure may also 
contribute to a better understanding of some aspects of the metabolic 
evaluation of aquatic athletes. 
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