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Abstract
Introduction. The aim of the study was to assess the influence of an 8-week endurance training program on the functional
status of the respiratory muscles and breathing efficiency. Material and methods. Thirteen healthy, untrained, male students
of Physical Education volunteered to participate in the study. Before and after the subjects completed the training program, they
were subjected to anthropometric and spirometric measurements, and performed an incremental stress test. The spirometric measurements included maximal inspiratory pressure (PImax), active time, passive time, and diaphragm relaxation time.
Measuring PImax is a simple method of evaluating the strength of the inspiratory muscles. The 8-week training program was
performed on a rowing ergometer 3 times per week, using aerobic workloads. Results. The study did not confirm a significant
improvement in the measured spirometric parameters following the training program. However, we observed a trend of increase
in PImax values by 12 ± 21% of borderline after the training program and a significant correlation (p < 0.05) between the changes
in PImax and those in VO2 max. Following the training there was also a significant reduction in the amount of body fat by
1.4 kg and an improvement of work capacity. The response of the respiratory system to exercise was also enhanced, as breathing
efficiency improved (tidal volume increased in maximal exercise, while lung ventilation, the ventilatory equivalent for oxygen,
and breathing frequency decreased in submaximal exercise). Conclusions. The findings of the study suggest that traditional
endurance training which is implemented over a 8 weeks is not a sufficiently strong stimulus to cause a significant increase in
the strength of the inspiratory muscles.
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Introduction
Traditional endurance training has been found to improve
several key parameters of aerobic capacity, such as VO2 max,
the anaerobic/ventilatory threshold, and exercise economy,
enhancing the capacity for performing work for a long time
without a decrease in its efficiency [1]. These changes are believed to stem from the adaptation of the cardiovascular system
to increased effort, but adaptations of the respiratory system in
athletes and healthy persons are seldom mentioned. As stated
by Cogo [2], it is often assumed that the respiratory system does
not restrict the work capacity of athletes. It is also commonly
believed that the functional capacity of a healthy respiratory
system, including that of the lungs, chest, and neural control
systems, exceeds the demands which are imposed upon this system during strenuous effort [3].
Research shows, however, that the respiratory system (in
particular restrictions in respiratory flow and diaphragm fatigue) can limit work capacity both in athletes [4] and healthy
persons [5, 6]. Bearing this in mind, experts have designed specific methods of training the respiratory muscles using simula-

tors intended to help the respiratory system adapt to exercise
by increasing the strength and endurance of these muscles.
Several studies have confirmed that respiratory muscle training
causes an increase in the strength of these muscle groups and
enhances work capacity in athletes [7-11]. It has also been proven
that resistance training of the respiratory muscles can serve as
an additional physiological stimulus for the athlete’s body in the
training process. It is worth emphasizing that nearly all of the
authors who have investigated this issue have found respiratory
muscle training to have a positive effect on work capacity [12].
On the other hand, the impact of traditional endurance
training on changes in the strength of the respiratory muscles still requires investigation, as the findings of studies regarding this issue are contradictory. A significant increase in
the strength of the respiratory muscles following endurance
training, assessed based on maximal inspiratory mouth pressure (PImax), was found in swimmers [13] and healthy persons
[14], but no such increase was observed in athletes practicing
various endurance disciplines compared to persons who are
not physically active [15-18]. However, our previous study [19]
showed that highly trained athletes had higher PImax values af-
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ter undergoing endurance training compared to persons whose
physical activity was moderate. These data have led us to formulate the hypothesis that if endurance training is organized
and implemented in an appropriate way, it should increase the
strength of the respiratory muscles and the values of other parameters reflecting the functional status of the respiratory muscles, such as inspiratory time (including active and passive time)
and diaphragm relaxation time. It was assumed that an effective
training stimulus would be rowing which engaged 70% of the
skeletal muscles and had considerable cardiorespiratory effects
[11, 20]. We chose workloads which elicited 60-85% HRmax, as
they were expected to improve both aerobic capacity [21] and
the strength of the respiratory muscles. The aim of the current
study was to assess the effects of an 8-week endurance training
program not only on changes in work capacity but also on the
functional status of the respiratory muscles and breathing efficiency.
Material and methods
The study involved 13 untrained healthy students of Physical Education. The characteristics of the participants are presented in Table 1.

Table 1. Characteristics of the untrained healthy men before (Pretest)
and after (Posttest) completing the 8-week endurance training program
on the rowing ergometer (n = 13)

Variable

Pretest

Posttest

Age (years)

20.4 ± 0.6

Height (cm)

181.2 ± 5.9

Weight (kg)

79.8 ± 11.9

78.8 ± 11.4

BMI (kg/m2)

24.0 ± 2.2

23.7 ± 2.3

Fat mass (kg)

11.6 ± 4.1

10.2 ± 3.8*

Fat percentage (%)

14.0 ± 3.4

12.4 ± 3.6*

Fat-free mass (kg)

67.0 ± 9.7

69.0 ± 8.7

* = p < 0.05.

The subjects were informed about the design of the study
and about the risk and discomfort that might occur. They then
signed an informed consent form. The study was conducted according to the Declaration of Helsinki (1975) and was approved
by the Senate Research Ethics Committee of the University of
Physical Education in Warsaw, Poland. Before and after the
subjects completed the training program, anthropometric and
spirometric measurements and stress tests were performed.
Endurance training program
The specially designed 8-week endurance training program
was implemented using the Concept 2 ergometer (Morrisville,
USA) in the form of 3 training sessions per week. The duration
of each training session was 60-70 minutes. The training program was preceded by 2-3 introductory sessions aimed at helping the subjects develop a correct rowing technique. All of the
sessions were supervised by an instructor.
Before the sessions, the subjects performed an incremental
stress test to exhaustion. The data obtained in the study made
it possible to determine the individual range of training loads
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corresponding to a heart rate (HR) amounting to 60-85% of the
HRmax of a given subject. An outline of the training program is
presented in Table 2. The program was designed by the coach of
the Polish National Rowing Team.
Table 2. Outline of the 8-week endurance training program on the
rowing ergometer

Session 1

2’ arms only – 2’ trunk and arms – 2’ ¼ slide –
6’ full slide, repeated 4-5 times, with a 4-5’
break (intensity: 60-65% HRmax)

Sessions 2 and 3

2’ arms only – 2’ trunk and arms – 2’ ¼ slide,
3-4 x 10’, 3’ breaks (60-70% HRmax)

Week 1

Week 2

Week 3

Week 4

2’ arms only – 2’ trunk and arms – 2’ ¼ slide –
Sessions 1 and 2 6’ full slide, 3 x 15’, with varying intensity (2’/
70% HRmax; 3’/ 60% HRmax)
Session 3

2’ arms only – 2’ trunk and arms – 2’ ¼ slide –
6’ full slide, 3 x 15’ with varying intensity (3’/
70% HRmax; 3’/ 60% HRmax)

Sessions 1-3

10’ warm-up, 4’ break, 15’ (5’/ 60% HRmax; 5’/
70% HRmax; 5’/ 75% HRmax)

1 x 20’ (5’ 60% HRmax; 10’/ 70% HRmax; 5’/
Sessions 1 and 2 60% HRmax),
1 x 30’ (65-70% HRmax)
Session 3

10’ warm-up, 4’ break, 1 x 45’ (70-75%
HRmax), 1 x 15’ (5’/ 65% HRmax; 5’/ 60%
HRmax; 5’/ 55% HRmax)

1 x 20’ (5’/ 60% HRmax; 10’/ 70% HRmax; 5’/
Sessions 1 and 2 60% HRmax),
1 x 30’ (70-75% HRmax)
Weeks
5-8
10’ warm-up, 4’ break, 1 x 45’ (75-85%
Session 3

HRmax), 1 x 15 (5’/ 70% HRmax; 5’/ 65%
HRmax; 5’/ 60% HRmax)

’ = minutes; HRmax = maximal heart rate.

Anthropometric measurements
The anthropometric data recorded included the height and
weight of the subjects. The amount of body fat and fat-free mass
were assessed by means of a bioimpedance (BIA) body fat analyzer (Tanita model BC-418 MA, Japan).
Spirometric measurements
The subjects were made familiar with the methods and
procedure used in the study, and all the measurements were
performed by the same technician. Maximal inspiratory mouth
pressure (PImax) was measured using a procedure described by
several authors; this is a simple, reproducible, and non-invasive
method of evaluating the strength of the inspiratory muscles [7,
19, 22-24]. A minimum of 10 and a maximum of 15 inspiratory
maneuvers were performed. The three highest values, which
varied by no more than 5%, were established as the maximum.
The initial position of the inspiratory muscles was controlled by
having the subjects expire up to the residual volume (RV) before
the measurement. All of the measurements were performed in
a standing position. The subjects were verbally motivated to exert maximal effort. The measurement points which were used
are shown in Figure 1.
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pleted each trial and 3 minutes after the entire test was completed, using the Super GL 2 device (Dr Müller, Germany). Respiratory exchange parameters were recorded continuously in
a breath-by-breath (B x B) mode using a Cortex 3B MetaLyzer
(Cortex Biophysik GmbH, Germany) over the entire duration of
the test. Heart rate (HR) was recorded using a Polar S610i heart
rate monitor (Electro Oy, Finland).
Statistical analysis
For the purposes of the statistical analysis, we calculated
the mean values and standard deviations (SD) of the data. The
differences between the mean values were analyzed using the
Wilcoxon signed-rank test for dependent samples and Pearson’s
correlation coefficent was calculated. The calculations and statistical analysis were performed using Statistica 10 (StatSoft).
Results

Figure 1. Curve for the changes in inspiratory pressure during vigorous
inspiration with measuring points

The following data were recorded:
– active time (Tactive) – the segment of the time axis between the point of intersection of the tangents projected
onto the time axis and the intersection of the tangent for
the rising part of the curve with the time axis;
– passive time (Tpassive) – the segment of the time axis between the point of intersection of the tangents projected
onto the time axis and the intersection of the tangent for
the falling part of the curve with the time axis;
– inspiratory time (Tin);
– diaphragm relaxation time (tD) – the time it takes for the
negative pressure to fall from its highest value (PImax) to
zero (PIo).
The PImax and PIo points were calculated based on the tangent for the middle segment (50-80%) of the relaxation time
curve. It is worth emphasizing that our previous research [22]
has proven the reproducibility of the method that was used
to measure the spirometric parameters mentioned above (we
found no statistically significant differences between repeated
measurements, as well as significant correlations and a total error rate of 11 to 24% for all of the spirometric parameters examined).
The measurements were performed using a spirometer
which was compatible with Lungtest 1000 software (MES, Cracow, Poland). The apparatus transmitted the pressure from the
measurement site (the mouthpiece) to the pressure sensors.
Stress tests
The subjects performed an incremental stress test on the
Concept 2 rowing ergometer (Morrisville, USA) until exhaustion. The damper was set to 4-6. The test consisted of several
trials lasting 3 minutes, with 1-minute breaks between the trials. The power used in the initial trial was 80 W, and it was
increased by 40 W in each successive trial. The initial rowing
speed was 16 strokes/minute, and the speed was increased by
2 strokes/minute with each successive trial. The changes in the
work capacity caused by the endurance training were assessed
based on the subjects’ reactions to submaximal exercise (with
a power of 160 W) and the values of the parameters recorded
during maximal exercise.
Lactate concentrations (LA) were measured in the blood
collected from the earlobe immediately after the subjects com-

The endurance training program caused a reduction in the
amount of body fat by an average of 1.4 kg, as shown in Table 1.
The spirometric parameters measured in the study did not improve significantly, although all the parameters of work capacity
apart from the lactate concentration measured after the test did
improve, Table 3 and 4. The greatest changes were observed for
the amount of work performed normalized to body mass (30 ±
18%), the duration of the test (17 ± 10%), and VO2 max normalized to body mass (7 ± 9%).

Table 3. Changes in maximal inspiratory mouth pressure (PImax),
inspiratory time (Tin), active time (Tactive), passive time (Tpassive),
and diaphragm relaxation time (tD) recorded for the untrained students
before (Pretest) and after (Posttest) the 8-week endurance training
program on the rowing ergometer (n = 13)

Variable

Pretest

Posttest

PImax (cm H2O)

114 ± 15

128 ± 26ns

Tin (ms)

645 ± 123

679 ± 113ns

Tactive (ms)

260 ± 42

293 ± 69ns

Tpassive (ms)

226 ± 51

250 ± 66ns

tD (ms)

124 ± 28

126 ± 33ns

ns = p > 0.05.

Table 4. Changes in work capacity recorded for the untrained healthy
men before (Pretest) and after (Posttest) the 8-week endurance training
program on the rowing ergometer (n = 13)

Variable

Pretest

Posttest

Test duration (min:s)

14:50 ± 2:56

17:24 ± 03:00*

Work performed in the test (KJ)

145.7 ± 46.5

186.9 ± 55.2*

Work performed in the test (KJ/kg)

1.80 ± 0.44

2.34 ± 0.51*

VO2 max (l/min)

3.52 ± 0.52

3.71 ± 0.59*

VO2 max (ml/kg/min)

44.0 ± 4.2

46.9 ± 5.0*

Lactate concentration (mmol/l)

13.5 ± 2.7

13.1 ± 2.0

* = p < 0.05.
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The ventilatory response to the stress test was characterized
by increased tidal volume in maximal exercise and decreased
lung ventilation in standard submaximal exercise (160 W),
along with a lower ventilatory equivalent for oxygen and lower
breathing frequency, as shown in Table 5. The metabolic response to submaximal exercise also improved, which was proven by the decrease in lactate concentration measured after the
test (Tab. 5).
Table 5. Changes in pulmonary ventilation (VE), the ventilatory
equivalent for oxygen (VE/VO2), breathing frequency (BF), tidal volume
(Vt), and heart rate (HR) recorded for maximal and submaximal
exercise (for the power of 160 W) in the untrained healthy men before
(Pretest) and after (Posttest) the 8-week endurance training program on
the rowing ergometer (n = 13)

Parameter
VEmax (l/min)
VE/VO2 max
BFmax (breaths/min)
Vtmax (l)
VE160 (l/min)
VO2 160 (l/min)
VO2 160 (ml/kg/min)
VE/VO2 160
BF160 (breaths/min)
Vt160 (l)
HR160 (bpm)
Lactate concentration 160 (mmol/l)

Pretest
132.7 ± 19.3
36.1 ± 2.2
55 ± 9
2.39 ± 0.27
86.7 ± 11.0
2.78 ± 0.16
35.2 ± 3.9
29.1 ± 4.4
39 ± 7
2.27 ± 0.29
178 ± 13
5.99 ± 2.51

Posttest
139.4 ± 23.0
35.7 ± 3.3
53 ± 10
2.62 ± 0.34*
73.8 ± 10.9*
2.66 ± 0.26
34.1 ± 5.7
25.7 ± 3.0*
32 ± 6*
2.31 ± 0.29
166 ± 15*
4.15 ± 2.23*

* = p < 0.05.

Discussion
Contrary to expectations, the study did not confirm a significant improvement in the examined spirometric parameters
(Tactive, Tpassive, and Tin) following the endurance train-
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ing program, although PImax values increased by 12 ± 21%, as
shown in Figure 2.
Moreover, it was found that the strength of the respiratory
muscles increased after the training was implemented, which is
evidenced by the correlation between changes in VO2 max and
PImax (r = 0.652, p < 0.05) presented in Figure 3.
Considering the findings of similar research, authors such
as Coast et al. [16] and Hanel et al. [25] did not observe an increase in respiratory muscle strength as a result of endurance
training on a cycle ergometer or in the form of cross-country
skiing. Cordain et al. [17], Armour et al. [15], and Estwood et al.
[18] found no significant differences in PImax between swimmers, cross-country runners, and marathon runners and the
control groups (untrained subjects). Nor were significant correlations revealed between PImax and VO2 max in moderately trained men McConnell et al. [26]. Our previous research
[19] also showed that endurance training performed by highly
trained persons may not help further develop the strength of the
respiratory muscles and that the relationships between PImax
and other variables are not direct and depend on the subject’s
gender. These observations have been confirmed by the findings of the current study. The hyperventilation the subjects experienced during training sessions on a rowing ergometer which
were held only for a few weeks was not a sufficiently strong stimulus to cause an improvement in respiratory muscle strength.
According to Eastwood et al. [18], long-lasting endurance training is more likely to induce “sensory” changes than cause the
respiratory muscles to adapt to increased effort.
However, the study by Clanton et al. [13] delivered different
findings in this respect: 12 weeks of swimming training resulted
in a significant increase in the strength and endurance of the
respiratory muscles. The research carried out by Dunham and
Harms [14] also revealed a significant improvement in PImax
in physically active, healthy subjects who underwent 4 weeks
of endurance training with constant intensity and those who
engaged in interval training. PImax values in their study were
observed to have increased by 25 and 43%, respectively, and the
improvement was significantly higher in subjects who had performed interval training. We would argue that such a high in-

* = p < 0.05.

Figure 2. Changes in test duration, work performed in the test,
maximal oxygen uptake (VO2 max), and maximal inspiratory pressure
(PImax): differences between the values recorded for the untrained
healthy men before and after the 8-week endurance training program
on the rowing ergometer (delta %)

Figure 3. Linear relationship between the changes in maximal oxygen
uptake (VO2 max) and the changes in maximal inspiratory pressure
(PImax) recorded for the untrained healthy men after the 8-week
endurance training program on the rowing ergometer (n = 12)
(r = 0.652, p < 0.05)
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crease in PImax could have been caused by the subjects’ low initial PImax, since, similarly as in the case of VO2 max, a negative
correlation has been found between the initial PImax value and
the increase in PImax after inspiratory muscle training [27, 28]
At this point, it is difficult to explain the reason for differences in the reactions of various subjects to traditional endurance training reflected in their PImax, and more research needs
to be conducted in order to clarify this issue. Undoubtedly, the
level of fitness of the subjects as well as the type, intensity, and
duration of the training play a vital role.
As could have been expected, the controlled 8-week endurance training program used in the current study caused positive changes in some of the subjects’ body components, as the
amount of body fat was reduced and work capacity improved.
We also observed significant increases in the duration of the
stress test until exhaustion, the amount of work performed, and
maximal oxygen uptake, by 17, 30, and 7%, respectively. The
high increase in the work performed stemmed not only from
the significant improvement in maximal oxygen uptake and
exercise economy, but also from a considerable increase of the
anaerobic component of energy expenditure. This is proven by
the high maximal lactate concentration in the blood, which was
as high as the one recorded before the training program started
(13.5 and 13.1 mmol/l, respectively). A similar metabolic reaction to a stress test performed until exhaustion was observed by
Santtila et al. [29], also after an 8-week endurance training program, in young men aged 19.2 ± 0.9 years (the lactate concentration was 13.2 ± 2.1 mmol/l before the training program and
13.1±1.6 mmol/l after the training program). It is worth noting
that such a high lactate concentration at the moment when
a subject stops the test due to exhaustion is one of the most important criteria for achieving maximal oxygen uptake [29], and
it proves that the subject is highly motivated to perform the test
and participate in the entire research study.
The improvement in VO2 max of 6.6% found in the current
study was slightly higher than the 5.6% improvement observed
in healthy men who completed an 8-week endurance training
program in addition to doing military training [30]. The higher
increase in our study may be due to a relatively low VO2 max in
our subjects (44.0 ± 4.2 ml/kg/min in our subjects vs. 46.4 ±
7.9 ml/kg/min in the military recruits). Dunkan and Harms
[14] observed an improvement in VO2 max in physically active,
healthy men and women of 5.5% after just 4 weeks of endurance
training, a finding that was also likely a consequence of a low
initial level of VO2 max (32.5 ml/kg/min). Indeed, several studies have shown that VO2 max tends to improve more the lower it
is before the training program begins [31-33]).
On the other hand, some research has revealed greater increases in VO2 max than those observed in our study. Carter et
al. [34] found that VO2 max increased by 10% in physical education students after 6 weeks of endurance training (in the form
of 3-5 sessions per week lasting 20-30 minutes), and Hickson
et al. [35] observed a 14% increase in VO2 max after 3 weeks of
endurance training (6 sessions per week lasting 40 minutes).
The results of these studies suggest that the lower increase in
VO2 max in our study could have been due to a lower number of
individual training sessions per week and that aerobic capacity
is better stimulated when training sessions are held more often
(and for a shorter period of time) rather than less often and for
a longer period of time (in the current study the subjects trained
3 times a week for 60 minutes).
One of the expected effects of endurance training is the enhancement of exercise economy, which is defined as the oxygen
uptake (VO2) required at a given absolute exercise intensity [1].
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When our subjects performed submaximal/standard exercise
(with a power of 160 W), we observed lower oxygen uptake, although lung ventilation, the ventilatory equivalent for oxygen,
and breathing frequency were significantly lower (Tab. 5). The
difficulty the subjects had in developing an appropriate rowing
technique on an ergometer, as this is known to be one of the
many factors that have an impact on exercise economy [36, 37].
What makes rowing on an ergometer difficult is the fact that in
order to ensure proper ventilation, it is necessary to synchronize one’s breathing with the phases of rowing (the catch, drive,
finish, and recovery). This is related to the work of the respiratory muscles, which are responsible not only for the respiratory
exchange, but also for controlling the position of the body and
stabilizing the chest [38-40]. Breathing is typically adjusted to
the rowing cycle according to the following ratios: 1:1, 2:1 and 3:1
[41]. The 1:1 breathing pattern is composed of 1 inspiration in
the drive phase and 1 expiration in the recovery phase, and this
is how the best rowers breathe when rowing. Observations from
sports practice confirm that it takes a rower approximately 8
months of rowing training to adjust to a selected breathing pattern [42, 43]. Since the assessment of the economy of submaximal exercise in our study was performed after only 8 weeks of
training, it can be assumed that the subjects had not yet learned
how to breathe according to an individual breathing pattern. It
should be emphasized that the respiratory muscles also contribute to stabilizing the trunk, which has an impact on the strength
used in the driving phase. Not having an individual breathing
pattern could have been the reason why the demand of the respiratory muscles for energy did not decrease significantly.
Practical applications
According to the findings of the study, a traditional 8-week
endurance training program on a rowing ergometer aimed at
stimulating large muscle groups during rowing is not sufficient
for the strength of the inspiratory muscles to improve in untrained healthy men. This has important practical implications,
since if a considerable increase in the strength of these muscles
is to be achieved in a short time (in only a few weeks), specific
resistance training of the inspiratory muscles, involving the use
of special devices, needs to be implemented.
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