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Differences in cardiorespiratory responses of
young and senior male endurance athletes to
maximal graded exercise test
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ABSTRACT
Within recent years the popularity of sportive activities amongst older people, particularly competitive
activities within certain age groups has increased. The purpose of this study was to assess the differences in
the cardiorespiratory output at anaerobic threshold and at maximal power, output during an incremental
exercise, among senior and young athletes. Ten elderly male subjects [mean (SD) age: 68.45 ± 9.32 years]
and eight young male subjects [mean (SD) age: 25.87 ± 5.87 years] performed an incremental exercise test
on a treadmill ergometer. No significant differences in body size were evident; however, the differences
between the groups for peak power (451.62 ± 49 vs. 172.4 ± 32.2 W), aerobic capacity (57.97 ± 7.5 vs.
40.36 ± 8.6 mL kg1 min1), maximal heart rate (190.87 ± 9.2 vs. 158.5 ± 9.1 beats min1), peak blood
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lactate (11 ± 1.7 vs. 7.3 ± 1.4 mmol L1), and % VO2max at ventilatory thresholds (93.18 ± 4.3 vs. 79.29 ±
9.9%) were signiﬁcantly lower in the senior athletes. The power output at anaerobic threshold was also
higher (392 ± 48 vs. 151 ± 23 W) in the young athletes, explaining the signiﬁcant difference in terms of
performance between these groups. We have observed an evident deterioration in some of the cardiovascular parameters; however, the submaximal exercise economy seems to be preserved with aging. Exercise economy (i.e. metabolic cost of sustained submaximal exercise) was not different considerably with
age in endurance-trained adults.
KEYWORDS
senior athletes, running economy, “exceptionally successful aging” metabolic cost

INTRODUCTION
Demographics in the world population is undergoing a continuous change; the current rate of
people over the age of 65 years at 6.9% is expected to rise up to 19.3% by the year 2050. This is a
compelling change within this adult sub-demographic, because there can be a lot of older adults
found to possess highly exclusive physiological attributes, a phenotype termed as “exceptionally
successful aging” [1].
Physiological functional capacity (PFC) is defined (AHA, 2001) here as the ability to perform
the physical tasks/work of daily life and the ease with which these tasks can be performed. At
some point PFC declines with advancing age even in healthy adults, resulting in a reduced
capacity to perform certain physical work/tasks. This can eventually result in increased incidence of functional disability, increased use of health care services, loss of independence, and
reduced quality of life [2–3]. To ensure we recognize successful aging, we need to understand the
changes due to aging alone rather than health-related declines in PFC due to disease, disability,
or physical inactivity.
In general, distance-running performance begins to decline around the age of 35 years. A
prime reason for this decline in performance is the diminution of aerobic capacity (VO2max) [4].
Hollenberg et al. [5] suggested the decline in maximal heart rate as longitudinal changes in older
adults which explains reduction in aerobic capacity. Additionally, Fleg et al. [6] identiﬁed oxygen
pulse (ratio of VO2 to heart rate) affected by age in a longitudinal study of healthy adults.
Other factors, however, also contribute to endurance performance. The point in which blood
lactate accumulates, historically referred to as the Anaerobic Threshold has been suggested as a
limiting factor in sustaining endurance performance [7]. Since blood lactate accumulation (BLa)
is based on the rate of lactate production exceeding lactate clearance, the respiratory gas exchange ratio (VCO2/VO2) can be viewed as a reﬂection of this point during incremental exercise. Running economy (RE), which is measured as the energy expended during endurance
performance has also been recognized as a contributing factor to endurance performance [8].
The rate of oxygen consumption (VO2) at different running velocities can describe energy
contribution. High consumption at a low speed suggests poor economy [9]. Therefore, to account for aging-related declines in PFC, there is a need to study the determinants of endurance
performance. If senior athletes continue to compete, they could be used as a suitable comparative group, in which we could observe the effects of aging in healthy adults.
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Senior endurance athletes provide a suitable comparative group in which to distinguish. In
senior endurance athletes we expect less endurance performance as compared to young
endurance athletes, although these differences are not so significant if the athlete continues to
train. Specifically, we assume that if senior athletes were to continue to train, the aging-related
decline in aerobic capacity (caused by the decrease of cardiac output) would be less significant.

Aim of the study and hypotheses
The primary aims of this study were to assess, during maximal incremental exercise, the differences in the cardiorespiratory responses of young and senior athletes at anaerobic threshold
and maximal exercise. On the basis of past studies, we hypothesized that, compared to young
athletes, maximal exercise power will be reduced in senior athletes due to reduced cardiorespiratory variables (such as pulmonary ventilation (VE), oxygen uptake (VO2), VO2max, expired
carbon dioxide (VCO2), and respiratory exchange ratio (RER)). It is hypothesized that the power
output at anaerobic threshold will also be lower with aging due to decreasing blood lactate levels
and running economy, which affect the athletes’ ability to sustain endurance performance.

MATERIAL AND METHODS
Subjects
Eight young, internationally known male triathlon athletes who regularly attended competitions
were recruited from the ELTE University Sports Club in Szombathely, Hungary. Ten senior
male athletes (three road cyclists, five triathletes, and two marathon runners) were selected, who
had been training regularly for at least the preceding 10 years and placed first, second, or third in
regional, national, or international competition in running. Members of both groups were
currently training five times a week, for one and a half hours per day. The young athletes (YA)
were aged from 22 to 31 years (25.87 ± 5.87), whereas the senior athletes (SA) were aged from
59 to 72 years (68.45 ± 9.32). The Research and Ethics Board of the E€otv€os Lorand University
approved (2018/334) the written informed consent form for all subjects.

Body composition estimation
The InBody 720 (Biospace Co. Inc., Seoul, South Korea) Bioelectrical Impedance Analyzer (BIA)
was used to determine body weight and body composition. Body height was measured with
Sieber-Hegner instrument to the nearest 0.1 cm accuracy. In our work, we considered the
procedural recommendations of the International Biological Program.
Body weight was measured with subjects wearing shorts and a lightweight shirt (no shoes or
socks) and recorded in kilograms (kg). This foot-to-foot, hand-to-hand and hand-to-foot
contact device uses two stainless-steel foot pad electrodes mounted on a platform scale and two
stainless steel handles to allow for Tetrapolar 8-point tactile electrode system. From impedance
measures for six electrical frequencies the lean body mass is estimated, which then is used to
calculate the body fat percentage (BF%). The reliability of bioelectrical-impedance analysis
compared to other body composition measurement methods, like DXA, has been successfully
demonstrated [10–12].
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Protocol
All subjects were familiarized with the laboratory exercise tests. On arrival, they received
standardized instructions as to the testing procedure. They underwent physical examinations,
and resting electrocardiograms (ECGs) were taken. The two groups were measured on different
days (2 days in between), and all experiments were done in the afternoon (2–5 pm) at a laboratory temperature of approximately 20–22.8 8C. The subjects were asked to abstain from
physical exercise for one day before the experiment and from drinking caffeine beverages in the
last 4 h preceding the test.
All participants had passed a medical examination and gave their informed written consent
before participating in the study, following the legal requirements and the Declaration of
Helsinki. We comply with the human and animal experimentation policy statements guidelines
of the American College of Sports Medicine.

Maximal graded exercise test
VO2max was measured during an incremental test on a treadmill (Life Fitness, model
95Te, United States) to volitional exhaustion, as previously described [18]. The test started at
5.0 km h1 walk, the velocity was increased in 1.0 km h1 every 2 min from 8.0 –14.0 km h1,
then the inclination of the treadmill was increased 1.0% every 30 s until volitional fatigue. From
the speed and inclination, a power conversion using the Jaeger formula was calculated for each
stage of the incremental test. The Jaeger formula for running is: W [Watt] 5 (v $ BW $ (2.11 þ
G $ 0.25) þ 2.2 $ BW  151) 10.51 where BW 5 body weight (kg), v 5 velocity (km h1), G 5
gradient (%). The total time of the test is reported as Load (in seconds) in the results.
Gas exchange was recorded continuously with a portable breath-to-breath gas analyzer
(K4b2, Cosmed, Italy). The analyzer was calibrated according to the manufacturer’s instructions
prior to each trial run. VE, VO2, VCO2, and RER were averaged over 10 s periods, with the
highest 30 s value (i.e., three consecutive 10 s periods) used in the analysis. VO2max was
determined according to achievement of previously established criteria [13]: VO2 plateau
(increase <150 mL min1), RER >1.1, and ≥90% of theoretical maximal heart rate (HRmax).
VO2max was expressed in both absolute values (L min1) and relative to body mass (mL kg1
min1).
Running Economy (RE) was calculated from the data obtained using the method described
by Millet and Bentley [14]. For this calculation, the speed of the treadmill at 14.0 km h1 was
used in the equation5 (VO2 – 0.083) V1, where VO2 is expressed in mL kg1 s1; 0.083 mL
kg1 s1 is the resting metabolic rate in young adults and V is the mean velocity of the treadmill
in m s1. This method was used since it had been shown to be useful in comparing the energy
cost of running to cycling in triathletes.
Anaerobic threshold (AT) was determined after completion of the exercise test; AT was
determined for each subject using the V-slope method of Beaver et al. [15]. This method involves the analysis of the response of VCO2 relative to VO2, and assumes that the threshold
corresponds to the breakpoint in the VCO2/VO2 relationship. The reading was assessed independently by two experienced investigators. In the rare case of discordance, the criteria of
Wasserman et al. [16] were used to reach a consensus or to eliminate the subject.
Heart rate (HR) in beats per minute was measured using a Polar H7 Bluetooth 4.0 Smart
chest band heart rate transmitter while running, which was integrated into the metabolic system
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so that these data were recorded at each stage of the test. The HR values were used to identify
maximal heart rate and the rate at the level of AT. From these measures, oxygen pulse, an
indirect indicator of stroke volume, was determined using the formula VO2 (in liters per
minute) divided by HR (in beats per minute).
Lactate was measured from a 400 mL whole blood venipuncture sample taken 2 min after the
end the treadmill test. A smaller sample (3 mL) was placed on a reagent strip and inserted into
the LactatePro 2 analyzer (Arkray, Kyoto, Japan). The lactate values were displayed within 15 s
and recorded as venous lactate concentration in mmol L1.

Statistical analysis
Data for each group are expressed as the mean (SD). Comparison of the anthropometric and
body composition characteristics of the groups was done by an independent T-test. Differences
between the maximal values and those at the level of anaerobic threshold within groups were
tested using a dependent t-test. Finally, the difference (delta) in variables measured both at the
level of anaerobic threshold and maximal exercise between groups were tested using independent T-tests. Results were considered to be statistically signiﬁcant if P < 0.05.

RESULTS
The young (YA) and senior athletes’ groups (SA) were not signiﬁcantly different in terms of
body weight (BW) and body height (BH) (Table 1). The senior athletes, however, had signiﬁcantly higher percentage body fat mass and training history.

Physiological responses in treadmill ergometer
The physiological results of the subjects during the running portion of the testing are shown in
Table 2. The young athletes had signiﬁcantly higher results in each selected data than their older
counterparts. Mean aerobic capacities (both absolute and relative) and maximal heart rates were
signiﬁcantly higher in the young group versus the senior group. The differences between the
ventilatory thresholds of the groups were signiﬁcant: young athletes VT (% VO2max) YA 5 93.18
± 4.3, senior athletes VT (% VO2max) SA 5 79.29 ± 9.9 percent, P < 0.001. Similar results were
obtained with regard to Running Economy (RE), maximal exercise peak power output (PPO),
and relative power (RPPO), which were signiﬁcantly higher in young men than in elderly men.
Table 1. Selected characteristics (age, BH, BW, %BFM) and Training history (TH) of the young (YA) and
senior (SA) athletes
Variables
Age (y)
BH (cm)
BW (kg)
BF%
Training history (y)

YA. (n 5 8)
24.87
178.75
72.81
13.30
10.00

±
±
±
±
±

5.87
7.30
7.47
3.28
4.65

SA. (n 5 10)
68.45
174.55
75.84
17.80
18.20

±
±
±
±
±

9.32**
6.30
7.72
2.39**
2.34**

Abbreviations: Age (year), BH: body height, BW: body weight, BF%: body fat percentage, Training history
(year). **5 P < 0.01.
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Table 2. Physiological variables obtained from the running portion of the laboratory test for the senior and
young endurance athletes
Young A. (n 5 8)

Variables
1

VO2max (L min )
RVO2max (mL kg1 min1)
HR max (beat min1)
PPO (W)
RPPO (W kg1)
VT (%VO2max)
Running Economy (RE); (W L1 min1)

4.25
57.97
190.87
451.62
6.28
93.18
78.84

±
±
±
±
±
±
±

0.3
7.5
9.2
49
1.1
4.3
5.9

Senior A. (n 5 10)
3.24
40.36
158.5
172.4
2.25
79.29
41.7

±
±
±
±
±
±
±

0.4**
8.6**
9.1***
32.2***
0.3***
9.9**
1.6**

Abbreviations: VO2max: aerobic capacity, RVO2max: relative aerobic capacity, HRmax: maximal heart rate,
PPO: peak power output, RPPO: relative peak power output. ** 5 P < 0.01, *** 5 P < 0.001.

Table 3 represents various measures at the anaerobic threshold and maximal exercise for
each group including oxygen pulse (O2P), rate of carbon dioxide production (VCO2), ventilation
(VE), BLa, tidal volume (Vt), and breathing frequency (BF). At the level of anaerobic threshold,
ventilatory equivalent of oxygen (VE/VO2) and carbon dioxide (VE/VCO2) are presented.
Table 3. Descriptive data at anaerobic threshold (AT) and maximal exercise (ME), obtained in senior (SA)
and young (YA) groups
Variables
Maximal exercise
Power (W)
HRmax (beat min1)
O2P (mL beast1)
VO2 (L min1)
VCO2 (L min1)
VE (L min1)
BLa (mmol L1)
Vt (L)
BF (n. of breath min1)
Anaerobic threshold
Power (W)
HRmax (beat min1)
O2P (mL min1)
VO2 (L min1)
VCO2 (L min1)
VE (L min1)
VE/VO2 (L perc1)
VE/VCO2 (L perc1)
Vt (L)
BF (n. of breathing min1)

YA mean ± SD (n 5 8)

SA mean ± SD (n 5 10)

452
191
23.4
4.3
4.8
149
11
2.9
54

±
±
±
±
±
±
±
±
±

49
9
2.2
0.3
0.4
17
1.7
0.3
6

172
159
21.8
3.3
4.3
117
7.3
2.8
42

±
±
±
±
±
±
±
±
±

32***
9***
3.6
0.4**
0.7
21***
1.4***
0.5
7***

392
178
21.4
3.73
4.01
125
34
30
2.5
44

±
±
±
±
±
±
±
±
±
±

48
9
2.6
0.4
0.4
22
4
4
0.2
6

151
153
19.5
3.08
3.67
102
31
26
2.4
37

±
±
±
±
±
±
±
±
±
±

23***
9***
3.3
0.2**
0.4
21**
7
4*
0.5
6*

Abbreviations: (VO2) Oxygen uptake, (VCO2) carbon dioxide output, (VE) ventilation, (BLa) blood lactate
accumulation, HRmax: maximal heart rate, O2P: oxygen pulse, VO2: oxygen consumption, VCO2: carbondioxide production, VE: ventilation, Vt: tidal volume. *5 P < 0.05, **5 P < 0.01, ***5 P < 0.001.
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Table 4. Cardiorespiratory characteristics: intra-group differences and their percentage (%) between
maximal exercise and anaerobic threshold

Power (W)
Load (sec)
HR (beat min1)
O2P (mL beat1)
VO2 (L min1)
VCO2 (L min1)
VE (L min1)
Vt (L)
BF (fr. of breathing min1)

Δ [%] YA (ME-AT)

Δ [%] SA (ME-AT)

60 [13]
161 [17]
13 [6]
2 [8]
0.6 [13]
0.79 [16]
24 [16]
0.3 [10]
10 [18]

21 [12]***
73 [13]***
6 [3]
2,3 [6]
0.4 [16]**
0.63 [14]**
15 [12]**
0.4 [14]
5 [11]***

Abbreviations: ME: maximal exercise, AT: anaerobic threshold, HR: heart rate, O2P: oxygen pulse, VO2:
oxygen consumption, VCO2: carbon-dioxide production, VE: ventilation, VT: tidal volume, BF: breath
frequency. *5 P < 0.05, **5 P < 0.01, ***5 P < 0.001.

Signiﬁcantly higher VE, BF, and BLa in the young men are evident at maximal exercise. The
VCO2, Vt, and O2P were not signiﬁcantly different between groups. VE and VE/VCO2 were
signiﬁcantly higher in young men compared to elderly men. No signiﬁcant differences were
observed between the two groups concerning the same characteristics at the anaerobic threshold
(AT) and in the maximal exercise zone.
Table 4 reports the delta values (Δ) and percentages (%) of the results in the two intensity levels,
maximal exercise (ME) and AT within the groups (YAME-AT; SAME-AT). The results of the independent t-test indicate the differences in Power, Load, VO2, VCO2, VE, Vt and BF are signiﬁcant
between the groups. All signiﬁcant differences had higher values in the young athlete group.

DISCUSSION
This study demonstrates a difference between young and senior endurance athletes in aerobic
capacity and peak power both in absolute and relative units. In addition, the differences in
maximal heart rate, percentage oxygen uptake at ventilatory threshold, and blood lactate reflect
the lower measures in the older participants.
It is important to note, however, that on the same maximum exercise level there was no
significant difference between the average oxygen pulses (O2P), carbon dioxide outputs (VCO2)
and tidal volumes (Vt) of the two groups. Similarly, there was no signiﬁcant difference over/at/
after the anaerobic threshold in the ventilatory equivalent for carbon dioxide (VE/VCO2) levels.
The power output from the anaerobic threshold (AT) to the maximum exercise level and the
running time on the treadmill (Load) were significantly less in the senior athletes at approximately 30%. There was no difference, however, between the average pulse intensities and the
maximum pulse values of the two groups at AT. On the other hand, the differences between
VO2, VCO2, ventilation and average respiratory rate values were three times higher in the senior
athletes, whereas the differences in tidal volume (Vt) and oxygen uptake (VO2max) were ﬁve
times higher in the senior than in young athletes when comparing the variables at AT.
Previous studies [16–18] have shown a 5–15% reduction/decay in VO2max when comparing
men within the 20–75-year range. The results of these studies suggested that highly trained
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endurance athletes and average-trained ﬁtness participants may have less than a 5% decline/decay
in VO2max if the senior group continues with high-level training. In contrast, highly trained
endurance athletes, who later become sedentary, have a greater than average reduction in VO2max
in older age. It is of note that part of the disparity in reports of the change and/or decline in VO2max
with age is related to whether the data had been collected in cross-sectional or longitudinal studies.
Other factors may contribute to age-associated reductions in endurance performance.
Although the comparison is not straightforward because of different scaling and units, the fact
that the rate of decline in endurance performance with age appears to be smaller than the
corresponding fall in VO2max [19] is consistent with this idea. It may be that other putative
determinants of endurance performance (for example, ‘anaerobic’ muscular power, muscle
capillary density, mitochondrial content, ﬁber types) may decline to a lesser extent with
advancing age [20–21], thus offsetting the effects of the decrease in VO2max.

Aerobic capacity
VO2max has an exact physiological deﬁnition that is expressed by the Fick equation: maximal cardiac
output 3 maximal arterio-venous O2 difference. Within this physiological context, there is some
controversy regarding the mechanisms responsible for the reduction in VO2max with age in
endurance athletes. In particular, the exact contribution of central (i.e. cardiac) and peripheral (i.e.
oxygen extraction) factors to the reduced VO2max in senior compared with young adult endurance
athletes is unclear. However, it appears that decreases in both maximal cardiac output (Q) and
maximal arterio-venous O2 difference may play a role [23]. For this study, maximal heart rate which
was measured at maximal exertion was on the average signiﬁcantly lower in the senior group.
Maximal heart rate is expected to decline at a rate of 0.7 beats min1 year1 [22], which is what was
observed in the mean group values for this study population. No other components in the Fick
equation were measured, therefore we can only speculate on their inﬂuence in the measure of
VO2max. From a cardiac output prospective, the stroke volume at maximal exercise would be suspect
to play a major role in differences between these groups. If the oxygen pulse is reﬂective of stroke
volume, then these results do not conﬁrm a difference between these groups. Peripheral factors such
as oxygen content in blood and rate of extraction might inﬂuence the differences between groups.
We do not expect a signiﬁcant change in hemoglobin content of blood or pulmonary diffusion
between groups. The rate of extraction might be a factor if atrophy of fast oxidative glycolytic (FOG)
muscle is present. This is a biological change due to aging, since these cells contribute to oxygen
consumption during intense exertion. The lower lactate levels measured following the maximal test
in the senior athletes suggest less lactate production in skeletal muscle while running, thus aging and
its effect on muscle ﬁber availability should be considered in future studies.

Respiratory responses
This study showed a difference in maximal ventilation between groups due to reduction in
breathing frequency rather than tidal volume. Since ventilation is related to oxygen uptake, it is
possible that reduced oxygen uptake might have influenced breath rate using regulation from the
expiratory control centers in the brain. Also, aging might have influenced the respiratory
response. With increasing age, the lungs loose elastic recoil, the wall of the thorax becomes stiffer
and more restricted, respiratory muscle function is impaired, the alveolar surface area is reduced
and there is increased ventilation-perfusion heterogeneity [24]. These changes cause expiratory
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ﬂow limitation and reduced gas diffusion capacity in elder subjects. Although there is a decline in
the capacity for ventilation and gas exchange with age, there is also an age-related decline in the
capacity of the other links of the oxygen uptake chain, thus reducing the demands on the respiratory system. The margin between demand and capacity in the respiratory system decreases
with age, but limitation of VO2max due to demands exceeding the capacity is thought to be rare.

Metabolic background
As suggested previously, there is higher catecholamine production in young athletes, and the fact
that aging is associated with the attenuation of adrenergic stimulation during exercise [25] can
also be important. The higher VE peaks of response may be explained by the higher CO2 of the
young athletes and/or the hypothesized higher lactate level that may have contributed to the
tendency of an increased end-of-recovery VE in young athletes.
However, the lactate threshold does not appear to change with increasing age when
expressed relative to the percentage of VO2max [26–27]. The latter ﬁnding suggests that the
contribution of decreases in lactate threshold to reductions in endurance exercise performance
with aging may be secondary to decreases in VO2max. Indeed, a recent longitudinal study of 51
male and 23 female Masters runners reported that the change in lactate threshold over a mean
follow-up period of 6 years was not predictive of a corresponding change in running performance when it was expressed as a percent of VO2max [28].

Limitations of the study
The sample size for this study limits the ability to generalize to larger groups. Since this study
used selection criteria based upon training history (10 years prior) and current success in
competition, and the ability to recruit beyond this region (western Hungary), we accept this
limitation. A larger number of senior elite athletes might have added to external validity;
however, in retrospect, a post-analyses calculation using the means and standard deviation of
each groups’ VO2max (in relative units), we get a 17 mL kg1 min1 decline in the seniors as
compared to the young group which is 29.8% (17/57). Thus with 18 subjects we obtain a Cohen
d (effect size) of 2.18249. Entering this effect size into a t-test analysis requires only 10 subjects
to obtain a power of 0.80. Future research is needed to conﬁrm these results as well as to address
the need to establish longitudinal analyses as middle-aged athletes begin to reach chronological
ages which are thought to have the largest impact on physiological function.
Another limitation was the inability to report training volume using weekly load. While the
young athletes made up a group from a university triathlon club, the seniors were selected based
upon their history of training and their good performance in running competitions. Due to the
variety of sports the seniors trained for, we had to hypothesize that the seniors’ training was the
same or at least similar to that of the young athletes.

CONCLUSION
In conclusion the available data indicate that decreases in VO2max are the clearest and consistent
contributor of these declines in performance. Reductions in the lactate levels may also
contribute, whereas submaximal exercise economy is preserved with aging in endurance athletes
[29]. The age-associated decreases in VO2max in endurance exercise-trained adults are mediated
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by reductions in maximal cardiac output, with the heart rate contributing to the reduction for this
study. The power levels of the seniors at the level of anaerobic threshold is also declined at a heart
rate that is well below the maximal exercise value. These ﬁndings support the need to further understand the non-cardiac changes due to aging which reduce the sustainable work capacity. The socalled ‘senior athlete model’ continues to be a rich source of insight into our ability (or lack thereof)
to understand performance declines and physiological function associated with human aging.
Funding: The study was completed with the support of the Hungarian Ministry of Human
Capacities (ELTE Institutional Excellence Program, 783-3/2018/FEKUTSRAT).
Conflict of interest: All authors declare no conflict of interests.
Data availability: All the data can be acquired by reasonable request from the corresponding
author.
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