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ABSTRACT

Marschall F, Ferger K, Mueller H. Biological Variability in
Submaximal Parameters of Performance and Strain. JEPonline
2014;17(4):102-112. The use of performance and strain parameters to
evaluate training effects depends on the assessment of biological
day-to-day variability. Without control of this variability, exercise-
induced effects cannot be separated and/or adequately interpreted. In
five studies within this study, the variability of the performance
parameter ‘physical work capacity’ (PWCiso170) and two strain
parameters [heart rate (HR) and oxygen uptake (VO,) at submaximal
loads] were determined. Sixty subjects completed 6 consecutive
submaximal bicycle ergometric tests during which HR, PWC, and VO,
were recorded. The within-subject coefficient of variation (CV) was
determined on the individual average, relativized to the individual
standard deviation. The CV of PWC, HR, and VO, range between
2.35% (Clgs oo = 1.22/3.48) for the HR at a 5-min continuous exposure
and 4.84% (Clgs o, = 4.21/5.46) for the PWC measured with a step
protocol. The results indicate that the biological variability is taken into
account when interpreting changes in performance. A post hoc
analysis using principal component analysis (PCA) makes it clear that
a distinction between measurement error and biological variability
should be made for further interpretation of the CV.
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INTRODUCTION

Training effects in endurance training are evaluated either using performance parameters or strain
parameters at a given performance level and recorded as the variation between pre- and post-test in
the form of differential or percentage values. As a typical increase in performance at an intermediate
to high starting level after several weeks of training, for example operationalized using the VO, max, 5
to 10% is determined (2,13) whereas at a low starting level (e.g., for seniors), increases of >20% can
also be achieved (12). When interpreting these data it must be taken into account that besides
exercise-induced effects, the changes in performance may be induced by the biological variability of
the applied parameters (1). In this connection, as well as inter-individual variability, consideration
should be given in particular to intra-individual variability.

To obtain reliable inferences from the evaluation, the effects of training-induced changes in
performance should significantly exceed biological variability (14). Related to this is the fundamental
issue of the stability of the measurement(s) used (5). Based on regression and correlation analyses,
Behrens et al. (4) established a biological variability for oxygen uptake (VO,) at maximum training
load of 5% while an older study reported 5.6% and 11.2%, respectively (14). Submaximal
measurements lend themselves to adequately determining the biological variability, particularly in
recreational sports since in contrast to all-out tests (20) they respond more sensitively than maximal
measurements to extensive endurance training (9). Bagger et al (1) studied 15 male runners and
found a biological variability at submaximal loads of 3.3% for VO, and 2.7% for heart rate (HR).
Similar values can be found in numerous published papers (2,5,16,17,23). With the exception of the
work by Becque et al. (3) and Lamberts and Lambert (16), all the other studies considered only 2 to 3
points of measurement, permitting the reliability to be determined, while the variability on the other
hand only to a limited extent (14).

In the present study, the biological variability of the performance parameter of submaximal physical
work capacity (PWC) as well as VO, and HR at submaximal loads was determined for various target
groups with a sufficient number of points of measurement. PWC as the performance at a defined HR
is in isolation neither suitable for performance diagnostics nor for inter-individual comparison and/or
inferring training targets. However, it possibly responds more sensitively than the strain parameters
HR and VO, to intra-individual variation in endurance capacity especially after extensive endurance
training (18,22). Furthermore, for the first time an approach is presented that allows a distinction to be
made between measurement error-induced and biologically-induced variability for all three
measurement values recorded.

METHODS

Subjects

A total of 60 subjects (38 females; 22 males) participated in this study, which was in compliance with
the ethical guidelines of the Declaration of Helsinki. Each subject signed an informed consent
document before participation. Fifty-two full data sets were included in the evaluation. The purpose of
this study was to identify the biological variability in various application-relevant settings. Three
different measurements were considered in individual sub-studies. The submaximal performance
parameter consisted of the PWC (24). Depending on the training level of the test subjects, which was
determined using pulse rates of 150 and 170 beats-min™ (21). In addition to this performance
parameter, the two strain parameters of VO, and HR at submaximal loads were determined. Heart
rate, which was used to evaluate endurance capacity was partially recorded as a recovery HR at
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defined time intervals after the submaximal load (5,16) or as a resting HR (17). It was used as the
average heart rate at defined intervals of the submaximal endurance training load.

Biological variability takes into account variations due to measurement error and intra-individual
effects (10). In order to differentiate training-induced changes from such changes, variability as an
interval-related measurement, as compared to reliability, can be considered adequate for the present
analysis. However, more than 2 points of measurement (10) are necessary in a given period with
unchanged training loads, thus permitting exercise-induced effects on the measurement values to be
minimized (1,16,17). Taking into account the interaction of technically-related and biological
measurement variation, values are calculated using different measurements (10,11). Due to the
different scaling of PWC, HR, and VO, as well as the large variation of the individual absolute values,
the individual standard deviation was determined relativized to the individual average and calculated
as the intra-individual coefficient of variation (CV) (6,11). In contrast to inter-individual variability, this
method appears to be the most suitable for evaluating biological variability (i.e., taking into account
more than three test times) (10). It was decided not to calculate the “critical difference” (1) due to the
insufficiently clarified validity of the different methods (8,9).

The biological variability determined using the CV is composed of measurement error-induced
variability and “true” variability based on individual characteristics and conditions. In the studies, the
“performance capacity” construct is operationalized and measured using three measurements. In
those cases where PWC, HR, and VO, are determined in parallel, principal component analysis
(PCA) (7) offers the possibility to assess the proportion of the two variability components in the overall
variability. To do this, data sets showing HR, VO,, and PWC determined in parallel at 6 measurement
intervals were used. Based on these identified variance proportions, the variation relating to biological
variability can then be separated from the variation caused by measurement error. It must, however,
be noted that the relative effect of the principal components on overall variability tends to be
overestimated, since the PCA does not take the dependency of the measurement errors into account
in determining the parameters used. For this reason, the results are presented defensively with the
addendum “approx.”

All tests were performed on the Cyclus 2 bicycle ergometer (RBM, Leipzig). Heart rate was recorded
using the Polar RS 800 heart rate monitor, and VO, was determined with the Metalyzer 3B (Cortex,
Leipzig). In a pre-test, the HR max and the maximal endurance capacity Pnax were determined on the
basis of a standardized step protocol and the VO, peak (18) using a ramp test. For the submaximal
tests the training loads were determined such that no training effects caused by the test repetition
were to be expected. The submaximal tests were carried out at 6 consecutive points of measurement
24 to 48 hrs apart. During the 3-wk test phase, the test subjects were instructed to maintain their
normal training load. All test subjects maintained a constant body weight during the test period in
order to reduce circadian rhythm effects.

Variability of the PWC

To determine the biological variability of the PWC for untrained and moderately trained subjects, 20
sports students aged 20 to 27 (average age, 23.15 * 2.62 yrs) were tested. Seven of the test subjects
were male (average weight, 81.70 + 12.14 kg) and 13 were female (average weight, 59.08 £+ 5.17 kg).

To determine the biological variability of the PWC for an endurance-trained subject, 5 racing cyclists
from the U23 and the elite amateur class (average age: 21.2 + 2.8 yrs, average weight: 70.4 £ 10 kg)
were tested. The tests were carried out during the transitional period. The training sessions
performed by the test subjects during this time were completed at high volume and with low intensity.
Only one test subject was preparing for a competition during the test period.
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In two separate case studies, the variability of the PWC was additionally determined over a period in
which the tests themselves can be expected to produce a training effect and/or additional training
loads are likely to increase the variability. The test subjects were an untrained male aged 27 yrs, 2.04
m, and 93 kg and a trained male aged 25 yrs, 1.94 m, and 81 kg. The test phase for the two separate
case studies extended over 21 consecutive days during which the PWC;5p of both test subjects was
calculated dalily.

Variability of the HR

To determine the biological variability of the HR, 10 sports students (average age 23.7 + 2.87 yrs) 8
of whom were female (62 + 7.23 kg) and 2 male (78 *+ 5.66 kg) were tested over a period of 8 wks.
The individual HR was recorded for a 5-min continuous exposure (with 3 min retraction and 4 min
extension) at constant submaximal loads.

Variability of the VO,

The biological variability of the VO, was determined over a period of 12 days. The test subjects were
17 female and 6 male sports students. At the time of the test, the age of the men was 26.3 + 3.1 yrs
and the age of the female was 24.1 + 3.4 yrs with a mean height of 171.67 + 12.43 cm (men: 185 +
9.54 cm; women: 165 = 7.13 cm), and a mean weight of 66.11 + 13.68 kg (men: 80.27 £+ 3 kg;
women: 59.03 £ 10.74 kg).

RESULTS

The coefficients of variation range between 2.35% (Clgs=1.22/3.48) for the HR at a 5-min continuous
exposure with 70% of the Pmax and 4.84% (Clgs=4.21/5.46) and 3.77% for the PWC measured with a
step protocol, as well as 3.61% for the VO, similarly measured with a step protocol. Table 1 presents
a first overview of the overall results of all studies.

Table 1. Overview of the Results.

Parameter Points of Measurement

1 20 PWCis01170 6 4.84% +1.34

2 10 HF 6 2.35% + 1.57

3 24 VO, 6 3.23% + 0.99

4 2 PWC 50 21 10.6% (untrained)
9.5% (trained)

Figure 1 shows the Coefficient of Variation of the HR for the individual test subjects at a 5-min
continuous exposure with 70% Pnax, as well as the results relating to the biological variability of the
PWC. For male and female subjects alike, the CV is independent of the target HR (170 or 150) of the
PWC. For trained racing cyclists, the variability of the PWC is slightly lower.
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Figure 1. Coefficients of Variation of the HR (AV = 2.35%, + 1.57) of the PWC of Racing
Cyclists (3.77%; + 0.11) and Sports Students (4.84%; + 1.34).

To determine the individual performance variation, the Coefficient of Variation for all six submaximal
stress tests was calculated for each test subject (Figure 2). Here, too, the results show that the
variability of physiological processes does not depend on the level of performance or the HR.
Furthermore, this study again produced no gender-specific differences.
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Figure 2. Coefficients of Variation of the VO, for the Individual Test Subjects (AV =
3.61%; £ 1.53).
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In sum, the results show an average biological variability of 2.35% for the HR, 4.84% for the PWC for
sports students, and 3.77% for the racing cyclists, as well as 3.61% for the VO, and are thus similar
to the results obtained in comparable studies (1). The recorded values are independent of the
intensity of the training load and the HR max. The variability can be considered as gender-unspecific.

Results of the Separate Case Studies

This study looked at the variability of the PWC over 21 consecutive days for two test subjects (trained
/ untrained). A first look at the values shows a coefficient of variation of 10.6% for the endurance-
trained person, and of 9.5% for the untrained test subject. Both values are thus significantly higher
than the values in the group studies. If for the endurance-trained subjects we ignore the four points of
measurement ahead of which a 90-min aerobic-anaerobic endurance exercise took place (league
football match), the coefficient of variation drops from 10.6% to 2.1%.
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Figure 3. PWCj5 Values, Trained Subject.

The post hoc analysis using the PCA identifies shared proportions of variance for the three PWC, HR,
and VO, measurements recorded. For biological variability this proportion is ~70%, for measurement
error-induced variability ~30% (Figure 4a). Differentiated according to the parameters however, the
proportion of biological and measurement error-induced variability relative to the CV presents itself
differently (Figure 4b). The CV of the parameter of PWC;s0170 can be broken down to a ratio of 5:1,
which for the biological variability corresponds to a proportion of ~83%. The CV of the parameter HR
is distributed more or less equally between the two components, while the CV of the parameter VO,
shows a lower proportion of biological variability (~40%) and a higher proportion of measurement
error (~60%).
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Figure 4. Principal Components of the Explained Variance for PWCis01170, HR, and VO, (a)
as well as the Ratio of True (Biological) and Measurement Error-Induced Variance (b).

DISCUSSION

The results of the tests clearly show that both the performance and the strain parameters are subject
to biologically-induced variability that should be taken into account when evaluating short- and long-
term training effects. The recorded values for the variability are comparable to those established in
previous studies (1,16). Somewhat surprisingly, the variability of the HR at a 5-min continuous
exposure, whose intensity was determined with 70% of the maximal endurance capacity measured
with a step test, is lowest with a mean CV of 2.35% and a confidence interval Klgso, Of 1.22 to 3.48%.
The PWC recorded with a step test varies considerably more noticeably, both for moderately
endurance-trained test persons with an average of 4.84% (Klgsy, = 4.21 to 5.46%) and for racing
cyclists with an average of 3.77%.

These differences can be explained by the fact that the calculation of the PWC (for the formula cf.
(19)) is based on HRs at different performance levels and even slight deviations when determining
the HR reached before the target HR can lead to high displacements of the ratio contained in the
formula. The mean HR during the 5-min continuous exposure does not lead to different values,
irrespective of whether averaged during the last 2 min, the last minute or the last 30 sec. The
variation for VO, lies almost exactly mid-way between that determined for HR and PWC. In light of
the high equipment requirement for measuring VO, and the higher margin of interpretation in
determining the precise value, especially for inexperienced testers, this method seems less suitable
for evaluating training effects (18).

What consequences do the available findings have for controlling and evaluating effects within the
scope of training studies? Many test manuals consider familiarization to be a central aspect when it
comes to determining an initial or reference value. Kraemer and Fry (15) postulate a period of 2 wks
or 4 training sessions for this. Only then in their view is it possible to largely reduce systematic
learning- or training-induced measurement errors. While these statements relate to strength training,
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in principle the same arguments apply for endurance tests on the treadmill or bicycle for a
familiarization phase prior to the test, the results of which can additionally be used to estimate the
variability. The submaximal methods applied in the present study permit such a procedure and would
therefore be suitable to validly determine the initial performance prior to training intervention.

In the present study the CV as a within-subject coefficient of variation was determined on the
individual average, relativized to the individual standard deviation. As opposed to calculating an
overall variation, in our view this method better reflects the relevance of this study, which due to its
explorative character was based on relatively small test samples. Calculating an overall variation
would be appropriate for method comparison or determining standard values for specific target
groups. Compared to the standard measurement error, the advantage of the CV is that measurement
value differences resulting in particular from the large variation in individual HRs do not influence the
CV. Calculating a critical difference (1) is arithmetically identical to a confidence interval and does not
contain more differentiated information than the CV and has, therefore, not been taken into account
for the present research.

Special consideration is given to the two additional separate case studies within this study. It appears
that the variability is lower for trained than for untrained subjects. If we disregard the PWC value of
the test subject in study 4, who during the test period was in training for a competition, the CV is
3.77% with a standard deviation of 0.11%. This provides grounds to systematically replicate the
findings, which were based on a total of only 5 test subjects altogether, with a larger test sample.
Another important finding results from the large deviations in the performance of trained subjects after
more intensive training loads. The PWC as a representative of performance is apparently also
sensitive to short-term changes in endurance-trained subjects without the daily recording showing a
training effect. The difference between the CV taking into account the measurements immediately
following intensive training loads (CV2; = 10.6%) and the CV without taking these into account (CVi7
= 2.1%) from the separate case study confirms the postulation of Lamberts et al. (17) that only
training periods with unchanged training loads are suitable for determining biological variability.
Moreover, the results of the separate case studies suggest that effects in training studies over a
longer period with uncontrolled variability have to be considered critically and, therefore, need to be
relativized.

CONCLUSIONS

All in all the results indicate that in training studies and when monitoring the training process the
biological variability of the respective measurement parameters should be taken into account when
interpreting training effects. Without these control data it is not possible to separate exercise-induced
effects and biologically-induced changes (1). It seems appropriate to replicate and substantiate the
present findings with larger test samples in each case, and thus create a database for standard
values. This applies equally to the detailed analysis using the PCA. This method makes it possible to
differentiate the global CV according to different ratios. The parameters used differ significantly in
terms of the degree of influence of measurement error-induced and biologically-induced variability.

Depending on the aim when evaluating training effects, the result of the PCA could be drawn on to
select the most suitable parameter. If the aim is to minimize the effect of biological variability on
exercise-induced changes, according to the results of the present studies VO, would be the most
suitable. However, it should be noted that the overall variability for VO, is greatest and the method of
measurement is also the most complex, as shown by the high measurement error-induced proportion
of variance. The PWC constitutes an indicator for which measurement errors only marginally affect
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the variability, but which allows personal factors to be more clearly identified. Since the PWC can also
be determined relatively simply and without all-out tests, it would appear to be especially suited for
endurance-oriented training studies at lower to intermediate levels. The post hoc and explorative PCA
used in the present study appears suitable for differentiating the CV and should be used assuming
the conditions are met.
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