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Abstract

Based on the wide range of problems to effectively perform cardiopulmonary testing in young children, this study strives
to develop a new cardiopulmonary exercise test for children using a mobile testing device worn in a backpack in order to
test children during their natural movement habits, namely, running outdoors. A standard cardiopulmonary exercise ramp
test on a cycle ergometer was performed by a group of twenty 7—10-year-old children. The results were compared with a
self-paced incremental running test performed using a mobile cardiopulmonary exercise measuring device in an outdoor
park. The children were able to reach significantly higher values for most of the cardiopulmonary exercise variables during
the outdoor test and higher. Whereas a plateau in VO, was reached by 25% of the children during the outdoor test, only 75%
were able to reach a reasonable VT2, let alone VOzpeak, during the bicycle test. The hegrt rate at VT1, the O,-pulse, and the
OUES were comparable between both tests. OUES was also positively correlated with VO, in both tests. Testing children
outdoors using a mobile cardiopulmonary exercise unit represents an alternative to standard exercise testing, but without
the added problems of exercise equipment like treadmills or bicycles. It allows for individualized exercise testing with the
aim of standardized testing durations instead of standardized testing protocols. The running speeds determined during the
outdoor tests may then be used to develop age-adapted testing protocols for treadmill testing.
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Introduction

Cardiopulmonary exercise testing (CPET) is a commonly
performed, non-invasive method to evaluate cardiac symp-
toms and assess functional capacity in children [1] and can
be considered as safe [2].

Cardiorespiratory fitness (CRF) is the most important
marker of health among the health-related physical fitness
components in children and adolescents [3, 4]. There is an
inverse association between levels of CRF during childhood
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and cardiovascular disease risk factors later in life [5]. So
far, there is little evidence if this holds true for preschool
children even though CRF is probably just as important for
health parameters in preschoolers as it is in older children
[6].

This is a consequence of the fact that only few studies have
reported undertaking cardiopulmonary exercise testing in chil-
dren less than 8 years of age [7—11]. There are two main meth-
ods for maximal exercise testing in children and adolescents:
the treadmill (TM) and the bicycle test (CE). Each of these
test methods has their advantages and disadvantages. Chil-
dren report consistently that they are more comfortable on the
CE than on the TM [11]. Electrocardiogram and blood pres-
sure are easier to assess and of better quality using CE [12].
On the other hand children have relatively undeveloped knee
extensors. Therefore, treadmill testing is preferred over cycle
ergometry in young children [9], as they lack the strength in
their leg muscles to reach maximal exercise capacity. However,
if optimal cycle testing conditions for each child are provided,
testing at an age of 5-6 years has proven to be feasible and
maximal exercise effort can be achieved [11]. This kind of
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testing requires age-appropriate bicycles not always available
in a normal cardiopulmonary exercise laboratory [11].

Treadmill testing has the advantage of extensive clinical
use and is a well-established mode of exercise testing in a
pediatric setting [13]. In addition it yields the highest HR [11]
and VO, [11, 14, 15] due to upright posture and larger exer-
cising muscle mass than CE [13]. Still, TM testing in young
children is also difficult to achieve. One of the reasons for that
difficulty is that younger and smaller children tend not to run
or stop prematurely during the test [7]. Classical TM proto-
cols use a variety of inclinations as well as speed variations to
increase exercise intensity during tests [13], which is difficult
for young children. Thus, several authors have allowed for the
holding of a handrail in order to increase the feasibility of the
test [9]. Rail holding, however, is known to increase endurance
time and reduce physiological strain (e.g., HR, VO,) during
submaximal exercise [9, 16]. The widest used TM protocol
is the Bruce protocol, in which stepwise increases between
stages are large and the stages long with 3 min per stage [17].
For children, the work increments may be too great, resulting
in the tendency for participants to quit prematurely during the
first seconds of a new stage [18]. Furthermore, the long 3 min
stages may lead to perceived boredom and the steep gradient
may lead to premature peripheral fatigue, ending tests without
achieving maximal performance values [13].

As a consequence to the abovementioned limitations of
TM and CE testing on preschool children several authors
have therefore aimed at developing field-based tests to indi-
rectly estimate the \'/OZPeak in this age group [6, 19], like the
adapted 20 m Shuttle run test for preschool children. How-
ever, a recent review on the topic of the 20mSRT has pointed
out that the test does not represent an accurate estimate of
peak VO, [20].

With the evolvement of mobile cardiopulmonary exer-
cise testing accurate measurements of VOzpeak can now be
achieved. Our aim was therefore to compare cardiopulmo-
nary exercise variables measured during a maximal cycle
test with a field-based running test in an outdoor park using
a mobile exercise testing device. The goal was to determine
natural running speeds for children in a field-based exercise
test to exhaustion, possibly allowing the measurement of the
respective speeds for implementing an age-appropriate TM
protocol without using grade increments and without the
falsifying use of handrails.

Material and Methods

Twenty healthy children aged between seven and ten years of
age agreed to participate in this study. All study participants
as well as their legal guardians gave informed consent to par-
ticipate in the study and for their data to be used for scientific
analysis. The study as well as the parent and age-adapted
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children consent forms were approved by the Ethics Com-
mittee of the University of Erlangen-Nuremberg, FRG
(35_18B). All participants were Caucasian, non-obese, and
healthy. None took medications. The subjects were recruited
from local schools. There was no attempt to recruit subjects
who were particularly active.

Height and weight were measured using a stadiometer
and electronic scale (Seca 704 S, Hamburg, Germany). Body
composition was evaluated using a bioimpedance measuring
device (BIA 101, Akern, Florence, Italy).

The parents were asked about school transport habits
(walking, cycling, bus). Especially cycling to and from
school has proven to positively influence cardiorespiratory
fitness in school children [21, 22], whereas walking has a
weaker effect [21]. Sports participation was classified into
low (only physical education classes), moderate (gymnas-
tic lessons and participation in organized sports up to 2 h
weekly) or high (gymnastic lessons and more than 2 h of
organized sports participation weekly) according to a ques-
tionnaire proposed by van der Cammen-van Ziip et al. [9].
Physical activity is associated with a higher cardiorespira-
tory fitness [23].

A small, low-dead-space respiratory valve (88 ml) with a
pediatric mouthpiece and headgear was used. Gas exchange
was measured continuously during each test using a breath-
by-breath method and averaged over 15 s intervals. The cri-
teria for completion of peak VO, was attaining a heart rate of
195 beats/minute, determined as the most robust secondary
criterion to verify \'/OZPeak [24]. All children were instructed
to abstain from food or carbohydrate rich drinks for the two
hours leading up to the test. If a plateau of oxygen uptake
[25] was observed, this phenomenon was noted.

Ventilatory thresholds VT, and VT, were determined
using the V-slope method proposed by Wasserman et al.
[26]. OUES was determined by plotting VO, (ml/min)
against the logarithm of VE (ml/min) and calculating the
slope of this linear relation through single regression analy-
sis [27].

The cycle ergometry was chosen as it represents the stand-
ard exercise testing mode in Europe. All subjects underwent
the cycle test first in order to record a valid 12-lead ECG at
rest and during the test (MAC 2000, GE Healthcare, Chi-
cago US), which was not possible during the outdoor setting.
All tests were undertaken in the morning. The Cyclus 2,
an electronically braked cycle ergometer (RBM elektronik-
automation GmbH, Leipzig, Germany) with a standard chil-
dren’s mountain bike for children aged 8-10 years (MTB 20"
Racing Boy 320 blue, Decathlon) was used for the cycle test.
Before each test the height of the saddle and the handlebars
were adjusted to the height of each child. Subjects warmed
up on the bike for a period of 5 min. After a short rest period
(10 min) subjects were fitted with a heart rate (HR) monitor
(Polar H7 Bluetooth Smart 4.0® heart rate sensor, Kempele,
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Finland). The mask was fitted. The same mobile exercise
equipment was used for the CE test and for the outdoor test
(Metamax®, Cortex, Leipzig, Germany). The children began
by cycling at 10 W for a 2 min warm-up phase. Work rate
was then continuously incremented in a linear ramp pattern
with an increase of 10 W/min, a protocol comparable to one
proposed by Cooper et al. [28] but with a warm-up phase
of 10 W instead of 0 W. We chose to adapt the protocol as
we tested healthy children. The children were instructed to
maintain a constant pedaling rate above 60 rpm. Children
were verbally encouraged to cycle until exhaustion. All tests
were performed by the same researchers.

The outdoor test was performed a minimum of two days
and maximum of two weeks after the bicycle test in order
to guarantee a sufficient recovery but also to keep a com-
parable fitness level and anthropometry at the time of the
second test. All tests were again carried out in the morning
at or around the same time that each child had been tested
on the CE. The climatic conditions were comparable to the
cycle tests but not identical, as humidity, wind speed and
even temperature cannot be controlled in an outdoor setting.
The children warmed up in the same way as for the CE and
then fitted with the equipment as described before. The test
was designed as a self- or researcher-paced incremental test
rather than a ramp or true step test. Each child was instructed
prior to the test. The first increment would consist of walk-
ing at a leisurely pace. After a period of 2 min the speed
would be increased to an easy jog (2 min), then to running
with some effort (2 min). This speed was described as a
speed they could be able to maintain for a longer period
but should feel tiring. Lastly they would have to try to run
as fast as possible for as long as possible, so as if chasing
another child who could take away their prize. An experi-
enced researcher and running coach for children performed
the whole test alongside each child controlling the speed and
the time of each step using a watch equipped with a GPS
sensor (Garmin Fenix 5S, Garmin, Olathe, USA) in order
to slow down or motivate the respective child if need be. All
tests were accompanied by the same team. The speed was
adapted to the capacities of each child by observation of as
well as feedback from the child. A GPS sensor integrated
in the mobile unit recorded the speed of the child at every
moment of the test. Running was performed on a flat, wide
and even trail over the whole distance of the test.

Statistical analysis was performed using Microsoft Excel
2000® for data collection and SPSS 12.0® (SPSS Inc.,
Chicago, IL). All measured values are reported as means
and standard deviations. The Kologomorov-Smirnov test
was used to check for normal distribution. Homogeneity of
variance was investigated using Levine’s F-test. For nor-
mally distributed variables differences between the two
test protocols were assessed with paired t-tests, otherwise
the Wilcoxon or the Whitney—Mann U tests were used. All

tests were 2 tailed, a 5% probability level was considered
significant.

Pearson or Spearmen correlation coefficients were used
to investigate univariate correlation between independent
variables and VO,

Results

We were able to test 20 children on the CE but only 19 out-
doors as one girl caught a viral infection between the two
tests. Out of the 20 children 12 were boys and 8 were girls.
Their age, anthropometric data, as well as their sports par-
ticipation and their school transport habits are represented
in Table 1. The boys and girls did not differ significantly
from each other with respect to the anthropometric variables.
The collective recruited in our study showed a high percent-
age of physical activity, but mainly walked to school. There
were no correlations between school transport habits and
the VOzpeak. Nor was there a discernable difference between
school transport habits and the respective tests. Children
using the bicycle to get to school did not show a higher
cardiorespiratory fitness during the bicycle test than during
the outdoor test. The same observations were true for the
amount of physical activity which did not statistically impact
on the VO2peak or other cardiorespiratory measurements.

Both tests were well tolerated by the children. The main
reason for stopping the CE test was weakness in the legs and
most outdoor tests were ended when the speed during the
last step could not further be increased and children reported
being exhausted.

During the CE 15 (75%) children reached the second ven-
tilatory threshold (VT2), whereas during the outdoor test
all f:hildren reached VT2 and a realistic VOZpeak‘ A plateau
in VO, Was reached by 4 (21%) children during the out-
door test and none during the cycle test. An R value of > 1.0

Table 1 Anthropometric data as well as sports participation and
school transport habits as means and standard deviation

Girls (n=28) Boys (n=12)
Age (years) 7.8 (0.3) 8.1(0.3)
Height 128.4 (1.5) 132.0 (1.7)
Weight 25.7 (1.4) 27.8 (1.7)
BMI 15.5 (0.6) 15.8 (0.6)
BSA (m?) 1.02 (0.13) 0.97 (0.09)
Fat Free Mass (FFM) 21.3 (1.2) 23.1(1.0)

62% with>2 h/week
38% with 0-2 h/week

Sports participation 100% with> 2 h/week

School transport 50% walk 83% walk
habits 38% bike 8% bike
11% bus
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Table 2 Means and standard deviations of the cardiopulmonary exercise test parameters on the bicycle versus the outdoor test with the respec-
tive p values for student ¢ test between two tests (*depicts a significant difference between the two tests)

Cycle test Outdoor test P value
Boys (n=12) Girls (n=28) Boys (n=12) Girls (n=7)
VOzpeak (ml/min)* 1304.17 (259.1) 1106.8 (157.5) 1470.0 (333.0) 1241.6 (159.3) 0.000
VOzpeak (ml/min/kg)* 47.3 (5.0) 44.7 (6.4) 52.8 (2.5) 50.0 (4.8) 0.000
VO, at VT1 (ml/kg/min)* 26.1(5.9) 273 (4.1) 23.6 (3.3) 21.6 (5.7) 0.022
VO, at VT2 (ml/kg/min) 44.4 (6.7) 39.3(54) 48.1 (3.1) 43.1 (4.8) 0.005
Peak Work rate (Watt/kg) and peak speed (km/h) 3.0 (0.9) 2.9 (0.6) 114 (1.2) 12.5 (1.5)
Peak heart rate (bpm)* 180.6 (6.8) 183.9 (7.0) 192.5 (6.4) 199.3 (8.1) 0.000
Heart rate at VT1 (bpm) 136 (16) 119 (25) 132 (14) 131 (7) 0.732
Peak O, pulse (ml/heart beat) 7.5(1.4) 6.1 (1.1) 7.7 (1.6) 6.4 (0.8) 0.163
Peak RER 1,16 (0,13) 1,16 (0,15) 1,19 (0,7) 1,25 (0,05) 0.066
Peak VE (ml/min)* 49.6 (10.6) 42.7(5.5) 58.6 (11.5) 52.5(9.1) 0.000
OUES (oxygen uptake efficiency slope)* 1.6 (0.4) 1.4 (0.2) 1.9 (0.5) 1.4 (0.2) 0.061
Exercise time (min) 7.5(1.8) 7.0 (0.8) 7.1 (0.5) 6.9 (0.8) 0.501
was observed for all children during the outdoor tests and 2400
90% during the CE tests. A HR value of >95% of the age- o0 ] Dottortes
predicted maximum [29] was reached by 81% of the children
during the outdoor test and by 15% during the CE test. = o
The main parameters studied during the CE and the out- E oo . *
door tests are represented in Table 2. Almost all parameters £
showed a significant difference between the two tests, yield- ?600_ *
ing higher values for the outdoor test than for the CE. The .g‘“ 1400 T
measured VO, was 15% higher during the outdoor. test o
(s. Figure 1). The only exceptions were the O, pulse (VO,/ T
Heart Rate), the heart rate at VT1 and VT2, the peak respira- 1000+ —_

tory exchange ratio (RER), and the oxygen uptake efficiency
slope (OUES).

There was a significant correlation between OUES and
VOzpeak in the outdoor setting as well as during the CE tests.

Boys and girls achieved comparable results during both
test modalities. There were no significant differences with
respect to all CPET measurements.

Figure 2 depicts the median speeds of the four increments
during the outdoor test. The overall (girls and boys taken
together) mean speed for the first step was 3.16 km/h (sd
0.69 km/h), the second step was 6.12 km/h (sd 0.9 km/h),
the third step was 8.5 km/h (sd 1.42 km/h) and the last step
was 10.11 km/h (sd 0.9 km/h).

Discussion

Exercise testing is a valuable tool in the assessment of
healthy children and those with a chronic cardiopulmonary
disease. However, especially for testing small children, the
use of classical treadmill and bicycle protocols is problem-
atic [18]. There are several points in favor of both methods
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Fig. 1 Mean and standard deviation of \'/Ozpeak during the outdoor
and the CE tests for boys and girls. There was a significant difference
between the two tests for boys and girls, but no significant differences
between the two genders for each test
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Fig.2 Speeds recorded at each step during the outdoor test with
means and standard deviation
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of exercise testing. The main disadvantage in our view is
the fact that children have underdeveloped knee extensor
muscles. These are the muscle groups most needed in a
bicycle test as well as in classical treadmill tests where an
increase in gradient is used for increasing the work load
[8, 9, 17]. Furthermore, running on a treadmill involves
a certain degree of motor skills which are not present at
a young age [18]. In our experience, even when safety
precautions such as using a tether are implemented, young
children still struggle with walking and running on tread-
mills, even though they are perfectly capable of walking
and running in normal life.

The aim to use field-based tests for evaluating the car-
diopulmonary capacity in children has been widely used
but lacks validation [30]. We therefore wanted to validate a
field-based incremental exercise test using a mobile cardio-
pulmonary exercise test unit in order to implement a safe,
new testing method which may then be applied to smaller
children or cardiopulmonary limited children.

Previous studies comparing TM with CE protocols [11,
14, 15, 31] have found differences of 5-10% for VOzpeak
between the two test methods. We compared a CE test with
an outdoor running test because CE testing accounts for the
most common CPET performed in Europe and is the method
children feel most comfortable with. We preferred to account
for the established differences between the two test methods,
as the main goal of the study was to establish the feasibility
of this new testing method.

In our study, cardiorespiratory values were also higher
during the outdoor test than during the CE test. The abso-
lute values for VOzpeak in our study differed by 13%. As the
outdoor test can best be compared to a treadmill running
protocol these results reflect what the earlier studies estab-
lished. We also recorded significantly higher values for the
outdoor tests in comparison with the CE tests with respect
to HR, VO, at VT2, and VE,,, which is mostly in accord-
ance with the present literature. Interestingly, the peak RER
registered in our study was also significantly higher during
the outdoor protocol than on the bicycle. So far it is believed
that higher RER values are recorded using cycle protocols
[11, 14] because of the influence of local muscle fatigue,
which is more pronounced in young children than in adults
[11]. In our study, all subjects had to stop the CE test due to
local muscle fatigue, whereas they stated cardiopulmonary
exhaustion as the cause for terminating the outdoor test. This
is also reflected in the fact that we were able to discern a
plateau in VO, in 21% of the cases during the outdoor tests,
while none achieved this during the CE tests. On the con-
trary 10% could not even reach an RER value of greater than
1, and 25% did not reach the second ventilatory threshold
during the CE tests due to muscle fatigue of the thigh.

With regards to the absolute cardiopulmonary exercise
variables reached in our collective of healthy children

between the ages of 7-10 years, it was obvious that they
achieved similar results as previously reported for CE tests,
namely 47 ml/kg/min for boys and 44.7 ml/kg/min for girls
[11, 28, 32, 33] but reached superior values during the out-
door tests, namely 52.8 ml/kg/min for boys and 50 ml/kg/
min for girls, when compared with younger children [11]
performing a treadmill test which incorporated an increase
in inclination. The same was true when compared to older
children performing a comparable test profile [15]. How-
ever, they achieved comparable results when compared with
older children performing a new treadmill protocol which
only increased in speed and did not incorporate an increase
in inclination [13]. These observations imply that testing
children with an increase in gradient may not be suitable as
it does not adequately reflect their familiar movement pat-
terns. It is far more natural for children to increase the speed
at which they run in order to reach a maximum of effort than
walking up steep hills. The reason for using TM protocols
which include an increase in inclination is the relative risk
for younger children on a treadmill. As the speed can be kept
lower when increasing the inclination, the risk is considered
less [9]. However, as this yields lower results than when test-
ing using a flat surface, we favor a protocol which involves
running with increasing speed.

Several cardiopulmonary parameters were not signifi-
cantly different between the two tests, namely the heart rate
at VT1 and the VE at VT1. These results reflect that the
ventilatory threshold can be accurately determined with both
tests if the children are able to reach a VO2peak or at least an
RER > 1 with comparable results. In short, both tests can
be used for providing exercise recommendations in healthy
children between the ages of 7 and 10 years. However, the
applicability of a CE test for smaller children remains ques-
tionable if not altogether impossible if the children are too
small for the bicycle or are not used to this exercise yet [18].

There was also no significant difference between the exer-
cise times required to reach exhaustion in both tests. With
a medium exercise test length of 7 min the exercise time
was comparably short [13], but we still believe this time
to be sufficient, as all subjects performing mobile testing,
reached a clearly discernible VO2peak and ventilatory thresh-
olds could be determined for every test. Since boredom due
to long stages and consequently long exercise time can lead
to premature ending of the test before reaching a reasonable
cardiopulmonary exertion [13], an exercise time of 6—-8 min
seems a reasonable compromise. There is much discussion
about standardizing cardiopulmonary exercise test protocols
for better comparability [8] and for permitting long-term
observation. However, the maturation of children entails
that using the same test protocol for children of increasing
age leads to ever longer exercise tests, which will in and of
itself lead to a bias in the results. When including children
with cardiac or pulmonary disease the exercise time will
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most likely be much shorter as they reach cardiopulmonary
exertion much sooner than their healthy peers. Our approach
allows for the children to run at their own pace, reaching
cardiopulmonary exertion after duration of 68 min. As they
mature this exercise time remains constant but the speed for
each step will most likely increase, allowing for cardiopul-
monary exertion in a comparable time frame.

The correlation between OUES and \702peak were sig-
nificant for both tests. The values were well within data
recorded in literature for that age group [34]. Several stud-
ies have investigated the use of OUES as a valid submaximal
alternative for \'/O2pealk estimation in children [27, 34, 35].
As the OUES is being determined during the last part of the
CPET no maximal effort is required but VT2 needs to be
reached. As we were able to record a significant correlation
between OUES and V.OZpea.k this could represent an alterna-
tive parameter when VO, cannot be achieved.

The fact that the boys had a higher, if not significantly so,
VOzpeak than the girls in our study reflects the current lit-
erature [36, 37]. Interestingly, even though the VO,,, was
lower in the group of girls in this study, the girls ran faster
during the outdoor test than the boys. Again, this difference
did not reach significance. However, there is no question
about the ability of girls to perform to a comparable level as
the boys at 7-10 years of age.

The new testing method has several limitations that need
to be taken into consideration. Bad weather conditions can
impede testing in the park or on a track, making indoor test-
ing necessary. Weather conditions and environmental condi-
tions may also influence the measured results as the standard
environmental settings of a laboratory are left behind. Cali-
bration of the test material in the outdoor setting previous
to each test battery is therefore crucial for limiting these
effects on the test results. Special mobile exercise testing
equipment with incorporated GPS sensors and Heart rate
monitors are necessary for being able to perform these tests,
so far limiting their applicability in most clinical settings. In
this study the heart rate was recorded using a standard Polar
heart rate monitor. This does not allow for continuous ECG
monitoring and thus limits the applicability of the testing
method for routine clinical use. However, Custo med has
recently developed a 3-channel ECG integrated into a belt
(Custo Guard, Custo, Germany) similar to the standard heart
rate monitors used during physical activity. Since our study
has been conducted, Cortex Germany has integrated Custo
Guard into their software so that a 3-channel ECG can now
be recorded even during outdoor testing. So far this test has
only been carried out in a group of healthy children. When
implementing this kind of test in a patient group typical for
pediatric cardiology like patients with Fontan circulation, or
patients with cardiomyopathy, the test needs to be adapted to
their cardiorespiratory fitness with regards to the achievable
speeds in each step. More experience and more studies are
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therefore needed to implement this test in a patient group.
However, when accompanying the children during the test,
the visual and verbal feedback from the children to the medi-
cal supervisor allowed for good adaptation to the respec-
tive speeds achievable by each child. We believe that after
acquiring some experience with this kind of outdoor test,
conducting the same test in a group of patients with heart
disease is feasible when special attention is paid to the visual
and verbal feedback provided by each patient. Of course
when testing patients, a certain backup of medical equip-
ment is crucial. During our study we had an AED (automatic
external defibrillator) and backpack with emergency equip-
ment on site. However, patients need to be tested in close
proximity to a care facility so that in a case of emergency all
necessary equipment is readily available.

As the children ran up to 12 km/h during the last step of
the test, the medical supervisor needs to exhibit a certain
degree of fitness in order to keep up with the children.

Incremental exercise testing of children between 7 and
10 years of age in the park using a mobile cardiopulmonary
exercise testing unit allows for accurate determination of
VOzpeak. As the children can influence the speed at which
they complete each step, the speed can be adapted to their
capacities, allowing for exercise testing of even smaller chil-
dren or children with cardiopulmonary limitations.
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