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Abstract

Developing a standardized protocol for pediatric exercise laboratories is challenging. Our objective was to report normal
pediatric values for a continuous non-steady state cycle ergometer ramp protocol to achieve 8—10 min of exercise based on
sex and weight. One hundred seventeen patients (117) [mean age 13 +2.8 years, range 7—18 years (51% male)] referred for
chest pain with normal cardiac evaluation underwent cardiopulmonary testing on a cycle ergometer. Patients entered one
of the four continuous ramp protocols (10, 15, 20, and 25 W/min ramp) to achieve an expected peak workload of 3 W/kg at
an increase of 0.3 to 0.35 W/kg/min. Exercise test outcomes measured included duration, peak heart rate, work, respiratory
exchange ratio, peak oxygen consumption, peak blood pressure, and ventilatory anaerobic threshold. An exercise duration
of 8-10 min was achieved in a majority of the study population; however, interactions with age (older, longer duration) and
sex (males, longer duration) were present. Using our algorithm (0.3—-0.35 W/kg X weight), we demonstrated four non-steady
state ramp bike ergometer protocols (10, 15, 20, and 25 W/min) that can be applied to males and females of different ages
and weights to achieve an exercise duration of 8—10 min.

Keywords Bike ergometer normal values - Cardiopulmonary exercise - Exercise normal values in children - Normal
pediatric values

Introduction

Cardiopulmonary exercise tests (CPETs) allow for the study
of cardiovascular and ventilatory systems responses to a
known amount of exercise stress [1]. Achieving peak-level
measurements of gas exchange, heart rate (HR), rhythm, and
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when applied to small children, or children with exercise
intolerance, as they may not reach appropriate duration [2].
Multiple variations of these protocols have thus been devel-
oped to modify stage duration, increments in work rates, and
pedaling cadence allowing for more fruitful stress testing of
children and young adults [3]. This inter-programmatic vari-
ation in exercise protocols has led to difficulties in compar-
ing exercise testing results across laboratories [5].

Continuous ramp cycle ergometer protocols allow for
quality data collection in testing children and adolescents
[2, 6-9]. Tanner et al. in 1991 report using a continuous
ramp cycle protocol, creating a standard method for varia-
tion in workload, thus allowing for weight- and sex-based
testing to be completed within an appropriate time frame
[8]. Reference values for pediatric cycle ergometer protocols
are lacking [5]. The work of Cooper et al. in 1984 provides
current reference values for the bike ergometer using a ramp
workload based on age [6]. Ten Harkel et al. reported normal
values in 2010 using a step-wise increase in wattage (15 W/
min or 20 W/min) on the bike ergometer based on height of
the patient [9].

The purpose of our study was to implement and then
report normal reference values for maximal CPET data per-
formed on a continuous (not step wise) ramp cycle ergom-
eter protocol using a weight- and sex-based protocol. Such
“continuous ramp” normative data have not been reported,
thus our data will provide useful comparative norms for all
pediatric cardiopulmonary exercise labs adopting a similar
exercise protocol that adapts and fits to children of all sizes
and both sexes.

Methods

Approval by the Institutional Review Board of our insti-
tution was obtained; this research complied with the 1964
Declaration of Helsinki and its later amendments. Patients
with the main complaint of chest pain and no other cardiac
diagnosis based on normal office visit, electrocardiogram
(ECG), and echocardiogram were selected for data review.
The purpose of recruitment was to have an even distribu-
tion across the age range of the study and to reflect the body
mass index (BMI) distribution in the US population. The
goal was to have a sufficient sample size across the pediatric
age spectrum. Testing occurred between 2004 and 2015. No
patient had arrhythmia, ECG changes, or pulmonary disease.
The study population consisted of 117 children, 60 of whom
were male (51%) and 57, female. Ethnicity included 74 Cau-
casian, 28 African American, 1 American Indian, and 14
classified as other. The range of ages was from 7 to 18 years
(mean age 13 +2.8 years), and the 117 patients were divided
into 2 age groups [10]. The females were divided based on
age 11 years or younger (N=19) and age older than 11 years

(N=38). The males were divided based on age 13 years or
younger (N=33) and age older than 13 years (N=27). No
written consent was obtained for the study. Our Institutional
Review Board approved this retrospective study using exer-
cise data as long as the identifying data information was not
revealed.

Exercise Tests

Baseline and post exercise pulmonary function testing
(spirometry) generated a flow volume loop following the
American Thoracic Society protocol and standards to
rule out possible pulmonary origin of the chest pain [11].
Patients were attached to a stress ECG machine (GE Case
System, GE Marquette Medical Systems, Milwaukee, WI)
with a Mason—Likar placement of electrodes. Resting ECGs
(supine, seated, standing, hyperventilating) were performed
prior to the study. Studies were performed on a routinely
calibrated, electronically braked cycle ergometer (Sen-
sormedics, VIAsprint 150P, Yorba Linda, CA). Vigorous
encouragement to maintain a pedaling rate between 75 and
85 revolutions/min continued throughout the duration of
each study. Patients were entered into one of the four con-
tinuous ramp protocols (10, 15, 20, or 25 W/min) based on
sex and weight. Work was increased 0.3 watts per kg body
weight per minute (W/kg/min) for females and 0.35 W/kg/
min for males. For example, a 66-kg female would be put
into a 20-W/min ramp protocol and a 70-kg male would be
placed into a 25-W/min ramp protocol.

Previous studies chose a work rate of 0.25 W/kg/min
based on distributing a maximum workload of 3 W/kg over
12 min (or 3 W/kg divided by 12 min) yielding 0.25 W/
kg/min as the work rate for their study population [8]. Our
0.3 W/kg/min work rate was based on estimating a max
workload of 3 W/kg in children [12]. Since we targeted
a 10-min study (instead of 12 min) across all groups, we
divided 3 W/kg by 10 min to get 0.3 W/kg/min for females.
Because, on average, males can achieve a larger workload
than females, we divided 3.5 W/kg by 10 min to get 0.35 W/
kg/min for males [13]. Initial workload started at zero and
increased according to the selected protocol. Where the algo-
rithm was indeterminate, the technician decided an appropri-
ate level of work for cases. Metabolic measurements during
exercise were obtained by breath-by-breath analysis through-
out the study (Vmax 229C Encore, Cardinal Health, Yorba
Linda, CA). Using 10-s averaging, ventilatory anaerobic
threshold (VAT) was measured by the V-slope method and
confirmed by using the ventilator-equivalent method [14].
BP measurements (Tango Stress Blood Pressure Monitor,
SunTech Medical, Morrisville, NC) were collected at rest,
after the first 2 min of exercise (at the beginning of the third
minute of exercise), and then every 3 min until the termina-
tion of the study, with intermittent measurements as needed.
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BP was recorded at 1, 3, and 5 min during recovery by the
attending physician. The first and fourth Korotkoff sounds
were used for systolic and diastolic BP. Twelve-lead ECG
rhythm strips were obtained every 3 min for the duration of
the study and every minute of recovery.

All patients were able to coordinate their pedaling on the
bike to meet end of test criteria. All patients were verbally
encouraged to continue the test until exhaustion. End of test
criteria were met when patients were unable to maintain a
pedaling cadence above 70 revolutions/min and respiratory
exchange ratio (RER) above 1.01.

Information extracted from the exercise study included
protocol performed, duration of study (min), peak HR (beats/
min), maximum work in watts (W,,,,), maximum work/kg of
weight (W,,,,/kg), RER at maximal V, (RER,,,), maximum
(cc/min/kg) and absolute (I/min) Vi, (Vo, max), maximum
systolic and diastolic BP measurements (mmHg), and VAT
(Vy, at VAT) in ml/kg/min and ratio of VAT (V,;, at VAT)
divided by V,, max as a percentage.

Data Analysis

Descriptive statistics were calculated for resting and exercise
metabolic measurements for age- and sex-specific groups.
Two-sample unpaired ¢ test was used to compare these
groups in the current study sample and with the same age-
and sex-specific groups across studies. This statistical analy-
sis was performed using R Statistical Software, version 3.2.2
(R Foundation for Statistical Computing, Vienna, Austria).
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Patient data collected prior to the study included age,
weight (kg), height (cm), race, sex, and BMI. Children were
grouped into four BMI categories based on the Centers for
Disease Control and Prevention’s BMI-for-age growth chart
for sexes. The four categories are underweight (less than 5th
percentile), healthy (5th to less than 85th percentile), over-
weight (85th to less than 95th percentile), and obese (equal
to or greater than the 95th percentile) with prevalence shown
in Fig. 1 [15, 16].

We reported the data in four groups—two male groups
and two female groups. Since sex and puberty are important
confounders in exercise testing, we divided the patient data
into male and female groups.

We also compared our data with a previously published
pediatric study by Cooper et al. [6] who studied 109 (58
boys and 51 girls ranging from 6 to 17 years old) patients
on a bike ergometer. They used a ramp ergometer protocol
with increasing work rate at 10, 15, 20, or 40 W/min based
on the age of the patient with defined exercise duration goals
of 5 to 12 min. The mean time was 9 min for their study.
The Cooper et al. study was published in 1984 and based
the workload solely on age rather than both weight and sex.
We also compared peak V), (same as V(y, ...) and VAT data
from our four study groups directly with the Cooper et al.
data groups [6].

We tested whether each of the key variables (exercise
duration, HR work, RER, peak oxygen consumption, or Voz,
peak BP) varied by age and sex of the subjects by com-
parison of nested models using analysis of variance. To test
whether a parameter varied by age, we compared a model

13
11
5 4
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Females m Males

Fig. 1 Number of patients by weight status based on body mass index
(BMI). Breakdown of weight status categories based on BMI for 57
females (light shading) and 60 males (dark shading). Underweight
(BMI < 5th percentile) and healthy weight status (BMI 5th <85th per-
centile) are depicted in the first two pairs of bars. Overweight (BMI
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85th<95th percentile) and obese status (BMI>O95th percentile)
patients are depicted in the last two pairs of bars. Of the females in
our study, 26% were overweight or obese (11 overweight and 4 obese
or 15/57 or 26%). Of the males in our study, 30% were overweight or
obese (5 overweight and 13 obese or 18/60 or 30%) [15]
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with age and sex as a predictor to a reduced model that did
not include age; testing for parameter variability by sex was
done similarly. When the results of this analysis showed age
and sex as significant predictors of test time, we reanalyzed
the data in a subset of those who had a peak V,>25 cc/
kg/min as a minimum standard for fitness to determine the
typical time range for the test.

Results

Figure 1 shows our BMI results: 30% of our male population
(5+13/60) and 26% of our female population (11 +4/57)
were categorized as > 85th percentile of BMI for age and
thus were either in the category of overweight or obese [15].
Table 1 shows the anthropometric data of the four groups of
patients. Table 2 shows exercise test outcomes in the four
groups of patients.

Exercise Test Work and Duration

Using the algorithm of 0.3 to 0.35 W/kg/min X weight, a
workload of 3.1 to 3.4 W/kg in males was achieved. This

translated to an average exercise duration of 8.5 t0 9.93 min.
In females, the mean peak workload achieved was 2.6 to
2.7 W/kg. The average duration of the study for females was
8 to 8.26 min.

Complications

No patient suffered significant complications. Our most
common complication after exercise testing was dizziness
due to hypotension from hypovolemia. There were no major
morbidities such as ventricular tachycardia or syncope.

Gender-Specific Thresholds (See Table 3)

Based on the age, sex, and peak V), interactions found
with test duration as described previously, we developed
sex-specific age thresholds (<11 years old for females and
<13 years old for males described above). Table 3 shows the
range in minutes for each of the four age and sex subgroups
with normal fitness (V,>25 cc/kg/min). In general, there
was time for adequate measurement of exercise parameters
and most achieved an exercise time of 8 to 10 min.

Table 1 Anthropometric data

. Males < 13 years
for Nemours Cardiac Center

Males > 13 years

Females <11 years

Females > 11 years

Cardiopulmonary Lab on bike Total (N) 33 27 19 38

ergometer Age (years) 10.9+1.7 15.6+1.2 9.37+1.26 14.9+1.4
Weight (kg) 44.1+11.6 67.1+13.7 37.5+8 58.4+9.6
Height (cm) 147.1+10.3 1723492 144+11.4 162+6.3
BMI (kg/m?) 20.3+5.1 225+3.9 179+1.8 2225+3.4

BMI body mass index

Table 2 Testing information Males < 13 years

Males > 13 years

Females <11 years

Females > 11 years

Total (N) 33 27 19 38

Duration (min) 85+1.8 9.93+19 8.03+1.34 8.26+1.37
Duration (min:s) 8:30+1:48 9:56+1:54 8:02+1:20 8:16+1:22
HR,,, (bpm) 184 +12 185+ 15 186 +11.4 185+11
Wiax (W) 133+32 225+54 94.6+16 154.4+29.1
W,a/KE 3.13+0.8 3.4+0.6 2.58+0.42 2.67+0.47
RER, .« 1.14+0.09 1.19+0.08 1.13+0.06 1.21+0.08
Vo, max (cc/kg/min) — 42.5+9 45.1+74 39.3+7 33.4+6.36
Absolute Vo, max 1.82+0.46 3+0.68 1.43+0.2 1.92+0.33
Systolic BP,,, 142+ 18.1 177 +£25 136+14.2 155.21+19.35
Diastolic BP,,, 61.5+8 68+9 62.2+10.6 64.6+9.3
VAT (cc/kg/min) 29+7.5 282+5.7 26.8+4.3 21.65+4.7
VATV, (%) 69+12 63+11 69+10 65+11

BP blood pressure (mmHg), HR heart rate (bpm, beats per minute), RER respiratory exchange ratio, VAT
ventilatory anaerobic threshold (cc/kg/min), Vo, ., maximum oxygen consumption, W,,,,, maximum work-

load (W), W, . /kg maximum watts/kg
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Table 3 Exercise duration in patients with peak oxygen consump-
tion> 25 cc/kg/min

Sex Age (years) Time (min, SD) Range (min)
Male <13 8.4 (1.8) 6.6-10.2
Male >13 9.8 (2) 7.8-11.8
Female <11 8.2(1.4) 6.8-9.6
Female >11 8.4 (1.4) 7-9.8
Discussion

This study demonstrated the feasibility of using a continu-
ous bicycle ramp ergometer protocol, adapted to age, sex,
and body weight, to provide 8 to 10 min of exercise stress
across childhood and adolescence. Our results showed that a
ramp protocol based on sex and age involving a large number
of children and adolescents can provide generally similar,
maximal CPET results compared with previously published
literature such as those provided by Cooper et al. [6]. Ogden
et al. showed that the percentage of overweight and obese
males and females in the US in 2007 and 2008 using the
National Health and Nutrition Exam data (when most of our
patients were exercised) was 34-35% [17]. This compares
with our BMI distribution of 26-30% of children who were
overweight and obese (Fig. 1). Thus our study population
represents the general population of the same age because
the BMI distribution of this cohort is similar to the reported
US distribution [17, 18].

Duration
Older males exercised for a longer duration than the other

groups. Older males comprised the only group to reach
the exercise target of 10+2 min. We were able to get the

Table 4 Comparison versus Cooper et al. [6] data

younger males and females to exercise 8 to 8.5 min so that
data could be obtained during this time (which is more than
the James protocol average of 6.2 min [8]).

Data Quality of Our Normal Values (See Table 4)

The quality of data is important because the change in habit-
ual activity of children in 2004 to 2015 (more sedentary)
compared with the activity of children in the 1980s (more
active) has been raised as an issue when comparing fitness
of children in the 1980s with children today [S]. When our
data were compared with Cooper et al.’s 1984 data, peak
Vi, did not differ significantly in both of our female groups
and our younger male group (13 years or younger) [6]. This
suggests no significant change in fitness of children in the
Cooper et al. patient population in 1984 compared with our
patient population after 2000. The only group in which V,;,/
kg was significantly different compared with the Cooper
et al. groups was the older males (> 13 years) group versus
our older males (> 13 years) (Cooper et al. 50+ 8 vs. cur-
rent study 45+7, p=0.037) [6]. The older males from the
Cooper et al. study in southern California who participated
in the study were more fit than the older males from the
mid-Atlantic region.

The VAT was not different when comparing our data of
younger and older males of all ages versus Cooper’s younger
and older males. The VAT did differ among females 11 years
of age and younger between our data and Cooper et al.’s data
(p=0.005), and between females older than 11 years in our
data and Cooper et al.’s data (p =0.007). The higher VAT
in both of our female groups compared with Cooper et al.’s
data suggests that our female groups were better condi-
tioned, although peak V), was not different when compared
with Cooper et al.’s data.

Males < 13 years

Males > 13 years

Present study Cooper t test p value Present study Cooper t test p value
Vo, peak 42.5(9) 42 (6) 0.794 45.14 (7.4) 50 (8) 0.037*
VAT 29 (7.5) 26 (5) 0.058 28.2(5.7) 27 (6) 0.480
N=33 N=37 N=27 N=21
Females <11 years Females > 11 years
Present study Cooper t test p value Present study Cooper t test p value
Vi, peak 39.3(7) 38(7) 0.545 33.4(6.4) 34 (4) 0.628
VAT 26.8 (4.3) 23 (4) 0.005* 21.65 (4.7) 19 (3) 0.007*
N=19 N=24 - N=38 N=27 -

Vo, 0xygen consumption, VAT ventilatory anaerobic threshold

*Statistically significant p <0.05
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Explanation for Dividing into Males/Females
with Age Cutoffs

Establishing normal CPET values in children can be diffi-
cult due to child development. Sex and puberty are known
confounders. We reported the data in four groups—two
male groups and two female groups. The female pubertal
growth spurt occurs between 10 and 13 years of age so
we chose 11 years of age or younger as the dividing age
between pre- and post-puberty in females [10]. The male
pubertal growth spurt occurs between 12 and 15 years of
age so we chose 13 years or younger as the dividing age
between pre- and post-puberty in males [10]. Females
mature faster at younger ages, and they may be bigger and
better skilled than males in childhood [13]. After puberty,
males have greater muscle mass, which provides more
strength and power [13]. As shown in Oded Bar-Or’s Pedi-
atric Sports Medicine for the Practitioner in 1983, when
Vo, max is expressed as an absolute value (I/min), the rate
of increase is similar between boys and girls up to age
12 years [19]. Godfrey et al. found that the highest work-
load completed depended significantly on height and sex
of the child; males achieved higher workloads than females
of similar height [7]. Since growth in height and body
mass is commonly associated with puberty, it is important
to differentiate individuals into pre- and post-pubescent
groups to allow for appropriate reference comparisons.

Limitations

The present algorithm of 0.3 W/kg/min for females was an
overestimate of the estimated maximum workload for non-
conditioned females, as the mean workload for females
was 2.6 to 2.7 W/kg (rather than 3 W/kg). However, we
were able to get females to exercise 8 to 8.26 min so that
data could be obtained during this time. Thus, the ramp
work rate of 0.3 W/kg/min is suitable for this protocol.
We divided the male and female groups based on expected
time of puberty; however, we did not confirm pubertal
status by measuring Tanner stages to confirm presence or
absence of puberty [10]. Future studies should use Tan-
ner stage testing to validate stages of puberty. This study
population by nature of referral bias may not reflect fit-
ness distribution of the general population. Future stud-
ies would need to record the exercise routine for study
patients prior to exercise testing. Also, we had insufficient
statistical power that did not allow separation by race. As
reported previously, there are differences in racial groups
for BP response and maximal workload [20]. Future stud-
ies should include more patients so that different racial
groups can be studied accurately.

Conclusion

We report normal data for a non-steady state ramp from
the lab for children 7 to 18 years of age without cardiac
disease using a bicycle ergometer. Based on sex and
weight, we increased the workload from 0.3 to 0.35 W/
kg/min and put patients in either a 10-, 15-, 20-, or 25-W/
min bicycle ergometer ramp protocol. We were able to
achieve an optimal testing duration of 8 to 10 min, which
falls within our goal of 8 to 12 min. This study showed
safe and adaptable data for a continuous ramp protocol
for males and females of different age groups. We present
this standardized exercise cycle ergometer protocol for
pediatric exercise labs so that results may be more easily
compared between labs.
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