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Summary. This study was designed to show the 
general increase in perceived exertion, perception 
of  aches or pain in the legs, heart rate (HR), and 
blood lactate, and the covariance between these 
variables during bicycle ergometer work, and to 
describe individual differences both within and 
between power levels by testing a large group (28 
male students). 

Estimates of perceived exertion and feelings 
of aches or pain in the legs were recorded using 
Borg's category-ratio scale (CR-10). The subjects 
were tested with a stepwise increase of  power lev- 
els with 40 W increments up to a voluntary maxi- 
mum. 

Though HR increases fairly linearly with pow- 
er, the other variables follow positively accelerat- 
ing functions with exponents of about 1.6--2 for 
the perceptual variables, and an exponent of  
about 3 for blood lactate. 

The results from the 8 most fit subjects could 
be described in the same way as for the whole 
group except for blood lactate, where there was a 
need to include a threshold value (b), that, to- 
gether with a rest value (a), shows the starting 
point of  the function (R = a +  c(W- Wo)"). 

The data support the idea that a combination 
of heart rate and blood lactate is a better predic- 
tor of  perceived exertion and feelings of aches 
and pain in the legs, than is each of  the single 
physiological variables taken alone. 
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Introduction 

The relationship between perceived exertion (PE) 
and heart rate (HR) during heavy bicycle work of 
an aerobic character is well established. There is a 
high correlation between these two strain varia- 
bles, but general variation with physical power for 
each of the variables is different. While HR in- 
creases linearly with power, PE grows according 
to a positively accelerating power function with 
an exponent of about 1.6 (Borg 1962, 1972). 

The common scale of PE for studying individ- 
ual differences is the RPE-scale (ratings of per- 
ceived exertion, Borg 1970). The RPE-scale is 
constructed so that the rating increases linearly 
with increasing power and HR during an exercise 
test on the bicycle ergometer. Sometimes this li- 
near relationship is taken as a sign of a causal re- 
lationship between PE and HR, but it is only an 
artifact of  scale construction. 

There are many physiological variables that 
should be taken into account when we want to 
predict how PE increases with power, e.g. sensa- 
tions from working muscles, joints and from the 
skin, and from the cardiovascular and respiratory 
systems (Borg 1962; Borg and Dahlstr6m 1962; 
Ekblom and Goldbarg 1971). 

In spite of  the sensory-physiological complex- 
ity involved in PE, much of its variance can be 
statistically explained by HR. It seems possible, 
however, that even more of the variance can be 
statistically explained if representative factors of 
both central and peripheral functioning are in- 
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cluded. Therefore, a both valid and simple way to 
predict the general variation of PE and the differ- 
ences between individuals seems to be created by 
combining HR and muscle lactate (ML) or blood 
lactate (BL) (Borg 1962; Noble et al. 1983). 

At this stage, there is no scientific agreement 
as to how ML and BL increase with physical 
power during ergometer cycling. In most investi- 
gations the increase in BL is described in two 
stages (Wassermann et al. 1973; Davis et al. 1979). 
However, a 3-stage model has also been proposed 
(Skinner 1981). 

The variation in BL has also been described as 
one simple, monotonously increasing function 
which, according to Borg (1962), may be de- 
scribed as fitting both physiological and percep- 
tual responses, and has the following general 
form: 

R=a+c(S-b)" 

Here (R) is the response depending upon the 
stimulus (S) and (n) is the exponent. The basic 
noise level or rest value, (a), gives, together with 
the physical b-constant, the starting point of the 
function and (c) is the measure constant. In most 
cases (b) is equal to zero and the increase starts at 
the beginning of the work. However, in some 
groups of individuals such as well-trained athletes 
it seems necessary to include a b-value. By analyz- 
ing data from Holmgren and Str/Sm (1959), Borg 
(1962) found that during a bicycle ergometer test, 
BL (in mmol x 1-1) increased according to the fol- 
lowing function in a group of normal, male sub- 
jects: B L =  1.3 +7  x 10 -6 • S 2"2. In a second group 
of racing cyclists a b-value of S = 300 kpm/min  
(50 W) had to be inluded, but the exponent was 
approximately the same. 

In order to make it possible to determine both 
general variations over power levels and differ- 
ences between individuals, a new psychophysical 

method has been developed by Borg. This is a ca- 
tegory scale with ratio properties, giving power 
functions of the same kind as ordinary ratio scales 
(Borg 1982). 

In an initial study with a small group of sub- 
jects, it was found that BL grew with an exponent 
of about 2.2, and ML (taken from muscle biop- 
sies) with a slightly higher exponent of approxi- 
mately 2.7. The psychophysical functions for PE 
and aches and pain also followed positively accel- 
erating functions with exponents of about 1.6 and 
1.7 (Noble et al. 1983). The main purpose of this 
study is to further investigate the psychophysio- 
logical relationships of PE, aches or pain in the 
legs, HR and BL with a large group of subjects. It 
is therefore of primary interest to further analyze 
the general physiological and perceptual func- 
tions one by one and in some combinations. A 
reasonable hypothesis here is that PE, which de- 
pends in part upon painless pressure on the feet 
and strain in the working muscles and joints, 
starts to increase earlier than pain perception. 

Another purpose here is, by using a large 
group of subjects, to describe individual differ- 
ences with regard both to the variation over 
power levels and to the variation in perceptual in- 
tensities for the same power levels. How much of 
the inter-individual variance of PE in a fairly nor- 
mal group of male subjects is contributed to by 
HR, by BL and by a combination of HR and 
BL? 

Method 

Twenty-eight healthy male students in good physical condition 
volunteered to take part in the study. In Table 1 the means (M) 
and standard deviations (SD) of data characterizing the group 
are displayed. (Estimations of max 17o2 and max l?o2/kg were 
made according to Astrand, 1960). 

The tests were carried out on a bicycle ergometer with 
electrical brakes (Elema-Sch6nander model 369.4). HR was re- 
corded on an Elema-Sch6nander (mingograf -61 ; type EM 61- 
142). 

Table 1. Means (M) and standard deviations (SD) for age (years), height (cm), weight (kg), est. max D'o2 (1 x min- t), est. max IIo2/ 
kg (ml x kg -1 x min-1), W170 (W) and (voluntary) Wmax (W) for the whole group of 28 subjects and sub-group of 8 highly physi- 
cally fit subjects who managed to work the full five minutes on 280 W 

Est. Est. 
max max 

Age Height Weight I7o 2 l?o2/kg W17 0 Wma • 

M 25.7 178.6 69.2 4.2 61.4 248.0 261.6 N=28 SD 7.0 6.3 9.0 0.9 11.1 45.3 28.3 

M 22.3 180.3 73.4 5.1 69.3 286.0 298.5 N=8 SD 3.1 6.0 11.9 0.9 9,4 51.7 23.2 
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Finger-stick blood samples were taken for later BL analy- 
sis (Rydevik et aL 1982; Karlsson et al. 1983). Estimates of 
overall PE (Re) and feelings of aches or pain in the legs (RI,) 
were recorded using Borg's category-ratio scale (CR-10), 
which is a new category scale with ratio properties (see Fig. 
1). 

All subjects warmed up for 5 minutes while pedalling with 
no load (other than the slight resistance at zero dial setting). 
They were then tested with a stepwise increase in power levels 
(at 60 rpm). Subjects pedalled with an increase of 40 W every 
five minutes, stopping at a voluntary maximum (a point at 
which they would not be excessively exhausted). 

All the measurements were obtained during the last min- 
ute of exercise at each power level, beginning with ratings of 
PE and aches or pain in the legs. Pretest measurements were re- 
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Fig. 1. Borg's category ratio-scale (CR-10) with ratio proper- 
ties 

corded with the subjects sitting on the bicycle. At the end of 
the testing, HR and the other ratings were recorded immedi- 
ately before the subjects stopped pedalling, while BL samples 
were taken immediately afterwards. 

Results and discussion 

The main results of the experiment are given be- 
low in Tables 2 and 3, and in Figs. 2--5. All calcu- 
lations in the following are based on geometric 
means (GM); in these calculations the number 0 
is set to 0.1. 

It can be seen from Table 2 that the means in- 
crease systematically for all variables, but with 
slightly different rates of acceleration. The stand- 
ard deviations are slightly higher for aches and 
pain in the legs than for PE, indicating a less strict 
definition of the former. 

Values obtained at 240 W were slightly lower 
than expected. Most of the subjects were in good 
physical condition and had low HR-values. (For 
example, one very fit subject, age 26 years, 
reached a HR of 152 bpm at this terminal power 
value (320 W).) 

Despite low levels of both HR and BL, the ter- 
minal values of Re and Rp (about 9) indicate that 
the subjects were fairly close to their maximal lev- 
el. It should be remembered that it was not the 
aim of this study to force the subjects to reach 
their true maximal level of performance, but to in- 
terrupt the exercise when they reached their vol- 
untary maximum, at which they were not exces- 
sively exhausted. 

Figure 2 illustrates how Re and Rp increase 
with power. The two functions for Re and Rp, in 

Table 2. Means (M), standard deviations (SD) and geometric means (GM) of PE ratings (Re) and of ratings of aches and pain in the 
legs (Rp) as well as HR (bpm) and BL (mmol • 1-1) for the whole group of subjects for the different power levels (watt, W), to- 
gether with the terminal values recorded at the terminal power level (TW), N =  28 

Variables Pretest 0 W 40 W 80 W 120 W 160 W 200 W 240 W TW 

M 0.2 0.6 1.1 1.8 3.0 4.1 5.4 7.7 9.0 
Re SD 0.3 0.6 0.9 0.9 1.2 1.5 1:6 1.8 1.4 

GM 0.2 0.4 0.8 1.6 2.7 3.8 5.2 7.4 8.8 

M 0.2 0.6 1.1 1.7 2.7 3.8 5.5 7.6 8.9 
SD 0.5 0.9 1.2 1.4 1.7 2.1 2.5 2.5 2.0 
GM 0.2 0.3 0.5 1.1 2.0 2.9 4.8 7.1 8.6 

M 66.6 73.0 81.4 94.7 111.1 130.7 149.8 167.3 175.7 
HR SD 11.1 12.1 11.4 11.4 12.2 14.6 15.5 15.6 12.2 

GM 65.6 72.1 80.6 94.0 110.5 130.0 149.0 166.6 173.3 

M 1.7 1.6 1.5 1.7 2.0 2.7 3.9 6.9 8.8 
BL SD 0.9 0.6 0.4 0.5 0.7 1.1 1.2 2.8 2.0 

GM 1.5 1.5 1.4 1.7 1.9 2.5 3.7 6.5 8.6 
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Fig. 3. The relationship between BL (mmol x 1-1) and power 
(W), (O, zx = pretest values), for the whole group of 28 subjects 
and the sub-group of 8 subjects with high physical working ca- 
pacity 

relation to W, correspond closely to each other. 
However, the curve for Rp is somewhat lower but 
it has a faster acceleration rate than that of  Re. 
This is in accordance with what can be expected, 
with lower power levels being less related to the 
perception of pain and more to exertion. At 
higher power levels where there is a great accu- 
mulation of BL, the subjects begin to perceive 
aches and pain in an accelerating manner. 

The increase in HR (bpm) with rising power 
(140, fits well to a straight line. Using the basic 
HR obtained at rest, linear regression gives 
the following equation: HR=60.3+0.439  W 
(rxy--0.9983). The increase can also be described 
by a power function of the following formula: 
HR=71.3  +0.073 + W 1"31 (rxy =0.9998). The fairly 
high exponent reflects the high initial values that 
are interpreted as depending on initial test anxie- 
ty. 

The relation between BL and power (140 for 
both the total group of 28 subjects and for a 
smaller sub-group of 8 subjects (who managed to 
pedal the full 5 minutes on 280 W) is shown in 
Fig. 3. As the data fit well to a monotonously in- 
creasing power function (from zero watt), it is not 
necessary for the group of 28 subjects to include 
a b-value in the descriptive function: 
BL=  1.42+4.13 • 10 -7 • W TM (rxy = 0.9940), 
which is roughly, BL= 1.4+3.639 x 10 -7 • W 3. 

The sub-group of 8 subjects, who worked the 
full five minutes at 280 W, all showed very good 
physical working capacity. The means (M) and 
standard deviations (SD) for this group can be 

found in Table 1. In further analysis it was neces- 
sary to include a b-value in the BL-function for 
these highly fit subjects. It appears as if the start- 
ing point of  the function may depend partly upon 
the work capacity of the individual. The function, 
illustrated in Figure 3, for the sub-group of 8 sub- 
jects was: B L = l . 3 + l . 9 4 x 1 0 - 6 •  2"72 
(rxy = 0.9986). 

In order to provide a general description of 
the BL-increase, there seems to be a need to in- 
clude a b-value, i.e. BL = a + c (W-b)" ,  according 
to Borg (1962). 

For the sub-group, as for the whole group of 
28 subjects, all variables follow positively acceler- 
ating functions, starting from zero W, with the ex- 
ception of the increase in BL levels. Also in the 
sub-group the two functions for Re and Rp corre- 
spond quite closely but have different accelera- 
tion rates. In this group the increase in HR with 
rising power is well fitted to a straight line, 
HR=61.06+0.383 x W (rxy =0.9990). 

Individual functions 

Because of statistical effects, functions for the 
groups of subjects may obscure the true growth 
functions. Therefore, individual data have also 
been used to study the variation of BL with pow- 
er. In Fig. 4, individual functions are displayed 
for 6 subjects chosen to be representative of the 
total group and displaying the differences in 
curve forms. 
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Fig. 4 a- - f .  Individual blood-lactate (BL) functions for 6 subjects chosen to be representative for the total group ([]  = pretest val- 
ues). The functions were as follows: a B L = l . 3 9 + 2 . 9 4 + 1 0 - S x  W 3"37 (rxy=0.9730); b B L = l . 7 6 + 3 . 8 6 •  223 
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As can be seen the individual functions mostly 
correspond well with the general power function, 
i.e. continuously increasing in most cases. For 
some of  the subjects it was necessary to inc lude  a 
b-value. In a few cases (see Fig. 4f), the function 
might better be described with a breaking point 
separating different functions, this being in accor- 
dance with current physiological discussions (see, 
e.g., Skinner 1981). For the subject displayed in 
figure 4f this would result in the two linear (albeit 
badly fitting) functions: BL= 1.25 + 0.003 x X 
(rxy =0.8944) for the power levels 40--160 W and 
B L =  - 8.8 +0.064 •  (rxy =0.9677) for 160-- 
240 W. 

In Fig. 5 the relative responses for Re (RRe), 
Rp(RRp), HR (RHR) and BL (RBL) for the entire 
group of  28 subjects are plotted against W. The 
relative values are obtained by expressing the em- 
pirical values as percentages of  the individual 
ranges for each variable, respectively. The curves 
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Table 3. Correlation coefficients between Re, Rp, HR and BL at all power levels. N =  28 

Variables/ 
power Pre- 
levels test 0 W  4 0 W  8 0 W  120W 160W 200W 240W All loads  

Re/Pp 0.15 0.19 0.59*** 0.58*** 0.70*** 0.79*** 0.75*** 0.75*** 0.91"** 
Re/HR 0.19 0.28 0.18 0.11 0.41' 0.61"** 0.58*** 0.56** 0.91"** 
Re/BL 0.55** 0.45* 0.08 0.18 0.34 0.31 0.53** 0.40* 0.81"** 
Rp/HR 0.00 0.12 0.14 0.05 0.33 0.44* 0.45* 0.35 0.82*** 
Rp/BL 0.07 -0 .15  0.04 0.18 0.15 0.21 0.45* 0.39* 0.76*** 
HR/BL -0 .13  0.18 0.15 0.21 0.19 0.29 0.64*** 0.45* 0.78*** 

* p <0.05 
** p<0.01 

*** p < 0.001 

for RRe and RRp fall between the curves for the 
two physiological variables and thus seem to be 
related to both. If  RRe and RRp, respectively, are 
plotted against the mean combination of RHR 
and RBL, the linear functions are: RRe= 
3.37 + 1.003 x % ( H R +  BL)/2 (rxy = 0.9954) and 
RRp --- 1.01 + 1.024 x % ( H R +  BL)/2 (rxy =0.9961). 

In Table 3, correlation coefficients between 
Re, Rp, HR and BL at all power levels are shown. 
As can been seen, they are very high when the re- 
sponses from all loads are taken together. High 
correlations are also obtained from the higher 
power levels, while they are fairly low at lower 
levels. An exception is the correlation between Re 
and BL which is fairly high at rest and zero W 
(rxy =0.55 resp. 0.45). The level of  this correlation 
is interesting and supports the popular idea that 
BL is a general indicator of fatigue and exertion. 

The results make it evident that Re correlates 
better with both HR and BL than does Rp at all 
power levels. Part of  the explanation for this situ- 
ation might be the larger standard deviations for 
pain. This may be the expression of a greater un- 
certainty among subjects in ratings of pain than in 
ratings of PE. The smaller differences at high 
power levels could indicate that there is less un- 
certainty and more agreement at these higher lev- 
els as to what constitutes aches and pain. Conse- 
quently, true relationships might be better re- 
flected at these levels. 

The multiple correlation coefficients (R) (ac- 
cording to Ferguson, 1966) between Re (depend- 
ent variable) and HR/BL are at 160 W, 200 W and 
240 W: RI6OW = 0.62, R2oow = 0.62 and 
R 2 4 o w  = 0.58. The corresponding multiple correla- 
tions for Rp (dependent variable) and HR/BL are 
0.44, 0.50 and 0.44, respectively. At all power lev- 
els the multiple correlations between R e and H R /  
BL, and between Rp and HR/BL,  are higher than 
the simple correlations in Table 3. This gives fur- 

ther support to the idea that a combination of HR 
and BL is a better predictor of Re and Rp, respec- 
tively, than is each of the single physiological var- 
iables taken alone. 

Concludin9 remarks 

The results show that all variables can well be de- 
scribed by power functions. From a physiological 
point of view it is interesting to note that the gen- 
eral increase in blood lactate may be described in 
terms of a monotonously increasing power func- 
tion. The exponent seems to lie somewhere be- 
tween two and four, which is thus in good agree- 
ment with exponents obtained previously (Borg 
1962; Hermansen 1971; Hermansen and Stens- 
void 1972; Noble et al. 1983). The size of the ex- 
ponent is fairly sensitive to the magnitude of the 
a-value in the equation, i. e., the basic lactate level 
prior to the test. 

High correlations were obtained between Re, 
Rp, HR and BL at high power levels. This should 
not be interpreted as showing a causal relation- 
ship. Heart rate and blood lactate may be looked 
upon as statistical correlates and not simple 
causes. There are many contributing physiological 
factors behind these correlations which should be 
taken into account. It is probable that one class of 
causal factors is associated with peripheral stimu- 
lation in the working muscles and joints, as indi- 
cated by the blood lactate which in turn is indica- 
tive of the muscle lactate. Another class of factors 
is probably related to central cardiovascular and 
respiratory factors, as indicated by the heart rate 
response (Borg 1962; Ekblom and Goldbarg 
1971; Cafarelli 1977; Pandolf 1978; Noble et al. 
1973; Mihevic 1981; and others). To these two 
classes of factors should be added variables re- 
lated to the central nervous system, as discussed 
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by Kinsman et al. (1973), Pandolf (1975, 1983), 
etc. 

As previously proposed by Borg (1962), there 
seems to be a very powerful prediction value of 
perceived exertion available from a function of 
increased heart rate and blood lactate. 
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