ORIGINAL RESEARCH

CARDIOPULMONARY EXERCISE TESTING FOR VO, MAX
DETERMINING IN SUBJECTS OF DIFFERENT PHYSICAL ACTIVITY

Milan Stork?, Jaroslav Novak?, Vaclav Zeman?

'Faculty of Electrical Engineering/RICE, University of West Bohemia, Plzen, CZ

2Faculty of Medicine, Charles University, Plzen, CZ

Abstract

Cardiopulmonary exercise testing (CPET) provides assessment of the integrative exercise responses involving the
pulmonary, cardiovascular, haematopoietic, neuropsychological, and skeletal muscle systems, which are not
adequately reflected through the measurement of individual organ system function. This non-invasive, dynamic
physiological overview permits the evaluation of both submaximal and peak exercise responses, providing the doctor
with relevant information for clinical decision making. CPET is increasingly being used in a wide spectrum of clinical
applications for the evaluation of undiagnosed exercise intolerance and for the objective determination of functional
capacity and impairment. Its use in patient management is increasing with the understanding that resting pulmonary
and cardiac function testing cannot reliably predict exercise performance and functional capacity and that overall
health status correlates better with exercise tolerance than with resting measurements. CPET involves measurements of
respiratory oxygen uptake, carbon dioxide expenditure and pulmonary ventilation during a step-vice increased physical
workload up to the maximum (or symptom-limited level in patients) on ergometer. In this paper the principle of CPET is
described and results for VOauax and VOamaxig of almost 3000 measurements in subjects of different physical activity
are presented. These values characterizing cardiorespiratory capacity of the subjects were compared to the values of
maximal performance achieved during stress test on bicycle ergometer (Wmax and Wmax/kg) and regression equations
Jor VOomax — Winax and VO 2maxikg — Winaig were calculated.
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Introduction oxygen uptake (VO.), carbon dioxide expenditure
(VCO»), and pulmonary ventilation during a step-vice
Cardiopulmonary exercise testing (CPET) provides increased physical workload up to the maximum (or
assessment of the integrative exercise responses symptom-limited level in patients) on ergometer. In
involving the pulmonary, cardiovascular, haema- this paper the principle of CPET is described and
topoietic, neuropsychological, and skeletal muscle results for VOomax and VOamayke 0of 2777 measurements
systems, which are not adequately reflected through the in subjects of different physical activity are presented.
measurement of individual organ system function. This These values characterizing cardiorespiratory capacity
non-invasive, dynamic physiological overview permits of the subjects were compared to the values of maximal
the evaluation of both submaximal and peak exercise performance achieved during stress test on bicycle
responses, providing the doctor with relevant infor- ergometer (Wmax and Wayke) and regression equations
mation for clinical decision making. CPET is in- for VOomax — Wmax and VOomaxke — Wmaxke Were
creasingly being used in a wide spectrum of clinical calculated.
applications for the evaluation of undiagnosed exercise VOomax and VOamayke values were directly obtained
intolerance and for the objective determination of during 2777 measurements in competitive athletes and
functional capacity and impairment. Its use in patient active but not competing subjects. W170 and W170/kg
management is increasing with the understanding that characterize physical working capacity. W170 is the
resting pulmonary and cardiac function testing cannot estimated performance in watts, corresponding to the
reliably predict exercise performance and functional heart rate 170 beats/min [74, 75].
capacity and that overall health status correlates better The normatives of cardiorespiratory capacity for
with exercise tolerance than with resting measu- different age groups of male and female endurance
rements. CPET involves measurements of respiratory athletes (Group A), team sport players (Group B) and
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other sports (group C) were established, and compared
to normatives for Czech population based on the
International Biological Program (IBP) results [62].
Group D in our study included subjects performing
sport and physical activity in their leisure time,
however, did not participated in any competitive sport
(so called “hobby” athletes).

The most favorable values of cardiorespiratory
capacity (both VOamax; VOamaxke and W170; W170/kg)
were found in the group A athletes (endurance trained)
— both males and females. Their level highly exceeded
the values of untrained Czech IBP population and also
those obtained in control group D in this study.

The highest correlation was found between VOimax
and Wax and between VOamaxikg and Waxie. This high
correlation was very similarly high in the whole sample
of 2777 examinations, in the sample of men (n=2015)
and sample of women (n=762) and also in all age-
groups in different athletic groups A to D.

It was proved that VOamax and VOomaxie values could
be calculated according to the maximal performance
attained on bicycle ergometer [73].

During spiroergometric examination the values of
stroke volume and cardiac output can also be
calculated [52, 64]. These values represent additional
data closely correlating with the adaptive changes of
circulatory system.

Regular aerobic endurance exercise could reduce
biological age of active individuals by 10 to 20 years
with a correspondingly decreased likelihood of
becoming dependent when a senior and an expressive
improvement in the quality of the final years of life [7,
57, 71]. VOomax and VOiomaykg values represent
important health quality marker. They also offer
feedback information, positive and/or negative, about
the effectiveness of physical activity influencing its
development. Thus, aerobic fitness level has been
strongly and positively associated with reduced disease
and mortality rates, good quality of life, performance
level, and functional ability.

Exercise capacity and oxygen uptake
measuring

Peak exercise capacity is defined as “the maximum
ability of the cardiovascular system to deliver oxygen
to exercising skeletal muscle and of the exercising
muscle to extract oxygen from the blood”.
Consequently, exercise tolerance is determined by
three factors: pulmonary gas exchange; cardiovascular
performance, including the peripheral vascular tree;
and skeletal muscle metabolism.

Understanding the Fick equation is of paramount
importance for appreciating the utility of functional
exercise testing. At rest, the Fick equation states that
oxygen uptake (VO;) equals cardiac output times the
arterial minus mixed venous oxygen content:
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VO, =SV -HR-(C,0, - Cv0,) (1

where SV is the stroke volume, HR is the heart rate,
Ca0, is the arterial oxygen content, and CvO; is the
mixed venous oxygen content. Oxygen uptake is often
normalised for body weight and expressed in units of
ml Oy'min’*kg!. One metabolic equivalent (MET) is
the resting oxygen uptake in a sitting position and
equals 3.5 ml'min"kg.

This reflects the maximal ability of a person to take
in, transport and use oxygen. It defines that person’s
functional aerobic capacity. VO.max has become the
preferred laboratory measure of cardiorespiratory
fitness and is the most important measurement during
functional exercise testing. In healthy people, a VO,
plateau occurs at near maximal exercise. This plateau
in VO, has traditionally been used as the best evidence
of VOomax. It represents the maximal achievable level
of oxidative metabolism involving large muscle

groups.

Cardiopulmonary exercise testing
measuring principles

Several different methods exist for measuring
ventilation and respiratory gas parameters during
exercise. Some clinical systems rely on breath-by-
breath analysis techniques because they provide the
best measures of the metabolic response to exercise.

The block diagram of measuring system is shown in
Fig. 1. The exercise tests were performed on an electro-
nically braked cycle ergometer (or treadmill) controlled
by computer. Subjects were familiarized with the
apparatus and performed a continuous incremental
symptom-limited maximal test for determination of
VOumax and lactic acidosis threshold (LAT).

A non-rebreathing valve is connected to a mouth-
piece to prevent mixing of inspired and expired air.
Oxygen and carbon dioxide gas analysers are usually
incorporated in a "metabolic cart" designed specifically
for functional testing. Respiratory volumes are compu-
ted by integrating the air flow signals over the time of
inspiration and expiration. Average minute volumes are
derived from the breath-by-breath data multiplied by
the respiratory rate [65].

Many different protocols are used for functional
testing. The purpose of the test and the functional
capabilities of the patient determine the choice of
protocol. In evaluating patients with congestive heart
failure (CHF), both bicycle and treadmill protocols
have been used. The rate of workload progression is
somewhat arbitrary, although it has been suggested that
optimal exercise duration for functional assessment on
the bicycle is between 8 and 17 minutes. Bicycle work
is quantified in watts (W) or in kilopondmetres/min
(kpm/min; 1 W = ~ 6 kpm-min™"). The initial workload
for patients with CHF is usually 20-25 W and in-
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creased by 15-25 W every 2 minutes until maximal
exertion (symptom limited maximum) is reached.
Alternatively, the workload can be computer controlled
for electronically braked bicycle ergometers, and
a ramp protocol (eg. 10 W-min!) is often used.

Testing protocol in our laboratory was based on the
testing protocol used in the IBP [42, 62]. In healthy and
average fit subjects three submaximal workloads of 3-
min duration were used. The first workload
corresponded approximately to 1 W-kg! body weight
of the subject, the second workload to 1.5 W-kg™! body
weight and the third workload to 2 W-kg™! body weight
respectively. After 9 minutes warming up the workload
was consecutively increased every half minute by 20 to
30 W (dependant on body weight and age of the
subjects) until exhaustion. In highly fit subjects the
initial warming up submaximal workloads were
1.5 W-kg!, 2 W-kg'! and 2.5 W-kg! of body weight
respectively.
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Fig. 1: Block diagram of measuring system for non-
invasive CEPT. The cycle or treadmill ergometer can
be used.

Equipment for cardiorespitatory capacity evaluation
is shown on Fig. 2. The electrical signals from sensors
were connected to microcontroller systems (KARD
SYSTEM). The expired gas samples were connected to
respiratory gas analyzer (0,-CO, analyzer). All
electrical signals from sensors and from gas analyzer
were processed in personal computer. Both patients
with heart disease and healthy subjects require
continuous ECG monitoring and frequent blood
pressure measurements during exercise testing. Since
verbal communication is usually not possible with the
mouthpiece apparatus, hand signals are usually used
during exercise.

Oxygen uptake (VO,) is determined by cellular O,
demand up to some level that equates to maximal rate
of O, transport, which then is determined by that
maximal rate of transport. As VO, increases with
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increasing external work, one or more of the
determinants of VO, approach limitations (eg, stroke
volume, heart rate, or tissue extraction), and VO,
versus work rate may begin to plateau. This plateau in
VO, has traditionally been used as the best evidence of
VO:max. The main determinants of a normal VOomax are
genetic factors [10, 11], quantity of exercising muscle,
age, gender and body size [5]. Other important factors
are previous training and patient motivation. VOimax
should be expressed in absolute values (I'min') and as
a percentage of the predicted value. VO, can increase
from a resting value of about 3.5 ml'min"kg! (about
250 ml'min’! in an average person) to VOimax values
about 15 times the resting value (3050 ml'min!-kg™).
Athletes may attain values over 20 times their resting
values (up to 90 ml'min!kg™).

Fig. 2: Equipment for cardiorespiratory values
measuring: 1-HR belt (Sporttester), 2-turbine for
pulmonary  ventilation —measuring, 3-cable for
ventilation pulses, 4-tube for expired gas samples, 5-
cuff for blood pressure monitoring, 6-cable for ECG
monitoring.

The ratio of carbon dioxide output/oxygen uptake
(VCO,/VO,) is called the respiratory exchange
ratio (RER). Under steady state conditions, the RER
equals the respiratory quotient (RQ). The RQ value is
determined by the fuels used for metabolic processes.
RQ of 1.0 indicates covering the metabolic demands
exclusively by carbohydrates, while RQ 0.7 indicates
metabolism only by free fatty acids. Normal resting
values of RQ~0.8 indicates that metabolic demands are
by third covered by carbohydrates and by two thirds by
free fatty acids. During step-vice increased workload
RQ increases up to 1.0 and more due to higher
utilization of carbohydrates in muscle metabolism and
buffering processes connected to metabolic acidosis
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evoked by near maximal and/or maximal intensity
workload.

Example of HR and VO, dependence on workload
intensity is shown in Fig. 3 and 4.

Time [s]

Fig. 3: Workloads [in W] and corresponding HR (heart
rate) and VO [lI/min] during CPET (male ice hockey
player, 18 years).

Tirne [s]

Fig. 4: Workloads [in W] and corresponding HR (heart
rate) and VO; [l/min] during CPET (male cyclist,
57 years).

Indications for terminating CPET

Symptoms during step-vice increased workload up to
the maximum during ergometer stress test can rarely
result in premature test termination. There are several
absolute indications for termination of an exercise test,
such as: suspicion of a heart attack, onset of moderate-
to-severe angina (chest pain), drop in systolic blood
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pressure below standing resting pressure, signs of poor
perfusion, including pallor, cyanosis, or cold and
clammy skin, severe or unusual shortness of breath,
CNS symptoms e.g. ataxia, vertigo, visual or gait
problems, or confusion, serious arrhythmias e.g.
second/third degree AV block, atrial fibrillation with
fast ventricular response, increasing premature
ventricular contractions or sustained ventricular
tachycardia, and also technical inability to monitor the
ECG. Cardiac arrhythmias are usually not an indication
to stop the test unless sustained tachyarrhythmias
develop. Other indications for CPET terminating might
be any chest pain that is increasing, physical or verbal
manifestations of shortness of breath or severe fatigue,
wheezing, leg cramps or intermittent claudication,
hypertensive  response  (SBP>260 mm  Hg;
DBP>115 mm Hg) and others.
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Fig. 5: Group MEN-all (n=2015). Relation between
VOomax and Wiax, R=0.89.
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Fig. 6: Group MEN-all (n=2015). Relation between
VOZmax/kg and Wmax/kgy R=0.89.
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Oxygen uptake estimation

Bicycle ergometer is nowadays a very common
device for testing fitness level of the subject. However,
accurate estimation of the VOomax is exclusively
dependent on direct availability to analyze O, and CO,
content in the expired air. Equipment for 0,-CO,
analysis is relatively expensive and mostly only in
specialized stress test laboratories available. It was the
purpose of this study to find the posibility for accurate
indirect determination cardiorespiratory capacity
without need for the O,-CO, anylysis. Hence, the
values of direct VOomax and VOomaxig Were compared
with other fitness values, obtained without the need
need for the O,-CO; anylysis: W170 and W170/kg, and
Wmax and Wmax/kg-

The highest correlation was found between the
values of VOomax and Wy, and between VOomaykg and
Whaxke. Fig. 5 and Fig. 6 illustrate this correlation in
the group of 2015 healthy men. Regession equations
were calculated to obtain approximate values of VO,
and VOamax indirectly without any need for additional
equipment. Similarly, the regression equation could be
calculated for individual age subgroups in each group
of different level of physical aktivity (for example see
Table 1 and 2).

There are other approaches for VO, estimation [27].
According to the Fick principle, eq. (1), VOamax may be
expressed as the product of cardiac output (Q) and the
arterio-venous O difference

V0, =0-(C,0,-Cv0,) (2)

Thus, since Q is the product of HR and stroke
volume (SV), VOamax can be expressed as

VO, =HR-SV-(C,0, - (v0,) 3)
When applied to rest VOamax can be expressed as:

(C,0,-v0,) 4)

rest

Vo,,. =HR,, SV,

2rest rest rest
implying that

VOZrest :1 (5)
HR,, -SV,.,-(C,0,-Cv0,)

rest res

rest

During maximal exercise the Fick equation reads:

VO.

2max

=HR,, -SV,..-(C,0,-CvO,) (6)

max

By multiplying the right side of eq. 6 with 1 in the form
of'eq. 5 it follows that:

VOZ max _ HRmaX ) SVTﬂﬂX ) (Ca 02 B CVOZ )max (7)
VOZrest HRre.\'t ' Sl/rest ! (Ca 02 - CVOZ )rest
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therefore

HR_\(sv.. \(C,0,-CvO
) max = max max ( 2 2 )max VOerSl (8)
HR,, )\ SV, )(C,0,-CvO,)

rest rest rest

VOt is dependent on and increases with the
individual’s body mass. Relative to body mass (BM),
resting VOarest €quals about 3.5 ml'min'kg! (one
MET), but slightly lower values were reported by other
researchers (e.g. 3.3 for men and 3.1 for women,
respectively [27]). As a compromise is possible take
3.4 mlI'min!kg™! to represent the mass-specific resting
VOomax. Accordingly, VOi may be expressed as
3.4 ml'min’"*kg! times BM in kg.

149)

2max

_| AR || 5V M3 4.8 9)
HR,, )\ SV, )(C,0,-Cvo,) =

rest rest

rest

From a simplified test only the HRmaxt0 HRyest ratio is
readily obtainable. The other two ratios in the equation
involve complicated measurements, in fact more
complicated than the measurement of VO, itself.

The average SVmax/SVrest 1s approximately 1.29 when
measured in the supine position. Thus, according the
SVmax/SViest may be replaced by a dimensionless value
of approximately 1.3. The arterio-venous oxygen
difference increases from rest to maximal exercise. It
was found the average ratio between maximal and
resting (C,0,-Cv0,) /(C,0,-CV0,)  to be approx.

res

3.4. Therefore (C,0,-Cv0,) /(C,0,-Cv0,) can be

replaced with 3.4.
Altogether, based on previous derivation suggest that
eq. 9 may be simplified to final approximations

HR

VOZmax = 1339434BM L— e
HR,, (10)
~15.0- M R (Lmin™)
or fOI' VOZmax/kg iS
VOt = 15.0. Ross (ml.min"kg") (11

rest

Estimation VOmax according another approach [68]
can be calculated according:

VO,,.. =125.7 —(0.476 . age) + (7.686 . sex)

—(0.451-BM )+(0.179-W,,,. )—(0.415-HR )

max

(12)

where sex is 1 for male and 0 for female, BM weight
(kg), Winar is maximal workload (W) and HRu is
maximal heart rate (beats per minute).
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Several other attempts with different accuracy were
used for indirect calculation of VOamax [16, 40, 43].

Tab. 1: Examples of regression equations for group A
— well trained men, for individual age subgroups
(R = correlation coefficient; N = number of subjects).

Group: age <16 year R N
VO2max =0.013- Wmax -0.54 0.87 189
VO2max/kg =16.13- Wmax/kg -26.8 0.60 189
Group: 17<age <25 year R N
VO2max =0.016- Wmax -2.23 0.71 218
VO2max/kg =16.39* Wmax/kg -32.6 0.66 218
Group: 26< age <40 year R N
VO2max =0.014- Wmax -1.55 0.72 191
VO2max /kg=12.2* Wmax/kg -6.83 0.79 191
Group: 41<age <55 year R N
VO2max =0.015- Wmax -1.63 0.72 125
VO2max /kg=11.9- Wmax /kg-4.28 0.82 125
Group: age >55 year R N
VO2max =0.014- Wmax -0.8 0.85 36
VO2max /kg=15.15- Wmax /kg-15.3 0.84 36

Tab. 2: Examples of regression equations for group A
— well trained women, for individual age subgroups
(R = correlation coefficient; N = number of subjects).

Group: age <16 year R N
VO2max =0.012- Wmax -0.20 0.82 200
VO2max/kg =15.4- Wmax/kg -19.1 0.64 200
Group: 17< age <25 year R N
VO2max =0.014- Wmax -0.69 0.80 62
VO2max/kg =12.5- Wmax/kg -10.4 0.81 62
Group: 26< age <40 year R N
VO2max =0.014- Wmax -0.88 0.81 31
VO2max /kg=11.7- Wmax/kg -8.6 0.84 31
Group: 41<age <55 year R N
VO2max =0.011- Wmax +0.28 0.95 13
VO2max /kg=10.5- Wmax /kg+5.47 0.94 13

Example:
Male triathlete, age 20 years, body weight = 64.7 kg
Measured values:
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Winax =440 (W), VOomax =4.98 ( I'min’")

440 1
max/kg =m=680 (Wkg )
4.98 - -l
Vo, =1000-——=76.97 (ml.mm kg” beats.min )
2max/ kg 647

Estimated values (calculated only from Wpa and
Wmax/kg):

v0,,. . =0.016-W, —-223=
0.016-440-2.23 =4.81 (l-min'l)
VOZmzL\'/kg = 16'39 : szlx/kg - 32.6 =

16.39-6.80-32.6=78.85 (ml-min"-kg")

VO.max and age

Edvardsen et al. [20] demonstrated that the VOimax
relative to body mass (VOzmaxie) decreased 8% per
decade. The decline had already started after the first
age cohort (2029 years) and was linear throughout all
age cohorts until the last one (70-85 years). VOamax
was about 25% higher in men than in women. Rogers
et al. [58] found that the sedentary subjects’ VOamax
declined by an average of 12% per decade. The master
athletes’ VOomax decreased by 5.5% decline per decade.
These findings provided evidence that the age-related
decrease in VOamax of master athletes who continue to
engage in regular vigorous endurance exercise training
is approximately one-half the rate of decline seen in
age-matched sedentary subjects.

8

VOZmax — limin

5 ; i
10 20 30

| |
Ag il [years] 50 60 70

Fig. 7: VOomax (I/min) in different age groups in men
(A-red — endurance athletes, B-blue — game sports, C-
green — other athletes, D-black — non-competitive
athletes, dash line — IBP values).

The decline of VOzmax and VOimavkg Was observed
also in all age groups in our study. The highest values
in both men and women were achieved by endurance
trained athletes, followed by game sport athletes and
other athletes. VOomax and VOamaxie in the groups of
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non-competitive sportsmen (and sportswomen) was
significantly lower that in all athletic groups and the
age-related decline was faster. Compared to the values,
valid like normatives for Czecho-slovak population
[62], the data of the ,jnon-competitive" groups both
men and women are almost identical (see Fig. 7 to
Fig. 10). They prove that non-competitive sporting
activity is effective for maintaning the average level of
fitness, however, does not evoke higher level of
cardirespiratory capacity.

BA

VO2max — mliiminikg
5 & & 2 & 2

[
=

) I S DS N N

10 0 3 age® [years] O &0 70
Fig. 8: VOomakg (ml-min'kg™) in different age groups
in men (A-red — endurance athletes, B-blue — game
sports, C-green — other athletes, D-black — non-
competitive athletes, dash line — IBP values).

V0O2max - lIimin

a0 60 70

Age

Fig. 9: VOoax (I/min) in different age groups in women
(A-red — endurance athletes, B-blue — game sports, C-
green — aother athletes, D-black — non-competitive
athletes, dash line — IBP values).

The example of different values obtained from the
whole cohort of all 2777 examinations (men and
women) is presented in Table 3 {in Appendix}.
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= m [Ex)
] = m

VO2Zmax — ml/minfkg

Fig. 10: VOomakg (ml'min'-kg?) in different age
groups in women (A-red — endurance athletes, B-blue —
game sports, C-green — other athletes, D-black — non-
competitive athletes, dash line — IBP values).

Discussion

Oxygen consumption (VO») is considered the most
accurate variable to measure the intensity of physical
activity, and it can be measured directly in the
laboratory with metabolic carts or respiratory gas
analysers. Portable devices are available for field
measurements, but they can be used only for limited
periods of time and for limited number of subjects.
Therefore, many efforts have been made to find more
feasible ways to estimate VO, in field studies.

Maximal oxygen uptake or consumption (VOazmax)
means the maximal capacity of an individual to
perform aerobic work. It is the product of cardiac
outputand arteriovenous oxygen difference at
exhaustion, and represents the golden standard measure
for a person’s aerobic fitness [63].

Aerobic fitness is related to a person’s ability to
perform dynamic, moderate-to-high intensity physical
activity with large muscle groups for prolonged
periods. Thus, it expresses the abilities of both
cardiorespiratory ~ and  muscular  systems  to
transport and utilize oxygen. It is one of the most
fundamental measures of human physiology with
remarkable health, wellbeing, life quality, work ability,
and performance-related associations.

In addition to oxygen consumption (VO,), the energy
cost of physical activities can be expressed as
metabolic equivalents (MET; Metabolic Equivalent of
Task). MET is defined as the ratio of metabolic rate
(and therefore, the rate of energy consumption) during
a specific physical activity to a resting metabolic rate.
One MET is defined as 1 kcal-kg!-hour or VO2 equal
to 3.5 ml'min"'-kg™!, and it is roughly equivalent to the
energy cost of sitting quietly.

Individual VOimax values can range from about
10 mI'min"kg"! in cardiac patients to over
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90 ml'min!*kg! among  world-class  endurance
athletes. Average values for men and women in
different age groups have been used to establish
reference fitness categories, as aerobic fitness generally
declines with age.

There are numerous reports that higher level of
cardiorespiratory fitness is associated not only with
maintaining a healthy weight, but also with increased
muscle tone and increased basal metabolic rate.
Participating in  cardiovascular  exercise and
maintaining and/or even increasing cardiorespiratory
capacity leads to reduced risk of several chronic and
life-threatening diseases, such as coronary heart disease
[4,9,12, 18, 19, 30, 34, 35, 39, 46, 48, 54, 61, 69, 72],
type 2 diabetes [1, 2, 3, 13, 45], cardio-metabolic
syndrome [6, 36, 37, 67], hypertension [15, 17, 21, 23,
24,31, 32, 33, 41, 70], respiratory diseases [29, 44] and
some cancers, such as colon cancer, breast cancer, lung
cancer and multiple myeloma cancers [22, 38, 49, 64].
The American College of Sports Medicine states that
higher levels of cardiovascular fitness are associated
with a 50 percent reduction in cardiovascular disease
risk [25, 27]. Regular cardiovascular exercise increases
insulin sensitivity and glucose metabolism, reducing
chances for developing type 2 diabetes [53, 55] and
plays important role in treating obesity [14, 59].

Being active is an effective way to combat anxiety,
stress and even depression [47, 50, 60]. Exercise
triggers the release of endorphins, which can elevate
mood. Finding time to exercise several times per week
can also lead to an increase in self-esteem.

It would be extremely beneficial to measure VOamax
accurately in real-life. VOomax is a marker of optimal
health. If it's critical decrease is diagnosed in time,
numerous later health problems could be efficiently
prevented. While laboratory tests require expensive
equipment and trained personnel, and are thus difficult
and expensive to perform, simple estimation of
maximal performance on the treadmill ergometer could
predict VOamax With sufficient accuracy.

Conclusion

The most important marker of cardiorespiratory
capacity iS VOimax. Also the concept of so called
“fitness age” is based on the knowledge of personal
VOomax. If somebody's VOoimax is below average
compared to age normative, his fitness age is actually
greater than his chronological age.

On the other hand, a better-than-average VOimax
could mean that fitness age is younger than subject's
age in years. It's possible to improve VOamax by proper
training, which means that the fitness age can actually
get younger.

The primary problem with using VOamax to gauge
longevity is that very few people know what theirs is,
and finding out typically requires high-tech testing on
a bicycle and/or treadmill ergometers and analyzing
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expired air for O, and CO; content. Our results on large
cohorts of subjects demonstrate that simple bicycle
ergometer ~ with  accurate = measurement  of
performance reached by step-vice increased workload
can offer reliable data (Wmax and Wmaxke), Which can
be used for calculation VOomax and VOamaxike With
sufficient enough exactness. Regression equations for
men and women and also for different age groups can
be used for this purpose.

Fitness age may predict premature death better than
risk factors like overweight, high blood pressure, or
smoking [51]. If the subject is not satisfied with his
fitness age, he is motivated to improve it by regular
training program. The recommendation regarding
physical activity are available from principle guidelines
[8, 25, 26, 27, 56, 63], however, general practitioner
and/or sports medical doctor should give personalized
advice about the optimal volume, form and intensity.

Acknowledgement

This research has been supported by the Ministry of
Education, Youth and Sports of the Czech Republic
under the RICE — New Technologies and Concepts for
Smart Industrial Systems, project No. LO1607.

M. Stork is with University of West Bohemia,
Faculty of Electrical Engineering, Regional Innovation
Centre for Electrical Engineering (RICE), Univerzitni
8, 306 14 Plzen, Czech Republic.

References

[1] ADA/ACSM: Joint statement: diabetes mellitus and exercise.
Med. Sci. Sport Exerc. 29, 1997: i—vi.

[2] ADA: Standards of medical care in diabetes - 2015. Diabetes
Care38, 2015, Suppl. 1.

[3] American College of Sports Medicine: Position stand. exercise
and type 2 diabetes. Med. Sci. Sports Exerc. 22, 2000: 1345-
1360.

[4] Andersen, L.B., Haraldsdottir, J.: Coronary heart risk factors,
physical activity, and fitness in young Danes. Med. Sci. Sports
Exerc. 27, 1995: 158-163.

[5] Bassett, D.R., Howley, E.T.: Limiting factors for maximum
oxygen uptake and determination of endurance performance.
Med. Sci. Sports Exerc. 32, 2000: 70—84.

[6] Bertrais, S., et al.: Sedentary behaviors, physical activity, and
metabolic syndrome in middle-aged French subjects. Obes.
Res. 13,2005: 936-944.

[7] Betik, A.C., Hepple, R.T.: Deteminannts of VO2max decline
with aging: an integrated perspective. Appl. Physiol. Nutr.
Metab. 33, 2008, 1: 130-140.

[8] Blair, S.N., et al: The evolution of physical activity
recommendations: how much is enough? Amer. J. Clin. Nutr.
79, 2004 (Suppl.): 913S-920S.

[9] Borodulin, K., et al.: Associations between estimated aerobic
fitness and cardiovascular risk factors in adults with different
levels of abdominal obesity. Eur. J. Cardiovasc. Prev. Rehabil.
12,2005: 126-131.

[10] Bouchard, C., et al.: Personalized preventive medicine: genetics
and the response to regular exercise in preventive interventions.
Prog. Cardiovasc. Dis. 57, 2015: 337-346.



ORIGINAL RESEARCH

[11] Bouchard, C., et al.: Familial resemblance for VO2max in the
sedentary state: the HERITAGE family study. Med Sci. Sports
Exerc. 30, 1998: 252-258.

[12] Booth, F.W., Krupa, D.J.: Sedentary death syndrome is what
researchers now call American second largest threat to public
health. http://hdlhandle.net/10355/10361.

[13] Boule, N.G., et al.: Meta-analysis of the effect of structured
exercise training on cardiorespiratory fitness in type 2 diabetes
mellitus. Diabetologia 46, 2003: 1071-1081.

[14] Brien, S.E., et al.: Physical activity, cardiorespiratory fitness
and body mass index as predictors of substantial gain and
obesity. Can. J. Public Health 98, 2006: 121-124.

[15] Briffa, K., Briffa, T.: Aerobic exercise reduces blood pressure
in both hypertensive and normotensive persons. Aus.
J. Physiother. 48, 2002: 238.

[16] Cooper, K.H.: 4 means of assessing maximal oxygen intake.
JAMA 203, 1968: 201-204.

[17] Dickinson, H.O., et al.: Lifestyle interventions to reduce raised
blood pressure: a systematic review of randomized controlled
trials. J. Hypertensdion 24, 2006: 215-233.

[18] Eaton, C.B., et al.: Physical activity, physical fitness, and
coronary heart disease risk factors. Med. Sci. Sports Exerc. 27,
1995: 340-346.

[19] Eaton, C.N.: Relation of physical activity and cardiovascular
fitness to coronary heart disease. Part I: a meta-analysis of the
independent relation of physical activity and coronary heart
disease. J. Am. Board Fam. Pract. 5, 1992: 31-42.

[20] Edvardsen, E., et al.: (2014) End Criteria for Reaching
Maximal Oxygen Uptake Must Be Strict and Adjusted to Sex
and Age: A Cross-Sectional Study. PLoS ONE 9, 2014, 1:
€85276. doi:10.1371/journal.pone.0085276.

[21] Eicher, J. D., et al.: The additive blood pressure lowering effects
of exercise intensity on post-exercise hypotension. Am. Heart. J.
160, 2010: 513-520.

[22] Friedenreich, Ch.M., Orenstein, M.R.: Physical activity and
cancer prevention. etiological evidence and biological
mechanisms. J. Nutr. 132, 2002: 3465S-3464S.

[23] Guidry, M. A, et al.: The influence of short and long duration
on the blood pressure response to an acute bout of dynamic
exercise. Am. Heart J. 151, 2006: ¢5-12.

[24] Hamer, M.: The anti-hypertensive effects of exercise. Sports
Med 36, 2006: 109-116.

[25] Haskell, W.L., et al.: Physical activity and public health:
updated recommendation for adults from the American College
of Sports Medicine and the American Heart Association. Med.
Sci. Sports Exerc. 39, 2007: 1423-1434.

[26] Hawkins, S., Wiswell, R.: Rate and mechanism of maximal
oxygen consumption decline with aging: implications for
exercise training. Sports Med. 33, 2003: 877-888.

[27] Heyward, V.H., Gibson A.: Advanced Fitness Assessment and
Exercise Prescription, 7th Edition, Human Kinetics, 2014.

[28] Howley, E.T., et al.: Criteria for maxima oxygen uptake: review
and commentary. Med. Sci. Sports Exerc. 9, 1995: 1292-1301.

[29] Cheng, Y., et al.: Effects of physical activity on exercise tests
and respiratory function. Br. J. Sports Med. 37, 2003: 521-528.

[30] Jetté, M., et al.: Relation between cardiorespiratory fitness and
selected risk factors for coronary heart disease in a population
of Canadian men and women. CMAJ 146, 1992: 1353-1360.

[31] Jidong Sung, et al.: Relationship between Aerobic Fitness and
Arterial ~ Stiffness According to Hypertensive State In:
Epidemiology and Prevention of CV Disease. Abstract 15508.
Circulation 2015.

[32] Kenney, M.J., Seals, D.R.: Post-exercise hypotension. Key
features, mechanisms and clinical significance. Hypertension
22, 1993: 653-664.

[33] Kishida, T., et al.: Relationships between maximal oxygen
uptake (VO2max) and physical activity, blood pressure and
serum lipids (Abstract). Nihon Eiseigaku Zasshi 52, 1997: 475—
480.

Lékar a technika 2016, Vol. 46(4), pp. 91-101
ISSN 0301-5491 (Print), ISSN 2336-5552 (Online)

99

[34] Kodama, S., et al.: Cardiorespiratory fitness as a quantitative
predictor of all-cause mortality and cardiovascular events in
healthy men and women. JAMA 301, 2009: 2024-2035.

[35] Kucera, M., a spol.: Kontrola a hodnoceni vysledkii lécebné
télesné vychovy u nemocnych po infarktu myokardu pomoci
bicyklové ergometrie. Rehabilitacia 3, 1970, Suppl. 1: 22-23.

[36] Kucera, M., a spol.: Vliv lécebné télesné vychovy na lipidovy,
glycidovy a purinovy metabolismus. Vnitini Lék. 19, 1973:
365-369.

[37] Laaksonen, D.E., et al: Low Levels of Leisure-Time Physical
Activity and Cardiorespiratory Fitness Predict Development of
the Metabolic Syndrome. Diab. Care 25, 2002: 1612-1618.

[38] Lee, LM.: Physical activity and cancer prevention - Data from
epidemiologic studies. Med. Sci. Sport Exerc. 35, 2003: 1623~
1627.

[39] Lee, LM., et al.: Relative intensity of physical activity and risk
of coronary heart disease. Circulation 107,2003: 1110-1116.

[40] Mackenzie, B.: Cooper VO2 max Test.
http://www.brianmac.co.uk/gentest.htm [Accessed 1/6/2015]

[41] Macek, M., Matous, M.: Vyznam cviceni a pohybové aktivity pri
léceni a prevenci hypertenze. Med. Sport. Bohem. & Slov. 10,
2001: 113-119.

[42] Macek, M., Seliger, V., et al.: Physical fitness of the Czecho-
slovak population between the ages of 12 and 55 years. Oxygen
consumption and oxygen puls rate. Physiol. Bohemoslov. 28,
1979: 75-87.

[43] Maksud, G., Coutts, D.: Application of the Cooper twelve-
minute Run-Walk test to young males. Res. Quarterly 42, 1971:
54-59.

[44] Maltais, F., et al.: Intensity of training and physiologic
adaptation in patients with chronic obstructive pulmonary
disease. Am. J. Crit. Care Med. 155, 1997: 555-561.

[45] Manson, J., et al.: 4 prospective study of exercise and incidence
of diabetes among US physicians. JAMA 268, 1992: 63—67.

[46] Matous, M., a spol.: Vysledky intervencniho programu u pa-
cientii s projevy nebo rizikem ischemické choroby srdecni. Med.
Sport. Bohem. Slov. 9, 2000: 68—73.

[47] McAuley, E.: Physical activity and psychosocial outcomes. In:
Bouchard, C., et al.: Physical activity, fitness, and health.
Champaign, IL: Human Kinetics, 1994: 551-68.

[48] McMurray, R.G., et al.: Is physical activity or aerobic power
more influential on reducing cardiovascular disease risk
factors? Med. Sci. Sports Exerc. 30, 1998: 1521-1529.

[49] Mehri, S.N., et al.: Effect of treadmill exercise training on
VO2peak in chronic obstructive pulmonary disease. Tunaffos 6,
2007: 18-24.

[50] North, T.C., et al.: Effect of exercise on depression. Exerc.
Sport Sci. Rev. 18, 1990: 379-415.

[51] Nes, B.M., et al.: A4 simple nonexercise model of cardio-
respiratory fitness predicts long-term mortality. Med Sci Sports
Exerc. 46,2014, 6: 1159-1165.

[52] Novék, J., Stork, M., Zeman, V.: Stanoveni minutového objemu
srdecntho pri spiroergometrickém vysetieni. Plzeil. Lék. Sborn.
77,2011: 69-72.

[53] Nyholm, B., et al.: Insulin resistance in relatives of NIDDM
patients: the role of physical fitness and muscle metabolism.
Diabetologia 39, 1996: 813-822.

[54] Odell, T.: VO2max a good predictor of survival rate for patients
with coronary artery disease. http://www.medgadget.com/2005.

[55] O’Donovan, G., et al.: The effects of 24 weeks of moderate- or
high-intensity exercise on insulin resistance. Eur. J. Appl.
Physiol. 95, 2005: 522-528.

[56] Physical activity and cardiovascular health. NIH consensus
development panel on physical activity and cardiovascular
health. JAMA 276, 1996: 241-246.

[57] Pimentel, A. E., et al.: Greater rate of decline in maximal

aerobic capacity with age in endurance-trained than in
sedentary men. J. Appl. Physiol. 94, 2003: 2403-2413.



ORIGINAL RESEARCH

[58] Rogers, M.A., et al.: Decline in VO2max with aging in master
athletes and sedentary men. J Appl. Physiol. 68, 1985, 5: 2195—
2199.

[59] Saris, W.H., et al.. How much physical activity is enough to
prevent unhealthy weight gain? Outcome of the IASO 1st Stock
Conference and consensus statement. Obes. Rev. 4, 2003: 101—
114.

[60] Scully, D., et al.: Physical exercise and psychological well
being: a critical review. Br. J. Sports Med. 32, 1998: 111-120.

[61] Seals, D.R.: Enhanced left ventricular performance in
endurance trained older men. Circulation 89, 1994: 198-205.

[62] Seliger, V., Bartin&k, Z.: Mean values of various indices of
physical fitness in the investigation of Czechoclovak population
aged 12 — 55 years. Praha, CSTV 1976.

[63] Shephard, R.J.: Aerobic fitness and health. Human Kinetics
Publ., Champaign, Ill. 1994.

[64] Sigal, R.J., et al.. Effects of aerobic training, resistance

training, or both on glycemic control in Type 2 diabetes. Ann.

Intern. Med. 147, 2007: 357-369.

Stork, M., Novak, J., Zeman V.: Noninvasive medical exa-

mination and optimal physical activity prescription based on

stress test. 14th WSEAS Internat. Confer. on Systems, Greece

2010: 580-584.

Stork, M., Novak, J., Zeman, V.: Cardiac output estimation

based on oxygen consumption during exercise test on bicycle

ergometer. 8th Internat. Conf. on Measurement, Bratislava

2011:289-292.

[67] Tibana, R.A., et al.. Resistance training decreases 24-hour
blood pressure in women with metabolic syndrome. Diabetol.
Metab. Syndr. 27, 2013: 27-32.

[68] Uth, N., et al.: Estimation of VO2max from the ratio between
HRmax and HRrest — the Heart Rate Ratio Method. Eur.
J. Appl. Physiol. 91, 2004: 111-115.

[69] Valkeinen, H., et al.: Effects of exercise training on oxygen
uptake in coronary heart disease: a systematic review and
meta-analysis. Scand. J. Med. Sci. Sports 20, 2010: 545-555.

[70] Whelton, S.P., a spol.: Effect of aerobic exercise on blood

pressure: a meta-analysis of randomized, controlled trials.
(Ann. Intern. Med. 136, 2002: 493-503.

[65]

[66

=

Lékar a technika 2016, Vol. 46(4), pp. 91-101
ISSN 0301-5491 (Print), ISSN 2336-5552 (Online)

100

[71] Wilson, T.M., Tanaka, H.: Meta-analysis of the age-associated
decline in maximal aerobic capacity in men: relation to training
status. Am. J. Physiol. Heart Circ. Physiol. 278, 2000: H829—
H834.

[72] Young, D.R., et al.: Associations between changes in physical
activity and risk factors for coronary heart disease in
a community-based sample of men and women: the Stanford
Five-City Project. Am. J. Epidemiol. 138, 1993: 205-216.

[73] Novak, J.: Kardiorespiracni zdatnost sportujici populace.
Plzeni. 1ék. Sborn., Suppl. 85,2015: 7-102.

[74] Placheta, Z.: Submaximal exercise testing. LF UJEP, Brno 1988.

[75] Wahlund, H. (1948): Determination of physical working
capacity. Acta Medica Scandinavica Supplementum 215.

Prof. Ing. Milan Stork, CSc.

Department of Applied Electronics

Faculty of Electrical Engineering

University of West Bohemia, Univerzitni 22, Plzen, CZ
Email: stork@kae.zcu.cz

MUDr. Jaroslav Novak, Ph.D.
Faculty of Medicine, Charles University, Plzen, CZ
Email: Jaroslav.Novak@Ifp.cuni.cz

Prof. MUDr. Vaclav Zeman, CSc.
Faculty of Medicine, Charles University, Plzen, CZ
Email: Vaclav.Zeman@Ifp.cuni.cz



ORIGINAL RESEARCH

Appendix

Tab. 3: Example of different values obtained from the whole cohort of all 2777 examinations (men and women)
(HR = heart rate; BPs = systolic blood pressure; BPd = diastolic blood pressure; VC = vital capacity;, FEVI = forced
exripatory volume per second; METs-max = maximal metabolic equivalent; W, = maximal performance;
VOomax = maximal O consumption;, VCOinax = maximal CO; expenditure; WI170 = physical working capacity;
VEuax = maximal pulmonary ventilation; BF . = maximal breathing frequency; RERu. = maximal respiratory
exchange ratio).

Mean Median  Max Min Std N
Height (cm) 173.6 175.5 202.0 125.5 10.9 2777
Weight (kg) 68.1 69.5 145.6 20.6 15.2 2777
Age(years) 23.6 19.0 95.0 7.0 12.3 2777
Fat (%) 14.4 13.9 53.0 1.5 6.0 2547
HRrest (beats/min) 66.6 66.0 122.0 34.0 13.2 2777
BPs (torr) 120.6 120.0 200.0 75.0 14.8 2770
BPd (torr) 73.0 71.0 115.0 30.0 10.8 2770
VC (ml) 4528 4575 8270 1370 1064 1958
FEV1 (ml) 3800 3820 6250 1340 799 1846
METSs-max 15.0 15.0 29.8 5.6 33 2777
Wmax (Watt) 325.6 330.0 610.0 70.0 104.6 2777
Wmavkg (W) 4.79 4.89 8.80 1.23 1.16 2777
VO:2max (I/min) 3.60 3.60 6.90 0.80 1.10 2777
VCOzmax (I/min) 4.24 430 8.80 0.90 1.35 2777
VO2mavkg (ml) 52.9 53.5 82.6 19.5 11.6 2777
VO:2max/TFmax (ml/min) 19.53 19.55 41.13 4.22 6.19 2777
W170 (watts) 199.6 193.7 494.5 343 76.0 2777
W170/kg (watts) 2.9 2.8 6.7 0.9 0.8 2775
HRmax (beats/min) 186.2 187.0 230.0 115.0 11.8 2777
VEmax (I/min) 110.2 109.3 219.0 27.7 332 2777
BFmax (breaths/min) 47.4 48.0 60.0 22.0 8.2 1354
RERmax 1.09 1.08 1.19 0.87 0.05 2774
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