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 The Impulse of Force as an Effective Indicator of Exercise 
Capacity in Competitive Rowers and Canoeists 

by 
Katarzyna Domaszewska1, Jakub Kryściak1, Tomasz Podgórski1, Alicja Nowak2, 

Małgorzata Barbara Ogurkowska3 

The aim of the research was to present the importance of measuring the impulse of force in assessing exercise 
capacity in professional rowers and canoeists rather than conducting traditional physiological and biochemical analyses. 
A group of 20 athletes (12 rowers and 8 canoeists) underwent progressive intensity exercise tests in two testing sessions 
(before and after a training period). During the tests, maximal aerobic capacity, impulse of strength, metabolic indices, 
and markers of skeletal muscle damage were assessed. Total testosterone, free testosterone, cortisol, interleukin 1,6, and 
creatine kinase were evaluated in venous blood. The impulse of force at the ventilatory threshold and at the maximum 
load was correlated with free testosterone and a total testosterone/cortisol ratio during exercise (p ≤ 0.05) and was 
negatively correlated with cortisol concentration (p ≤ 0.05) in the first testing session (before training intervention). 
Values were positively correlated with concentration of total testosterone, free testosterone and total testosterone/cortisol, 
and free testosterone/cortisol ratios during exercise (p ≤ 0.05) in the second testing session (after training intervention). 
Biochemical indices of overtraining were correlated with maximum oxygen uptake in each session and with the impulse 
of force at the ventilatory threshold and the maximum load of exercise. Thus, there is an indirect relationship between 
maximal aerobic capacity and the impulse of force. The measurement of the impulse of force can become a simple and 
effective method for evaluating the overall exercise capacity of rowers because of its relationship with indices of the load 
and changes in hormonal indices of anabolic and catabolic processes during exercise. Therefore, it may constitute a 
replacement for the traditional laboratory measurement of VO2max in highly qualified rowers and canoeists. 

Key words: maximal oxygen uptake, perithreshold impulse, inflammatory agents, antioxidant potential. 
 
Introduction 

Assessing exercise capacity during 
training constitutes an important element of 
preparing athletes for sports competitions and 
enables monitoring of overtraining. Work capacity 
allows athletes to perform maximum exercise 
loads without undue fatigue. In strength and 
endurance sports, the most frequently used testing 
methods are physiological, biochemical and 
biomechanical ones. In 1922, Hill and Lupton 
pointed to the importance of measuring maximal 
aerobic capacity for the assessment of athletes’ 
endurance (Hill and Lupton, 1922). Maximal 

aerobic capacity (VO2max) to a large extent depends 
on the athletes’ cardiopulmonary efficiency and 
muscle metabolic capacity (Howley et al., 1995). 
Studies have shown high susceptibility of this 
indicator under the influence of endurance 
training in individuals with an average level of 
physical fitness. However, in athletes with a high 
level of aerobic fitness, improvements in VO2max are 
marginal (Smith and Hopkins, 2012). 

Due to small changes in maximal oxygen 
uptake in elite athletes, it is advisable to include  
additional analysis of biochemical and  
biomechanical indices in sports diagnostics.  
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Biochemical assessment involves mainly markers 
of muscle metabolism indicating the level of fiber 
damage and the accompanying responses of 
inflammatory factors as well as disturbance of 
acid-base homeostasis (Banfi et al., 2012). 
Personalised sports training leads to adaptive 
changes in the muscle cell, which improve 
metabolic processes, as well as changes in the 
structure of the skeletal muscles themselves. As a 
result, the force generated by the muscles 
increases, and so does the efficiency of the 
antioxidant defence systems (Egan and Zierath, 
2013; Steinbacher and Eckl, 2015). Neuro-hormonal 
factors, which are modified by sports training, 
participate in the regulation of the body's 
metabolic response to exercise. Intense physical 
activity, both dynamic and static, causes an 
increase in testosterone concentration (Hackney et 
al., 1995). Over the course of training, it was 
observed that muscles adapted to a particular level 
of the exercise load with a simultaneous decrease 
in the concentration of testosterone during 
exercise. Excessive training loads cause a decrease 
in blood testosterone concentration with a 
simultaneous increase in cortisol concentration. 
Anabolic/catabolic factors, i.e. total testosterone to 
cortisol (TT/C) and/or free testosterone to cortisol 
(FT/C), are among the indicators of overtraining 
(Vervoorn et al., 1991). 

Stationary ergometers, which stimulate the 
mechanical loads involved in rowing or canoeing, 
are used for biomechanical tests. However, 
differences in the accuracy of measurements 
between on-water and off-water rowing 
ergometers were found. These differences result 
from the lack of the asymmetry of movements 
characteristic of these disciplines (Shaharudin and 
Agrawal, 2016). Therefore, in order to ensure 
accuracy of tests, specialised sweep-oar and canoe 
ergometers should be used. 

A biomechanical assessment of the 
effectiveness of strength and endurance training of 
rowers usually involves measurement of force and 
power. Although maximum force and power are 
measured separately, their effect on movement is 
complex, and muscle strength usually constitutes 
the basis for the generated power (Richter et al., 
2016) 

Force and power are important elements  
of athletes' physical preparation, and the  
importance of their role increases with exercises of  
 

 
sub- and maximum intensity. There is a significant 
relationship between maximum power and results 
in sports. The average power (with an endurance 
component) (Stevens et al., 2015) is of decisive 
importance in terms of the duration of exercise. 
However, it can be assumed that there is an 
approximate linear relationship between mean 
power and impulse of force, which in turn is a 
component of the work performed during the 
exercise. The impulse of force clearly shows that it 
is not only the value of force (F) that affects the 
speed of the boat, but also the time (t). By 
extending the time over which force is exerted, the 
athlete will achieve the same effect of the impulse 
of force with lower muscular strength (Kleshnev, 
2016). 

The aim of this research was to evaluate 
the impulse of force as an assessment of exercise 
capacity in competitive rowers and canoeists via a 
specific exercise test. 

Methods 
Participants 

A total of 20 athletes practising asymmetric 
water sports, including 12 rowers and 8 canoeists, 
underwent performance tests. The tests were 
carried out twice: at the beginning (the first testing 
session) and at the end (the second testing session) 
of the preparatory period of the annual training 
cycle. Athletes underwent progressive intensity 
exercise tests carried out to volitional exhaustion, 
during which maximal aerobic capacity, strength, 
metabolic indices, and markers of skeletal muscle 
damage were assessed. The study was conducted 
according to the Declaration of Helsinki and the 
National Statement and Human Research Ethics 
Guidelines and approved by the IRB (Institute for 
Research in Biomedicine) at the Poznan University 
of Medical Sciences (2017-02-02; Ethics Approval 
Number: 208/17). Each of the athletes, having 
familiarised themselves with the study protocol, 
agreed in writing to participate in the study. 

Initially, the study included 22 male 
athletes. A total of 20 subjects qualified for the 
study after two athletes did not fulfil the conditions 
of the study protocol owing to injury and taking 
anti-inflammatory medications. All participants 
were asked to refrain from alcohol and strenuous 
activity for 24 hours prior to blood sampling. The 
studied athletes were members of the Polish 
national rowing team who participated in major  
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international competitions (e.g., World 
Championships, European Championships, 
Olympic Games).  
Anthropometrics measurements 

Body mass and body height were 
measured with the use of the WPT 60/150 OW 
medical scales (Radwag®, Poland).  
Biomechanical measurement  

Two measuring stands were used to test 
biomechanical variables: 
– sweep rowing ergometer (Figure 1), which 

was constructed as part of the research 
project, and devices for synchronous 
recording of two variables: force at the blade 
of which direction was perpendicular to the 
long axis and angular position of the oar 
relative to the ergometer's longitudinal axis 
(parallel to the seat guide), 

– canoe ergometer (Figure 2) with devices 
synchronously recording two variables, i.e.: 
force at the blade of which direction was 
perpendicular to the long axis and 
acceleration of the seat. 

It should be emphasised that, given the 
different rowing techniques, the above ergometers 
were equipped with two independent sets of 
software, which enabled on-line analysis of 
selected variables during rowing. Average 
characteristics of the rowing cycle were 
determined for the selected part of the movement. 

By equipping the ergometers with 
appropriate accessories, it was possible to perform 
on-line measurements of force at the blade, angular 
position of the oar relative to the ergometer's 
longitudinal axis (parallel to the seat guide), and 
acceleration of the seat. A recorder transmitted the 
data wirelessly to a computer. During the test, 
changes in the above-mentioned variables were 
visualised directly on graphs during a number of 
rowing cycles until the individual threshold of 
anaerobic metabolism or the maximum load was 
reached (Figure 3). The so-called impulse of force 
may be determined on the basis of the above-
mentioned F(t) change diagrams. The result is a 
biomechanical variable which is easy to measure, 
inextricably connected to the force (F) in specific 
time (t), and it always results in a change in the 
speed of the body/boat. The sum of impulses of 
force for a number of rowing cycles was selected 
for analysis. The duration of the test ranged from 
12 to 16 minutes or until exhaustion. During this  
 

 
time, athletes performed an average of 330 ± 44 
(rowers) and 349 ± 83 (canoeists) rowing cycles. 
The above-mentioned variables were determined 
and analysed with the use of two programs, 
TRow2v0 and TCan2v0, respectively, using the 
following calculations: 
– from the beginning of the movement until the 

threshold load was obtained, 𝐼𝑚𝑝𝑢𝑙𝑠𝑒 𝑜𝑓 𝑓𝑜𝑟𝑐𝑒 = 𝐹 𝑡 𝑑𝑡 

– from the beginning until the maximum effort 
was obtained, 𝐼𝑚𝑝𝑢𝑙𝑠𝑒 𝑜𝑓 𝑓𝑜𝑟𝑐𝑒 = 𝐹 𝑡 𝑑𝑡 

– difference in the above impulses from the 
threshold to the maximum load. 

The data were stored in the memory of 
recorders or directly in the computer memory. 
Graded exercise test protocol 

All athletes underwent a graded exercise 
test (GXT) in two testing sessions on a rowing 
ergometer (Figures 1 and 2). The GXT began at a 
workload of 0.3 W/ kg. The work rate was 
increased by 0.3 W/kg every 3 minutes until the 
athlete could no longer maintain the applied 
workload. Each test lasted 12-18 minutes, 
depending on age and aerobic fitness. The exercise 
tests were conducted between 8:00 a.m. and noon 
in an air-conditioned laboratory, 2 hours after 
consuming a light meal. 
Physiological measurements 

Expired gases, minute ventilation (VE), and 
heart rate (HR) during the GXT were monitored 
continuously with the Oxycon Mobile automated 
system (Viasys Healthcare, Germany). Oxygen 
intake (VO2) and carbon dioxide output (VCO2) 
were measured breath-by-breath and were 
averaged at 15-s time periods. Before each trial, the 
system was calibrated according to the 
manufacturer’s instructions. Ambient conditions, 
i.e. temperature, humidity, and barometric 
pressure, were recorded by the sensors. In a two-
point volume calibration (0.2 and 2 L/s), the flow 
values were measured automatically at the set 
measuring points. Gas analyser calibration was 
carried out with a standard gas mixture, 5% CO2 
and 16% O2. Peak VO2 was defined as the highest 
15-s averaged VO2 obtained during the last  
exercise in the test. HRmax (beats/min) was 
measured as the highest 15-s averaged value in the 
test. Time to exhaustion (TTE) and the maximal  
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work rate (WRmax) were also measured. To 
determine the ventilatory threshold (VT), the V-
slope method was administered using 
computerised regression analysis of the slopes of 
the CO2 output versus O2 uptake plot, which 
detects the beginning of the excess CO2 output 
generated from the buffering of [H+] (Beaver et al., 
1986). The method involves the analysis of the 
behavior of VCO2 as a function of VO2 during GXT, 
with a consequent increase in VCO2. This resulted 
in a transition in the relation between VCO2 and 
VO2. Software supplied by Viasys Healthcare was 
supported by visual inspection by an experienced 
researcher. The ventilatory equivalent method was 
used as a secondary method, and the point when 
the equivalent for oxygen (VE/VO2) raised without 
concomitant rise in the equivalent for carbon 
dioxide (VE/VCO2) was detected (Day et al., 2003; 
Davis et al., 1980; Gitt et al., 1994; Powers et al., 
1984; Reinhard et al., 1979; Shimizu et al., 1991). 
The VT was expressed as the work rate (W), heart 
rate (HR) (beats/min) and time (t) when the VT was 
reached. 
Blood collection, biochemical measurements 

Blood samples were collected before and 
after the exercise tests (two days after the last 
intensive training unit) to exclude the influence of 
training loads on biochemical variables tested. 
Blood samples were taken from the ulnar vein 
using a S-Monovette syringe tube (SARSTEDT, 
Germany) then placed in tubes containing a clot 
activator and centrifuged (1500 g, 4°C, 4 minutes) 
in order to separate the serum. The samples were 
frozen and stored at -75°C until the time the 
analyses were performed. Creatine kinase (CK) 
activity was determined with the use of the Accent 
220S (Cormay, Poland) biochemical analyser and 
sets of enzymatic reagents (Cormay, Poland). The 
sensitivity of the sets was 7.4 U/L (intra-assay 
coefficient of variation [CV], < 10 %). 

Concentrations of total testosterone (TT), 
free testosterone (FT), cortisol (C), interleukin 1 (IL-
1), and interleukin 6 (IL-6) were measured using 
the ELISA immunoenzymatic method (AssayPro 
LLC, St. Charles, MO). The sensitivity of the ELISA 
kits was as follows: 0.083 ng/mL ([CV], 3.61%), 
0.018 pg/mL ([CV], 5.96%), 2.5 ng/mL ([CV], 5.63%), 
1.334 ng/mL ([CV], <8%), 0.81 ng/mL ([CV], 4.4%). 

Colometric methods were used to 
determine the concentrations of the total 
antioxidant capacity of plasma (Ferric Reducing  
 

 
Ability of Plasma [FRAP], reference values: 600-
1600 μmol/L) (Benzie et al., 1966), the plasma 
concentration of thiobarbituric acid reactive 
substances (TBARS, reference values: 1-6 μmol/L) 
(Ohkawa et al., 1979), and total phenolics 
(reference values: 2.8-4.0 g GAE/L) (Singleton et al., 
1965). The concentration of lactate in capillary 
blood was determined with the use of test strips 
and the LactatEDGE monitor (ApexBio, Poland). 
All pre-exercise and post-exercise specimens from 
each individual were analysed in the same batch 
by an experienced technician who was blinded to 
the origin of samples. 
Training program 
Rowers' training program 

All athletes were subjected to a 24-week 
training program. The loads were highly varied in 
terms of their character and training modalities 
applied. The standard number of training sessions 
ranged from 9 to 10 during the preparatory period 
and from 12 to 14 during training camps. At the 
beginning of the preparatory period, general 
training sessions prevailed with training 
modalities such as running, proprioceptive 
exercises, swimming, cycling, cross-country skiing, 
team sports, and strength training. Targeted 
training, i.e. rowing on an indoor rower, was 
included beginning with microcycle 5. Specific on-
water exercises were included from microcycle 17, 
and the amount of such training increased 
dynamically in subsequent microcycles.  

At the beginning of the preparatory period 
(microcycles 1 to 4), there were mainly low and 
moderate intensity aerobic exercises along with 
hypertrophy training. In the next mesocycle 
(microcycles 5 to 8), the intensity of exercises 
increased, the aim being to develop aerobic 
endurance, aerobic-anaerobic endurance, and 
maximum strength. This trend continued in the 
next mesocycle (microcycles 9 to 12), however, 
with a significant increase in aerobic-anaerobic 
loads. Power sessions were also introduced. In 
microcycles 13 to 24, the development of aerobic 
and aerobic-anaerobic endurance continued, and 
sessions increasing anaerobic endurance were 
introduced. During resistance training, power  
development continued, and strength conditioning 
components were included.  
Canoeists' training program 

All athletes were subjected to a 31-week 
training program. The loads varied highly in terms  
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of their direction and training modalities applied. 
The standard number of training sessions ranged 
from 10 to 12 during the preparatory period and 
from 18 to 20 during training camps. At the 
beginning of the preparatory period, general 
training sessions prevailed with training 
modalities such as running, proprioceptive 
exercises, cycling, cross-country skiing, rowing 
ergometer exercises, and stretching. Targeted 
training involving a canoe ergometer and circuit 
training, was included from microcycle 6. Specific 
on-water exercises were included from microcycle 
13, and the amount of such training increased 
dynamically in subsequent microcycles.  

At the beginning of the preparatory period 
(microcycles 1 to 8), there were mainly low and 
moderate intensity aerobic exercises, core muscle 
training, and stretching. In the last 3 microcycles of 
this mesocycle, strength endurance training in the 
form of circuit training and rowing technique 
training were included. 

In the next mesocycle (microcycles 9-16), 
the intensity of exercises increased, the aim being 
to develop aerobic endurance. Strength training 
involved higher loads, and the number of technical 
exercises on a canoe also significantly increased. 
The number of general exercises and 
prioprioceptive exercises was significantly 
reduced. 

In microcycles 17-24, the development of 
aerobic strength continued. The intensification of 
training was also aimed at the development of 
aerobic and anaerobic endurance. The volume of 
training units aimed at maintaining aerobic 
capacity was reduced. In the middle of this period, 
in addition to strength training, 3 training units 
aimed at developing maximum strength were 
introduced. The number of rowing technique 
sessions was also reduced due to unfavourable 
weather conditions. 

In microcycles 25-31, sessions developing 
aerobic and aerobic-anaerobic endurance 
continued. Aerobic maintenance sessions were 
used only as active rest. In resistance training, 
strength endurance exercises were replaced with  
exercises with maximum loads. Technical on- 
water training was intensified from microcycle 28. 
Statistical analyses 

All data are presented as mean, standard 
deviation (SD), median, and interquartile range. 
The normality of distribution was tested with the  
 

 
Shapiro-Wilk test. The differences between paired 
and normally distributed variables were analysed 
using the t-test, and the Wilcoxon test was used for 
non-normally distributed variables. Spearman’s 
rank analysis was used to calculate correlation 
coefficients. The level of statistical significance was 
set at p ≤ 0.05. The obtained results were analysed 
statistically using the Dell Inc. (2016) Dell Statistica 
13 software (Tulsa, Oklahoma, USA). 

Results 
There were 20 athletes included in the 

analysis. Table 1 presents the values of selected 
anthropometric and ergospirometric indices, as 
well as biomechanical variables of the examined 
athletes on the two test dates. 

Statistical analysis of anthropometric 
variables showed a significant difference in body 
mass between the groups of athletes on each test 
date (p ≤ 0.05). The study also showed significant 
differences on each test date between rowers and 
canoeists with respect to the maximum load of 
exercises obtained in the test protocol (p ≤ 0.001), 
maximum oxygen uptake (p ≤ 0.001), and the load 
obtained at the borderline of the individual 
threshold of anaerobic metabolism (p ≤ 0.001). The 
analysis of biomechanical test results showed 
significant differences on each test date in terms of 
the impulse of force at the threshold and maximum 
load levels, as well as a difference in impulse 
values between these two loads (p ≤ 0.001) in both 
tested groups. 

Comparative analysis of the level of 
biochemical indices (Tables 2 and 3), determined at 
rest between baseline and post-intervention, 
showed a significant increase in IL-1 concentration, 
a decrease in C (p ≤ 0.001), and a decrease in the 
TT/C index (p ≤ 0.05) in the group of rowers after 
training. On the other hand, in the group of 
canoeists, there was a significant increase in resting 
CK activity after training intervention in relation to 
baseline values (p ≤ 0.05). 

Analysis of resting values of the examined  
biochemical indices between the studied groups  
of athletes showed a significant difference in the 
concentration of total phenolics (p ≤ 0.05) and CK 
activity (p ≤ 0.01) in blood serum, but only on the 
second test date. In the group of rowers, on each 
test date, the maximum physical effort caused a 
significant increase in concentrations of IL-6, TT (p 
≤ 0.05), C, FT, TT/C, FT, total phenolics, La and CK  
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activity (p ≤ 0.01), while after training there  
was only an increase in the concentration of FRAP 
(p ≤ 0.05). In the group of canoeists, a significant 
post-exercise change (p ≤ 0.05) in IL-6, total  
 

 
phenolics, La and CK activity was observed on the 
first and second test dates, whereas after the 
intervention, a change in FRAP concentration (p ≤ 
0.05) was observed.  

 
 

 

 
 
Table 1 

Physiological and biomechanical indices, baseline and post-intervention, in both groups of athletes (mean ± SD) 
 

Variable 

Rowers (n = 12) Canoeists (n = 8) 

Baseline Post- 

intervention 

Baseline Post-intervention 

Age (y) 20.92 ±1.31 21.05 ± 2.78 

Body height (m) 1.91 ± 0.04 1.82 ± 0.04* 

Body mass (kg) 92.04 ±7.98 91.74 ± 8.21 82.73 ± 8.43* 83.25 ± 7.55* 

HRmax (beats/min) 183 ± 10 183 ± 8 191 ± 9 189 ± 10 

Wmax (W) 329.16 ± 33.43 350.00 ± 26.11# 130.35 ±23.24* 134.63 ± 20.86* 

Time of exercises (min) 14.08 ± 1.51 15.08 ± 1.41 # 13.50 ± 1.93 14.56 ± 1.81 

VO2max (mL/kg·min) 59.86 ± 2.95 59.33 ± 2.64 50.06 ±3.17* 50.14 ± 2.54* 

HR/VT (beats/min) 172 ± 9 169 ±10 # 177 ± 8 174 ± 8# 

W/VT (W) 266.67 ± 22.19 277.08 ± 19.82 92.25 ± 10.96* 97.25 ± 12.70* 

Time of exercise/VT (min) 11.08 ± 1.38 11.83 ± 1.19 10.88 ± 1.64 11.38 ± 1.30 

Perithreshold impulse 
(kNs) 

74.93 ± 11.90 72.85 ± 10.70 17.99 ± 5.52* 21.44 ± 4.05*# 

Maximal impulse (kNs) 100.56 ± 13.44 99.98 ± 11.88 24.25 ± 6.87* 29.53 ± 5.87*# 

∆ max 
impulse/perithreshold 
impulse (kNs) 

25.62 ± 8.83 27.13 ± 9.85 6.26 ± 4.60* 8.09 ± 4.49* 

Data are expressed as mean (SD), * p ≤ 0.05 – vs. canoeists; # p ≤ 0.05 – vs. post-intervention; 
abbreviations: HRmax = maximum heart rate, Wmax = maximum exercises load, VO2max = maximal oxygen 

uptake, HR/AT = heart rate at AT, W/AT = exercise load at AT. 
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Table 2 
Concentration of selected biochemical indices in blood, baseline and post-intervention, in rowers (mean ± SD) 

 
Variable 

Rowers (n = 12) 
Baseline Post-intervention 

Pre-exercise Post-exercise Pre-exercise Post-exercise 

IL-1 (ng/mL) 50.56 ± 9.69 56.57 ± 16.10 60.76 ± 12.64 67.56 ± 15.32 

IL-6 (ng/mL) 2.21 ± 2.32 3.58 ± 2.80 1.89 ± 2.29# 3.30 ± 2.36 

CK (U/L) 344.57 ± 190.71 437.42 ± 215.70 361.06 ± 276.44 458.12 ± 300.71 

C (ng/mL) 313.66 ± 79.91 219.34 ± 115.53 260.33 ± 71.87# 192.50 ± 70.18 

TT (ng/mL) 5.92 ± 1.23 6.75 ± 1.57 6.29 ± 1.37 7.36 ± 1.54 

FT (ng/mL) 16.33 ± 2.46 19.33 ± 3.70 16.25 ± 3.08 18.66 ± 2.35 

TT/C 0.02 ± 0.01 0.03 ± 0.02 0.02 ± 0.01# 0.04 ± 0.02 

FT/C 0.06 ± 0.01 0.11 ± 0.07 0.06 ± 0.01# 0.11 ± 0.03 

FRAP (μmol/L) 1120.00 ± 146.15 1163.08 ± 138.18 1116.33 ± 184.43 1186.00 ± 171.1 
Total phenolics 
(gGAE/L) 

2.67 ± 0.08 2.94 ± 0.12 2.73 ± 0.05 2.85 ± 0.14 

TBARS (μmol/L) 5.48 ± 1.29 5.97 ± 1.08 5.27 ± 1.71 5.30 ± 1.43 
La (mmol/L) 1.01 ± 0.28 11.29 ± 2.78 1.16 ± 0.22 11.65 ± 2.81 

Data are expressed as mean (SD) * p ≤ 0.05 – vs. canoeists; # p ≤ 0.05 – vs. post-intervention; 
abbreviations: IL-1 = human interleukin-1, IL-6 = human interleukin-6, CK = creatine kinase, C= cortisol, 

TT = total testosterone, FT = free testosterone, FRAP = Ferric Reducing Ability of Plasma, TBARS = 
thiobarbituric acid reactive substances, La = lactate. 

 
 
 

Table 3 
Concentration of selected biochemical indices in blood baseline and post intervention in canoeists (mean ± SD) 

 
Variable 

Canoeists (n = 8) 

Baseline Post intervention 

Pre-exercise Post-exercise Pre-exercise Post-exercise 

IL-1 (ng/mL) 55.59 ± 10.72 57.20 ± 12.74 50.08 ± 9.32 50.16 ± 13.72* 

IL-6 (ng/mL) 1.50 ± 1.05 3.11 ± 1.545 0.95 ± 0.99 2.06 ± 1.84 

CK (U/L) 340.25 ± 164.68 421.69 ± 178.13 571.58 ± 266.69* 653.41 ± 283.20* 

C (ng/mL) 250.63 ± 37.19 256.25 ± 57.73 268.50 ± 46.04 240.13 ± 44.49* 

TT (ng/mL) 6.30 ± 1.64 6.50 ± 2.17 6.10 ± 1.49 5.81 ± 1.15* 

FT(ng/mL) 14.63 ± 5.42 15.00 ± 4.41 15.01 ± 4.37 13.88 ± 4.19* 

TT/C 0.03 ± 0.01 0.03 ± 0.01 0.02 ± 0.01 0.02 ± 0.01* 

FT/C 0.06 ± 0.02 0.06 ± 0.03* 0.06 ± 0.02 0.06 ± 0.02* 

FRAP (μmol/L) 1110.62 ± 203.08 1170.13 ± 170.51 1123.00 ± 102.07 1170.38 ± 116.97 
Total phenolics 
(gGAE/L) 

2.68 ± 0.09 2.88 ± 0.07 2.66 ± 0.05* 2.90 ± 0.10 

TBARS (μmol/L) 4.85 ± 1.23 5.64 ± 2.01 5.73 ± 1.72 4.94 ± 0.80 
La (mmol/L) 1.30 ± 0.42 11.41 ± 2.20 1.14 ± 0.20 11.04 ± 3.04 

Data are expressed as mean (SD) * p ≤ 0.05 – vs. canoeists; # p ≤ 0.05 – vs. post-intervention; 
abbreviations: IL-1 = human interleukin-1, IL-6 = human interleukin-6, CK = creatine kinase, C= cortisol, 

TT = total testosterone, FT = free testosterone, FRAP = Ferric Reducing Ability of Plasma, TBARS = 
thiobarbituric acid reactive substances, La = lactate. 
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Figure 1 

Sweep rowing ergometer 
Components of the ergometer: 1- guide rail and seat, 2 - oar braking system; 3 - LCD monitor displaying 
oar load variables; 4 - outrigger attached to the guide rail with oarlock; 5 - cords providing resistance to 

the oar; 6 - tensometric transducer used to measure the force at the blade; 7 - potentiometric transducer at 
the oarlock measuring the angular position of the oar; 8 - accelerometer attached to the seat; 9 - recording 

device for all transducers. 
 
 
 
 

 

 
Figure 2 

Canoe ergometer 
Components of the ergometer: 1 - canoeing ergometer, 1a - oar resistance system, 1b - guide rail, 1c - oar,  

1d - LCD monitor displaying work variables, 1e - cord providing resistance to the oar; 2 - seat guide;  
3 - mobile seat with 4 wheels; 4 - cord weighing down the seat; 5 - foam kneeler; 6 and 7 - feet stabilisers;  

8 - transducer used to measure the force at the blade;9 - accelerometer attached to the seat;  
10 - recording device for the transducer (item 8 and 9) 
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Figure 3 

Example of F(t), α(t), a(t) diagrams obtained simultaneously on-line during the exercise test completed  
by rowers/canoeists on an ergometer 

 
 
 
 
 
 
 
 

Analysis of exercise increments (Δ) of the 
studied biochemical indices in rowers showed a 
significantly higher difference in the 
concentrations of C (p ≤ 0.01), TT/C, and FT/C (p ≤ 
0.05) in the first testing session and exercise 
increments for TT (p ≤ 0.001), FT (p ≤ 0.05), TT/C, 
FT/C (p ≤ 0.01), and total phenolics (p ≤ 0.05) in the 
second testing session, compared to canoeists. 

Analysis of correlations among physiological, 
biomechanical, and biochemical test results 
obtained for both groups of athletes showed a 
significant relationship between load values at the 
level of the anaerobic threshold (AT) and the 
change in FT concentration (the ratio of anabolic-
catabolic TT/C and FT/C indices) in the first and 
second testing sessions (p ≤ 0.05). There was a 
negative correlation between the change in C 
concentration during exercise and the load at the 
anaerobic threshold in the first session (r = -0.62, p  
 

≤ 0.01) and a positive correlation with post-exercise 
increases in TT concentration in the second session 
(r = 0.78, p ≤ 0.0001). The maximum load positively 
correlated with the change in blood FC 
concentration during exercise and the change in 
TT/C and FT/C indices during exercise in each 
session (p ≤ 0.05). On both test dates, maximal 
oxygen uptake correlated positively with the 
change in FT concentration during exercise (r = -
0.68, p ≤ 0.001) and the FT/C and TT/C indices (p ≤ 
0.05), and there was a negative correlation between 
the maximum load and change in blood C 
concentration during exercise that was observed 
only at baseline. Maximum oxygen uptake in each 
session showed a positive correlation with the 
change in FT concentration during exercise and 
with the FT/C and TT/C indices, and it showed a 
negative correlation with the change in C (p ≤ 0.05) 
and exercise in TT  
 



96  The impulse of force as an effective indicator of exercise capacity in competitive rowers and canoeists 

Journal of Human Kinetics - volume 79/2021 http://www.johk.pl 

 
concentration only after the intervention (r = 0.77, 
p ≤ 0.0001). At baseline, the biomechanical 
perithreshold impulse index positively correlated 
with the change in FT and with TT/C during 
exercise (p ≤ 0.05), and it negatively correlated with 
cortisol concentration (r = -0.53, p ≤ 0.05), whereas 
after the intervention, there was a positive 
correlation between the perimaximal impulse and 
changes in TT, FT, TT/C, and FT/C concentrations 
during exercise (p ≤ 0.05). 

Discussion 
The most significant result of the study is 

the relationship between the evaluated 
biomechanical indices and the response of the 
biochemical indices to exercise. Also the 
relationship between physiological and 
biochemical variables found in the exercise test is 
important. These relationships concern mainly free 
and total testosterone concentrations, cortisol, and 
anabolic-catabolic indices. There was no 
relationship between physical fitness or the 
biomechanical analysis of movement with 
biochemical muscle-cell-damage indices following 
exercise (CK, IL-1) and markers of free-radical 
changes (FRAP, TBARS, total phenolics).  

The maximum physical effort in the test 
resulted in a statistically significant increase in 
most of the examined biochemical indices in the 
first and second testing sessions in rowers. Such 
highly statistically significant changes were not 
observed in response to the test effort in canoeists. 
This is probably due to the value of the applied 
maximum load, the level of acidification of 
muscles, and their total weight, as well as the 
rowing motion. Therefore, no significant change in 
blood concentration of free and total testosterone, 
cortisol, or anabolic-catabolic indices in canoeists 
was observed in none of the sessions. The exercise 
test in both groups of athletes, on both testing 
dates, contributed to significant changes in 
biochemical indices (CK), indicating the 
occurrence of micro-damages to muscle fibres. 
Jürimäe et al. (2017), in a study involving highly 
trained rowers, recorded an inverse relationship 
between the level of VO2max and the resting 
concentration of some inflammatory indices, 
including IL-8, indicating an increased defence 
potential of the organism. In our study, no 
significant correlation between the level of VO2max 
and the concentration of IL-6 or IL-1 was  
 

 
found. Cipryan (2018) observed that the higher the 
level of training experience in athletes, the higher 
the increase in IL-6 concentration after physical 
exercise, despite lower muscle fibre damage and 
lower CK activity. This cytokine, although it 
belongs to the group of pro-inflammatory factors 
and was secreted as a result of muscle fibre 
contraction, inhibits the effect of other pro-
inflammatory factors, including TNFα and IL-1 
production, which is indicative of its defensive 
functions (Mathur et al., 2008). Moreover, it 
participates in the regulation of glucose transport 
to the skeletal muscle (Cartee, 2015). In our study, 
despite the increase in IL-6 concentration, no 
significant increase in IL-1 concentration was 
observed immediately after physical effort, 
however, in the group of rowers the level of this 
cytokine at rest in the second testing session was 
higher than in the first testing session, which may 
indicate a greater disturbance of homeostasis 
during the period of increased training loads. The 
relationships between biochemical and 
physiological indices in the exercise test have been 
addressed in many publications. Measurement of 
resting testosterone and cortisol concentrations in 
the blood of athletes (various sports) was used in 
the assessment of adaptation to training loads and 
diagnosis of overtraining (Rietjens et al., 2015). Our 
study showed a statistically significant decrease in 
cortisol concentration (p ≤ 0.01) and TT/C index (p 
≤ 0.05) in blood in rowers after the intervention. 
This change seems to be beneficial from the point 
of view of the athlete's level of endurance capacity, 
metabolic adaptation, and resistance to damage. 
Many authors described smaller release of CK 
from muscle cells during exercise as a result of 
decreased permeability and damage to cell 
membranes by free radicals formed during 
physical effort (Banfi et al., 2012; Mason et al., 
2016). An elevated level of creatine kinase activity 
was observed for a few days after physical activity 
of  high intensity and long duration. According to 
previous suggestions, the level of CK activity 
should preferably be measured 24 to 48 hours 
following physical activity (Banfi et al., 2012). In 
this study, blood was collected two days after the 
end of the last training session. There was a 
statistically significant increase in the activity of 
the studied enzyme between the sessions only in 
canoeists, and there was no change in other indices 
related to overtraining and increasing cell  
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oxidative stress. The above is probably due to the 
high level of physical fitness of athletes. In 
ergospirometry, cardiopulmonary indices at the 
level of the threshold and the maximum load 
differed significantly between the groups (p ≤ 
0.001) and did not change under the influence of 
applied training loads in any of the studied groups. 
Many publications demonstrated the predictive 
importance of measuring maximum oxygen 
uptake as an indicator of high capacity of rowers 
(Cosgrove et al., 1999). However, there are still few 
new studies concerning the application of more 
accurate methods for determining physical fitness 
in elite rowers and canoeists beyond maximal 
aerobic capacity. Although Bourdin et al. (2017) 
described the use of peak power output (Ppeak) 
measurement as a simple and effective method for 
assessing the overall fitness of rowers and the 
effectiveness of the training program as a 
replacement for the traditionally used laboratory 
measurement of VO2max. 

Force and power are important elements of 
athletes' physical conditioning, and the importance 
of their role increases when exercises are 
performed with submaximal and maximal 
intensity. There is a significant relationship 
between maximum power (or force) and sports 
performance. Considering the duration of the 
exercise, mean power (with an endurance 
component) is of decisive importance (Stevens et 
al., 2015). It was noted that there was an 
approximate linear relationship between mean 
power and the impulse of force, which is a 
component of the work performed during the 
effort. The easy-to-measure impulse of force was 
obtained on-line on the basis of the exercise test on 
ergometers. It is a physical quantity, inextricably 
connected with force (F) in a specific time (t), which 
always results in a change of momentum of the 
body or boat on which this force acts. Thus, the 
impulse of force (J = F · t) not only determines the  
 

 
value of force (F), but also duration of its action, 
which has a serious impact on the speed of the 
boat. By extending the time over which the force 
acts, the athlete will achieve the same impulse of 
force as when using a higher load over a shorter 
period of time. Thus, by generating less force, the 
athlete reduces the strain on the motor system 
while maintaining the speed of the boat. 

The impulse of force at the threshold and 
the maximum load was positively correlated with 
FT and TT/C during exercise (p ≤ 0.05), negatively 
correlated with cortisol concentration (p ≤ 0.05) in 
the first testing session, and positively correlated 
with TT, FT, TT/C, and FT/C concentrations during 
exercise (p ≤ 0.05) in the second testing session. Due 
to the fact that these biochemical indices were 
correlated with maximum oxygen uptake in each 
session, it can be concluded that there is an indirect 
relationship between maximal aerobic capacity 
and the impulse of force. 
Limitations of the study 

In our study, we determined the 
concentration of total phenolics which show 
antioxidant effects and are an indicator of intake of 
foods rich in these compounds. However, we did 
not include an analysis of the athletes' diets which 
could document the influence of the consumed 
foods on the level of antioxidant potential and its 
importance in the training process. 
Conclusions 

The measurement of the impulse of force 
can become a simple and effective method for 
evaluating the overall exercise capacity of rowers 
because of its relationships with indices of the load 
and changes in hormonal indices of anabolic and 
catabolic processes during exercise tests. 
Therefore, it may constitute a replacement for the 
traditional laboratory measurement of VO2max in 
highly qualified rowers and canoeists. 

 

 

Acknowledgements 
The authors have no conflicts of interest to disclose. This study was funded by the Polish Ministry of 

Science and Higher Education within 333 the "Development of Academic Sport" program (Project No. N RSA4 
06154). 

 
 
 
 



98  The impulse of force as an effective indicator of exercise capacity in competitive rowers and canoeists 

Journal of Human Kinetics - volume 79/2021 http://www.johk.pl 

 
References 
Banfi G, Colombini A, Lombardi G, Lubkowska A. Metabolic markers in sports medicine. Adv Clin Chem, 2012; 

56: 1-54 
Beaver WL, Wasserman K, Whipp BJ. A new method for detecting anaerobic threshold by gas exchange. J Appl 

Physiol, 1986; 60(6): 2020-2027 
Benzie IF, Strain JJ. The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant power”: the 

FRAP assay. Anal Biochem, 1966; 239(1): 70-76 
Bourdin M, Lacour JR, Imbert C, Messonnier LA. Factors of rowing ergometer performance in high-level 

female rowers. Int J Sports Med, 2017; 38(13): 1023-1028 
Cartee GD. Mechanisms for greater insulin-stimulated glucose uptake in normal and insulin-resistant skeletal 

muscle after acute exercise. Am J Physiol Endocrinol Metab, 2015; 309(12): E949-E959 
Cipryan L. The effect of fitness level on cardiac autonomic regulation, IL-6, total antioxidant capacity, and 

muscle damage responses to a single bout of high-intensity interval training. J Sport Health Sci, 2018; 
7(3): 363-371 

Cosgrove MJ, Wilson J, Watt D, Grant SF. The relationship between selected physiological variables of rowers 
and rowing performance as determined by a 2000 m ergometer test. J Sports Sci, 1999; 17(11): 845-852 

Day JR, Rossiter HB, Coats EM, Skasick A, Whipp BJ. The maximally attainable VO2 during exercise in 
humans: the peak vs. maximum issue. J Appl Physiol, 2003; 95(5): 1901-1907 

Egan B, Zierath JR. Exercise metabolism and the molecular regulation of skeletal muscle adaptation. Cell 
Metabolism, 2013; 17(2): 162-184 

Gitt AK, Winter UJ, Fritsch J, Pothoff G, Sedlak M, Ehmanns S, Ostmann H, Hilger HH. Comparison of four 
different methods for respiratory determination of the anaerobic threshold in normal people, and heart-
and lung patients. Z Kardiol, 1994; 83: 37-42 

Hackney AC, Premo MC, McMurray RG. Influence of aerobic versus anaerobic exercise on the relationship 
between reproductive hormones in men. J Sports Sci, 1995; 13(4): 305-311 

Hill AV, Lupton H. The oxygen consumption during running. J Physiol, 1922; 56: 32 
Howley ET, Bassett DR, Welch HG. Criteria for maximal oxygen uptake: review and commentary. Med Sci 

Sports Exerc, 1995; 27: 1292 
Jürimäe J, Tillmann V, Purge P, Jürimäe T. Body composition, maximal aerobic performance and inflammatory 

biomarkers in endurance-trained athletes. Clin Physiol Funct Imaging, 2017; 37(3): 288-292 
Kleshnev V. Biomechanics of Rowing. United Kingdom: The Crowood Press; 2016 
Mason SA, Morrison D, McConell GK, Wadley GD. Muscle redox signalling pathways in exercise. Role of 

antioxidants. Free Radic Biol Med, 2016; 98: 29-45 
Mathur N, Pedersen BK. Exercise as a mean to control low-grade systemic inflammation. Mediat Inflamm, 2008; 

109502, 2008 
Ohkawa H, Ohishi N, Yagi K. Assay for lipid peroxides in animal tissues by thiobarbituric acid reaction. Anal 

Biochem, 1979; 95(2): 351-358 
Powers SK, Dodd S, Garner R. Precision of ventilatory and gas exchange alterations as a predictor of the 

anaerobic threshold. Eur J Appl Physiol Occup Physiol, 1984; 52(2): 173-177 
Richer SD, Nolte VW, Bechard DJ, Belfry GR. Effects of novel supramaximal interval training versus 

continuous training on performance in preconditioned collegiate, national, and international class 
rowers. J Strength Cond Res, 2016; 30(6): 1752-1762 

Rietjens R, Stone TM, Montes J, Young JC, Tandy RD, Utz JC, Navalta JW. Moderate intensity resistance 
training significantly elevates testosterone following upper body and lower body bouts when total 
volume is held constant. International J Kinesiol Sports Sci, 2015; 3(4): 50-55 

Shaharudin S, Agrawal S. Muscle synergies during incremental rowing VO2max test of collegiate rowers and 
untrained subjects. J Sport Med Phys Fit, 2016; 56(9): 980-989 

Shimizu M, Myers J, Buchanan N, Walsh D, Kraemer M, McAuley P, Froelicher VF. The ventilatory threshold: 
method, protocol, and evaluator agreement. Am Heart J, 1991; 122(2): 509-516 

Singleton VL, Rossi JA. Colorimetry of total phenolics with phosphomolybdic-phosphotungstic acid reagents. 
Am J Enol Viticult, 1965; 16: 144-158 

 



by Katarzyna Domaszewska et al. 99 

© Editorial Committee of Journal of Human Kinetics 

 
Smith TB, Hopkins WG. Measures of rowing performance. Sports Med, 2012; 42(4): 343-58 
Steinbacher P, Eckl P. Impact of oxidative stress on exercising skeletal muscle. Biomolecules, 2015; 5(2): 356-377 
Stevens AW, Olver TT, Lemon PW. Incorporating sprint training with endurance training improves anaerobic 

capacity and 2,000-m Erg performance in trained oarsmen. J Strength Cond Res, 2015; 29(1): 22-28 
Vervoorn C, Quist AM, Vermulst LJM, Erich WBM, De Vries WR, Thijssen JHH. The behaviour of the plasma 

free testosterone/cortisol ratio during a season of elite rowing training. Int J Sports Med, 1991; 12(03): 
257-263 

 
 
 
 
 
 
 
 
 
 
Corresponding author: 
 
Katarzyna Domaszewska  
Department of Physiology and Biochemistry, Poznan University of Physical Education,  
Poznań, Królowej Jadwigi 27/39, 61-871 Poznań, Poland. 
E-mail: domaszewska@awf.poznan.pl   
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


