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Abstract

The objective of this study was to examine the effects of obesity on the oxygen (O,) cost of
breathing using the eucapnic voluntary hyperpnea (EVH) technique in 10 and 11-year-old
children. Seventeen children (8 without and 9 with obesity) underwent EVH trials at two levels of
ventilation for assessing the O, cost of breathing (slope of oxygen uptake, VO, vs. minute
ventilation) and a dual energy x-ray absorptiometry scan. Resting and EVH VO, was higher in
children with obesity when compared with children without obesity (P=0.0096). The O, cost of
breathing did not statistically differ between children without (2.09 + 0.46mL/L) and with obesity
(2.08 £ 0.64mL/L, P=0.99), but the intercept was significantly greater in children with obesity.
Chest mass explained 85% of the variance in resting VO in children with obesity. Higher resting
energy requirements, attributable to increased chest mass, can increase the absolute metabolic
costs of exercise and hyperpnea in children with obesity.
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Introduction

Childhood obesity is a national public health concern. In children, obesity is associated with
reduced functional residual capacity (FRC) at rest (Inselman et al., 1993; Robinson, 2014),
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increased expiratory flow limitation (EFL) during submaximal exercise (Gibson et al.,
2014), and increased metabolic demand (Bandini et al., 1990; Molnar et al., 1985). During
exercise, the increases in ventilation (Vg) might demand a greater work of breathing and
constrain breathing range (operational lung volumes and tidal volume, VT, expansion)
(Babb, 1999; Mendelson et al., 2012; Parameswaran et al., 2006), which could negatively
impact exercise tolerance in children with obesity.

Obesity is associated with a higher oxygen (O») cost of breathing (Cherniack, 1959;
Kaufman et al., 1959; Lorenzo and Babb, 2012) and weight loss is effective in reducing the
05, cost of breathing in agu/ts (Bernhardt et al., 2019; Bhammar et al., 2016). There are no
reports on the effects of obesity on the O, cost of breathing in children. It is important to
study this topic because the results could offer important mechanistic information on the
effects of obesity on exertional dyspnea, exercise tolerance, and exercise performance in
children with obesity. Since growth and development in children affect body composition,
lung volumes, respiratory mechanics, airway resistance, and respiratory system compliance
(Barlett et al., 1992; Bryan and Wohl, 2011; Lanteri and Sly, 1993; Sharp et al., 1970;
Veldhuis et al., 2005; Zapletal et al., 1976), findings from adults should not be generalized to
children.

Eucapnic voluntary hyperpnea (EVH) is a technique for measurement of the O, cost of
breathing, where oxygen consumption (VO,) is measured at various levels of ventilation
with the subject at rest and VO, above rest is attributed to the metabolic cost of respiratory
muscle work. During EVH, V7 can increase through an increase in end-inspiratory lung
volume (EILV) or a decrease in end-expiratory lung volume (EELV), assuming that
operational lung volumes are not fixed by the researcher. Increasing EILV, which is
consistent with a reduction in inspiratory reserve volume (IRV), is associated with increased
work of breathing and dyspnea, particularly when IRV begins to approach total lung
capacity [TLC] (O’Donnell et al., 2012; Ora et al., 2009), more so in individuals with
obesity who have increased chest wall and abdomen mass. Furthermore, since FRC is
already pushed to lower levels in children with obesity, further decreases in EELV during
EVH could increase risk of EFL, which poses a mechanical ventilatory constraint (Babb,
2013a). Little is known about the effects of obesity on EELV and EILV during EVH in
children. These effects deserve to be studied because they may offer important insights on
the regulation of operational lung volumes during voluntary hyperpnea as opposed to
spontaneous exercise hyperpnea in children with obesity.

Therefore, the purpose of this study was to test the hypotheses that O, cost of breathing
slope would be higher and operational lung volumes would be lower during EVH in children
with obesity when compared with children without obesity. We tested 10 and 11-year-old
children in early puberty because the narrow age-range allowed us to reduce the effects of
growth and development on respiratory and exercise parameters and because sex differences
in pulmonary function are minimal prior to puberty for children of similar height (Polgar
and Weng, 1979). The data presented in this report were collected as preliminary data for a
larger study investigating the effects of obesity on respiratory function, exercise tolerance,
and exertional dyspnea in children (RO1 HL136643). However, EVH was not included in the
larger study protocol to reduce the time commitment for study participants.
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2.1. Subjects

This study was approved by the UT Southwestern Institutional Review Board (Approval
number STU 052012-076). All parents provided written, informed consent and children
provided assent. Participants were excluded if they had a history of asthma or if they had a
history of cardiovascular, renal, or metabolic disease. All participants completed a self-
report Tanner puberty stage questionnaire (Morris and Udry, 1980). Data reported in this
paper were collected over two visits with 24 + 16 days between visits; pulmonary function
testing was completed on one day and body composition and EVH assessments were
completed on a different day.

2.2. Pulmonary function and body composition

Measurements of height and weight were completed using standard procedures. Pulmonary
function tests were completed before and after 360 ug of albuterol. Body composition was
assessed using dual energy x-ray absorptiometry (Lunar Prodigy Advance, GE healthcare
Lunar, Madison, WI). Whole body fat mass and fat-free mass were estimated using Prodigy
enCore software (GE healthcare Lunar, Madison, WI). Custom region of interest analysis
was completed for assessing chest mass and abdominal mass. The chest region of interest
was selected from the sternal notch to the xiphoid process. The axillae were selected as the
lateral boundary of the chest region to exclude the shoulders and arms. The abdomen region
of interest was selected from the xiphoid process to the pubic symphysis.

2.3. Eucapnic voluntary hyperpnea (EVH)

Participants completed 6 min of rest and 5 — 6 min trials of EVH at 20 L-min~1 and 40 L-min
~1 (girls) or 30 L-min~1 and 50 L-min~1 (boys). Breathing frequency () at each target Vg
(i.e., 20, 30, 40, and 50 L-min~1) was set with a metronome at 20, 30, 30, and 35 bpm,
respectively. As such 7z and VT were clamped for every target Vg, but participants were not
provided volume feedback to fix their EELV and EILV during EVH (i.e., wherethey
breathed was not fixed). Participants breathed from a 1000 L inspiratory reservoir bag
containing 3 or 4% CO», (21% O, and balance N») to maintain eucapnia during the voluntary
hyperpnea maneuver (Rundell et al., 2004). Ratings of perceived breathlessness (RPB) were
obtained during the last 30 seconds of each hyperpnea trial and physiological data (heart
rate, Pe71CO,, Vg, VOo, etc.) were averaged from 4-min measurements at rest and during the
hyperpnea trials.

Expired breath by breath Vg was monitored in real-time at the mouth with a turbine flow
device and a custom computerized gas-exchange system (NEC 486DX), which was
calibrated prior to each test, as described previously (Williams and Babb, 1997). Vg from
the breath by breath system was called out to give the participant volume feedback every 3-4
breaths to ensure attainment of the target Vg (Bhammar et al., 2016). VO,, and Vg were
analyzed using the Douglas bag technique and averaged over 4 minutes for each target V.
Gas fractions were measured using a mass spectrometer (Marquette Electronics, model
1100, Milwaukee, WI) and expired volume was measured using a 200 L Tissot spirometer as
described previously (Bhammar et al., 2017).
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Inspiratory flow was measured using a pneumotachograph (Hans Rudolph, Model 4813) and
expiratory flow was measured using a heated pneumotachograph (Hans Rudolph, model
3850A). Flow signals were combined into a single bidirectional flow signal (Validyne Buffer
Amplifier, model BA112) and digitally integrated to yield volume. Data were collected and
processed using the Spike 2 data acquisition and analysis package (Cambridge Electronic
Design Limited, Cambridge, England) as described previously (Strozza et al., 2020). Two
measurements of inspiratory capacity (IC) were performed at rest and at approximately 5
minutes into each target Vg by having participants inhale on cue to total lung capacity
(TLC). Data processing was completed as described previously (Strozza et al., 2020).

End-expiratory lung volume (EELV) was calculated as TLC — IC and reported as a
percentage of TLC. End-inspiratory lung volume (EILV) was calculated as the sum of EELV
and VT and was expressed as a percentage of TLC. EFL was defined as the percentage of V1
where tidal expiratory flow impinged on maximal expiratory flow using maximal flow-
volume loops that were corrected for thoracic gas compression (Babb, 1997).

2.4. Oxygen cost of breathing

0, cost of breathing was calculated as the slope of the linear regression between VO,
(mL-min~1) vs. Vg (L-min~1) at rest and during the two levels of EVH (Bartlett and Specht,
1957).

2.5. Data analysis

Results

P was set at 0.05, two tailed. Differences between groups were detected with independent t-
tests. A two-way analysis of variance was used to detect differences between children with
vs. without obesity with repeated measures on one factor (rest vs. lower level vs. higher level
of EVH). Post hoc analyses with a Bonferroni correction were completed, where
appropriate, for multiple comparisons. Relationships between variables were explored with
Pearson correlations and multiple regression analysis. Analyses were completed with SAS
9.3 (Cary, NC) and figures were plotted using Graphpad Prism 8 (San Diego, CA).

3.1 Participant characteristics

Nineteen participants completed the EVH measurements. Data for two children were
excluded from all analyses in this paper because of erratic breathing during resting and/or
EVH trials, which precluded us from processing the files and correcting for inspiratory/
expiratory drift. Therefore, data from 17 children are reported in this paper. Participant
characteristics, body composition, fat distribution, and pulmonary function measurements
are reported in Table 1. Children with obesity had lower forced expiratory volume in 1 s to
forced vital capacity ratios (FEV1/ FVC), peak expiratory flow (% predicted), FRC (%TLC),
and expiratory reserve volume when compared with children without obesity (Table 1).
Children with obesity carried 4.5kg extra chest mass when compared with children without
obesity (Table 1).
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3.2 Gas exchange and breathing parameters during EVH

All children had difficulty achieving target Vg for the higher level of EVH (Figure 1). Since
there was unequal distribution of boys and girls in the groups, target Vg was slightly lower
in the children without obesity when compared with children with obesity (data not shown).
Breathing pattern (i.e., V1 and fg), duty cycle (i.e., Ti/Ttot), inspiratory drive (i.e., V1/Ti),
and Pe7CO; at rest and during the two levels of EVH did not statistically differ between
children with and without obesity and there was no statistical interaction (see Table 2).

3.3 Operational lung volumes during EVH

EELV and EILV were significantly lower in children with obesity when compared with
children without obesity at rest and during EVH with no statistical interaction (Figure 2 and
Table 2). EELV did not significantly decrease from rest to levels of EVH in children with
and without obesity. V1 therefore increased due to increases in EILV from rest to lower level
to higher level of EVH in children with and without obesity. None of the children without
obesity experienced EFL during EVH. In children with obesity, two out of nine experienced
EFL (27 + 22%V7) at the lower level of EVH and four out of nine experienced EFL (42 +
19%V) at the higher level of EVH.

3.4 Oxygen cost of breathing

O, cost of breathing measurements for two children without obesity were not included
because of a poor relationship between the VO, and Vg slopes (< 0.80). The O, cost of
breathing did not statistically differ between children with and without obesity and was
estimated at 2.09 + 0.54 mL of VO, for 1 L of Vg (see Table 1). Anthropometrics,
pulmonary variables, and operational lung volumes during EVH did not statistically
correlate significantly with the O, cost slope with all participants combined or within the
two individual groups (i.e., with and without obesity).

3.5 Resting oxygen uptake

Resting VO, was higher in children with obesity when compared with children without
obesity. VO, at the lower and higher levels of EVH were also significantly higher in children
with obesity when compared with children without obesity. However, there were no
differences in the O, cost of breathing slope between children with and without obesity. In
addition, the Y intercept of the VO, versus Vg relationship was higher in children with
obesity when compared with children without obesity. Figure 3 shows plotted data for all
measured VO, and Vg values in children with and without obesity with Panel C showing
higher VO, at each level of Vg in children with obesity. Figure 3 also shows that the
interindividual variability (i.e., the spread of VO, data at each level of V) is much higher
for children with obesity when compared with children without obesity.

Chest mass was strongly correlated with resting VO, in children with obesity (r=0.92; P =
0.004) and in all children combined (r=0.90; P < 0.0001; see Figure 4). Fat free mass was
also correlated with resting VO in children with obesity (7= 0.80; P = 0.0093) and in all
children combined (r= 0.85; P < 0.0001; see Figure 5). Stepwise multiple regression
analyses showed that chest mass was the strongest predictor of resting VO, (partial 72 =
0.81; B = 0.01346; P < 0.0001) followed by age (partial ”2=0.03; p = - 0.01409; P =
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0.1298) for all children combined (intercept = 0.27216). In children without obesity, percent
body fat was the best predictor of resting VO, (RZ = 0.64; B = - 0.00157; P = 0.0170), with
an inverse relationship between percent body fat and resting VO, (intercept = 0.24347)
(plotted data not shown). In children with obesity, chest mass was the strongest predictor of
resting VO, (partial /2= 0.85; B = — 0.03556; P = 0.0002) followed by fat free mass (partial
RZ=0.11; p = - 0.00801; P = 0.0038).

Discussion

This is the first study to investigate the O, cost of breathing and operational lung volumes
during EVH in children with obesity. We report that, unlike in adults, obesity in children is
not associated with an increase in the O, cost of breathing slope. We estimated the O, cost
of breathing slope at 2.09 mL/L of Vg for children in this investigation. Furthermore, we
show that the obesity-related increase in resting VO, can be explained by increased chest
mass and that chest mass is a stronger predictor of resting VO, as opposed to fat free mass
in children with obesity. Unlike exercise hyperpnea, where increases in V1 are achieved
through reductions in EELV as well as increases in EILV, we show that during voluntary
hyperpnea, VT increases are achieved only through increases in EILV in children. Finally,
we show that obesity is associated with low lung volume breathing during EVH in children.

4.1 Oxygen cost of breathing

To the best of our knowledge, there are only two published reports on the O, cost of
breathing in healthy children (Davidson and Cayler, 1963; Thomas et al., 1976). Davidson
and Cayler (Davidson and Cayler, 1963) reported the O, cost of breathing as 7.38 + 1.02
(Range 6.3 — 9.1 mL/L) in six 8 — 9.9-year-old children and 6.43 + 1.46 (Range 4.5 - 8.7
mL/L) in eight 10 — 14-year-old children. O, cost of breathing was measured in the reclining
position over 1.5 min of hyperventilation. Thomas et al (Thomas et al., 1976) reported O,
cost of breathing as 3.4 + 1.5 (Range 1.6 — 6.1 mL/L) in 10 healthy 6 — 15-year-old children.
O, cost of breathing was measured in the semi-recumbent position during 1 min of voluntary
hyperventilation (Thomas et al., 1976). In the present study, O, cost of breathing was 2.09 +
0.54 mL (Range 1.10 — 3.09 mL/L) in 10 and 11-year-old children with and without obesity.
Methodological differences such as seated position during testing compared with recumbent
or semi-recumbent position, technique of EVH vs. voluntary hyperventilation, longer
duration of hyperpnea (i.e., 4 — 6 min) compared with 1 — 1.5 min, and measurement of VO,
at two levels of EVH for each participant could explain differences between the present
study and previously published work.

There are no published investigations for O, cost of breathing in children with obesity. O,
cost of breathing was reported by Bernhardt et al (Bernhardt et al., 2013) as 2.1 + 0.8 (Range
1.1 -3.9 mL/L) in men with obesity and by Bhammar et al (Bhammar et al., 2016) as 2.5 £
1.0 (Range 1.2 — 5.7 mL/L) in women with obesity. Kaufman et al reported O, cost of
breathing as 3.4 + 2.0 (Range 0.8 — 9.7 mL/L) in obese adults (Kaufman et al., 1959). Lower
estimates of O, cost of breathing have been reported in adults without obesity; 1.2 + 0.4
(Range 0.5 — 1.9 mL/L) by Cherniack (Cherniack, 1959) and 1.2 + 0.4 (Range 0.6 — 2.1
mL/L) by Lorenzo and Babb (Lorenzo and Babb, 2012). Estimates of O, cost of breathing
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for children without obesity in the present study are higher than estimates of O, cost of
breathing in adults without obesity. The higher O, cost of breathing in children (with and
without obesity) in comparison with adults without obesity could be due to higher airway
and respiratory system resistance (Lanteri and Sly, 1993) and total respiratory system
compliance (Bryan and Wohl, 2011). The present report did not find significant differences
in O, cost of breathing between children with and without obesity. The lack of differences in
O, cost between children with and without obesity could be due to adoption of low lung
volume breathing in children with obesity, which allowed EILV to remain below 80% of
TLC and reduced the inspiratory work of breathing for majority of children with obesity in
the present study.

4.2 Resting metabolic rate

There are numerous reports of higher resting metabolic rate in children with obesity when
compared with children without obesity (Bandini et al., 1990; Ekelund et al., 2004; Epstein
etal., 1989; Molnar et al., 1985; Rodriguez et al., 2002; Tounian et al., 1993; Treuth et al.,
1998; Van Mil et al., 2001). Fat free mass typically stands out as the strongest predictor of
resting metabolic rate explaining 59 — 80% of the observed variance in resting metabolic rate
(Bandini et al., 1990; Epstein et al., 1989; Goran et al., 1994; Maffeis et al., 1993; Rodriguez
et al., 2002; Tounian et al., 1993; Van Mil et al., 2001). After including fat free mass as the
strong predictor, the addition of other variables such as fat mass, sex, age, Tanner Stage, and
waist circumference can improve the prediction of resting metabolic rate in children with
obesity (Bandini et al., 1990; Goran et al., 1994; Maffeis et al., 1993; Rodriguez et al., 2002;
Vermorel et al., 2005). The current study showed that chest mass was the strongest predictor
of resting VO, in children with obesity, explaining 85.41% of the variance, followed by fat
free mass, which explained 11.34% of the variance in resting VO,. This is an intriguing
finding, albeit in a small number of participants, because it suggests that reduced chest wall
compliance and increased work of breathing could play a role in increasing resting oxygen
uptake in children with obesity. This elevated VO, at rest could raise the metabolic and
ventilatory cost of exercise at every exercise intensity for children with obesity, even though
the cost of increasing Vg per liter (i.e., O, cost of breathing slope) is not increased when
compared with children without obesity.

4.3 Oxygen uptake of the respiratory muscles

When we estimated VO, of the respiratory muscles at rest by extrapolating the oxygen cost
of breathing slope back to resting levels of Vg (Coast et al., 1993), we found that the
respiratory muscles utilized 8.9 + 2.4% of whole body VO, in children with and without
obesity, with no differences between groups. Future studies need to partition the contribution
of increased chest mass and work of breathing on resting metabolic rate in children with
obesity. This is important because although respiratory work may be a relatively small
component of whole body VO, at rest in adults without obesity (Bader and Bader, 1955), the
increase in respiratory work due to increased chest mass could be an important factor that
could influence metabolic and ventilatory cost during exercise and could contribute to
exertional dyspnea in children with obesity.
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4.4 Operational lung volumes during EVH

Obesity affects respiratory mechanics at rest and during periods of increased ventilatory
demand (Babb, 2013b). Consistent with other reports in children (Davidson et al., 2014;
Inselman et al., 1993), the current study showed that FRC (%TLC) was 23% lower in
children with obesity when compared with children without obesity. Operational lung
volumes (i.e., EELV and EILV) were also lower during EVH in children with obesity when
compared with children without obesity, which illustrates the impact of excess fat mass on
the chest wall and abdomen on dynamic lung volumes (Babb, 1999; Parameswaran et al.,
2006). During hyperpnea, increases in V1 can be achieved by increasing EILV and/or by
reducing EELV. We have previously reported in adults with obesity (Bhammar et al., 2016),
that, during EVH, V1 increases through increases in EILV with no decreases in EELV. In
contrast to adults with obesity, adults without obesity experience decreases in EELV and
increases in EILV during EVH, partitioning the increase in V1 over both the expiratory and
inspiratory reserve volumes (Lorenzo and Babb, 2012). In children with and without obesity,
V-t during EVH increased through increases in EILV, with no decreases in EELV. This
regulation of operational lung volumes (i.e., lack of reduction in EELV) during EVH is
different from observations typically made during exercise in children with and without
obesity, where EELV reduces, at least during submaximal exercise levels (Mendelson et al.,
2012). Reduction in EELV through the recruitment of expiratory muscles is mechanically
advantageous during hyperpnea because the energy stored in the abdominal wall due to
active expiration can offer passive recoil for the next inspiration and because the diaphragm
is able to achieve a more optimal length for tension development (Johnson and Dempsey,
1991). A potential explanation for why EELV did not reduce during EVH as it does during
spontaneous exercise hyperpnea could be because exercise can induce bronchodilation
(Warren et al., 1984), which allows for reductions in EELV to occur with a reduced risk of
airway closure, while EVH may not induce similar bronchodilation. Children also have
smaller airways relative to their lung size and are at higher risk for EFL during periods of
hyperpnea (Nourry et al., 2005; Nourry et al., 2006; Strozza et al., 2020; Swain et al., 2010),
which could consequently limit reductions in EELV during EVH. We did not ask
participants to mimic operational lung volumes during EVH to those achieved during
exercise because this is standard procedure for EVH studies in our lab, which we have
justified previously (Bhammar et al., 2016). Had we asked participants to mimic operational
lung volumes during EVH to those achieved during exercise, it is possible that participants
could have generated excessive expiratory pressures to achieve a lower EELV, which could
have led to an overestimation of the O, cost of breathing (Klas and Dempsey, 1989).

4.5 Methodological considerations

The EVH trials were completed at 20 L-min~ and 40 L-min™1 for girls and 30 L-min~1 and
50 L-min~1 for boys. For each level of EVH, we selected the g such that VT would not
exceed 50% of predicted FVC (Younes and Kivinen, 1984) during EVH. The target Vg
levels differed for boys and girls in the present study because, on average, predicted
maximum Vg is lower in girls when compared with boys (Bongers et al., 2014). Our goal
was for participants to achieve target Vg during EVH and we accordingly set a lower target
for girls. Since the relationship between VO, and Vg as well as the mechanical work of
breathing and V is relatively linear below ~60 L-min~1 (Bartlett and Specht, 1957; Coast et
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al., 1993; Margaria et al., 1960). Therefore, we do not expect that the differing levels of
target Vg in girls and boys impacted the O, cost of breathing results. Future studies could
consider two shorter EVH trials especially for the higher target Vg because it may be
difficult for most children to achieve and sustain the higher level of Vg (i.e., 40 or 50 L-min
~1) over 4 — 6 min based on our experience completing these studies in children with and
without obesity.

The O, cost of breathing when measured with the EVH technique is able to detect factors
that cannot be captured through the measurement of mechanical work of breathing (i.e.,
using the esophageal balloon technique) including breathing inertia, chest wall distortion,
gas compressibility, antagonistic activity of the respiratory muscles, and the work on the
abdominal viscera (Margaria et al., 1960; Milic-Emili and D’Angelo, 1997). There is a
strong relationship between the O, cost of breathing and the mechanical work of breathing
(Aaron et al., 1992; Coast et al., 1993; Dominelli et al., 2014), suggesting that the O, cost of
breathing measured using the EVH technique provides a robust assessment of the work of
breathing.

4.6 Limitations

This study has a relatively small sample size, in part due to the technical difficulties in
obtaining these detailed measurements in younger children and due to the time commitment
and costs involved in completing EVH trials in larger samples of children. The small sample
size and limited numbers of boys and girls with and without obesity precluded investigations
of biological sex differences on the O, cost of breathing and operational lung volumes
during EVH. Furthermore, the generalizability of these results is limited to 10 and 11 year
old children. Nevertheless, these results in children ages 10 and 11 years, can provide
important insights regarding the potential mechanisms for differences in resting VO,
between children with and without obesity, including the effects of chest mass and
differences noted in the regulation of operational lung volumes during voluntary hyperpnea.

Conclusions

In conclusion, obesity in children increases resting VO, but does not appear to increase O,
cost of breathing slope. Increase in chest mass is strongly associated with increases in
resting VO, in children with obesity. Children with obesity breathe at lower lung volumes at
rest and during voluntary hyperpnea when compared with children without obesity. Finally,
children with and without obesity were unable to reduce EELV during voluntary hyperpnea,
which suggests that regulation of operational lung volumes during spontaneous exercise
hyperpnea could be different from voluntary hyperpnea in children. These findings have
important clinical implications regarding the evaluation of dyspnea during hyperpnea related
to exercise or respiratory illnesses in children with obesity. It is important for clinicians to
recognize that the mechanical effects of obesity can lead to low lung volume breathing and
to increases in whole body VO, at rest and during hyperpnea, which could explain increases
in the work of breathing and dyspnea in children with obesity. Little attention has been paid
to the underlying mechanisms for dyspnea in children with obesity despite alarming reports
of increased dyspnea in this population (Lang et al., 2015; Sah et al., 2013; Scholtens et al.,
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2009). Future studies with larger samples are needed to improve our understanding of the
physiological mechanisms that contribute to respiratory symptoms in children with obesity.
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HIGHLIGHTS
. Obesity in children is not associated with an increase in the O, cost of
breathing slope
. Obesity-related increase in resting VO, can be explained by increased chest
mass
. Regulation of operational lung volumes differs during eucapnic voluntary

hyperpnea vs. spontaneous exercise hyperpnea
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Individual and mean data for achievement of target ventilation (Vg) for children without
(Panel A) and with (Panel B) obesity. *Indicates significant difference from 100% using a

one sample t test.
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Ci?anges in operational lung volumes (OLYV, i.e., end-inspiratory lung volume, EILV, and
end-expiratory lung volume, EELV) from rest to two levels of eucapnic voluntary
hyperpnea. * indicates significant difference in EILV when compared with rest for all
children; Tindicates significant difference in EILV when compared with lower level of
eucapnic voluntary hyperpnea for all children, # indicates significant group difference
between children with and without obesity.
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Individual oxygen uptake (Voz) and minute ventilation (Vg) data at rest and two levels of
EVH plotted for children without (Panel A) and with (Panel B) obesity. Solid line indicates
regression for all data points and dotted lines indicate 95% confidence intervals in Panels A
and B. Panel C includes an overlay of data for all children with solid line representing the
regression for VO, and Vg in children with obesity and dashed line representing the

regression of VO, and Vg in children without obesity.
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Reglationship between resting oxygen uptake and chest mass (Panel A showing a regression
for all children, Panel B showing data for all children with different symbols and regression
lines for children with and without obesity, and Panels C and D showing regressions for
children without and with obesity, respectively).
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Relationship between resting oxygen uptake and fat free mass (Panel A showing a regression
for all children, Panel B showing data for all children with different symbols and regression
lines for children with and without obesity, and Panels C and D showing regressions for
children without and with obesity, respectively).

Respir Physiol Neurobiol. Author manuscript; available in PMC 2022 March 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Bhammar and Babb

Table 1

Page 19

Participant characteristics, body composition and fat distribution, pulmonary function, and oxygen cost of

breathing data presented as mean + SD.

Without obesity | With obesity | p-value
N 8 9
Sex (M/F) 3/5 6/3 0.229
Tanner stage (L/2/3/4/5) % 2/4/1/0/1 1/3/5/0/0 0.251
Age (year) 10.8+0.6 11.2+06 0.1986
Height (cm) 1434 +58 1486+75 | 0.1345
BM (kg) 36.3+4.2 64.1+150 | 0.0001
BMI (kg-m™2) 176+15 28.6+4.2 <0.0001
BMI Z-score b 0.11+0.69 2.12+0.32 <0.0001
BMI percentile (CDC) 54.2 £ 247 979+14 <0.0001
BMI % of the 95" percentile | 75.5+7.1 121.1+18.0 | <0.0001
Body surface area (m?) 12+£01 16+£0.2 0.0185
Fat (%) 276+6.1 45928 <0.0001
Lean BM (kg) 26.2+3.7 346+7.6 0.0135
Chest mass (kg) 59+14 10429 0.0012
Abdomen mass (kg) 89+17 18.1+4.6 0.0002
Pulmonary function
FVC (L) 2.61+0.36 297+049 | 0.1101
FVC (% predicted) 103.4+10.1 107.2+7.9 0.3930
FEV; (L) 2.32+0.23 248+05 0.5056
FEV; (% predicted) 104.4+7.2 103.6 + 10 0.8509
FEV,/FVC 89.1+4.8 83.7+3.7 0.0181
PEF (L/s) 5.02 +0.40 4.65+045 | 0.0952
PEF (% predicted) 106.4 + 7.6 91.9+8.0 0.0017
MVV (L-min~1) 85.1+84 84.4+9.0 0.8746
MVV (% predicted) 102.4 +12.2 94.2+9.8 0.1480
TLC (L) 3.24+£0.42 3.55+0.59 0.2398
TLC (% predicted) 959+738 97.4+84 0.6967
FRC (L) 1.41+0.27 1.18+0.21 0.0634
FRC (%TLC) 434+72 335+57 0.0061
ERV (L) 0.66 +£0.13 0.49+0.18 0.0479
ERV (% predicted) 69.9+135 51.9+223 0.0665
RV (L) 0.60 £ 0.15 0.54 £ 0.16 0.4554
RV (% predicted) 82.5+18.6 68.8+18.80 | 0.1514
IC (L) 1.84+0.33 2.37 £0.50 0.0213
IC (% predicted) 103.4 +15.7 126.5+13.1 | 0.0048
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Without obesity | With obesity | p-value

Oxygen cost of breathing ¢

Slope VO, / Vg (mL/L) 2.09 +0.46 2.08 +0.64 0.9900
Y intercept (mL) 183+ 15 22942 0.0124
R 0.97 +£0.05 0.98 +£0.04 0.6116

BM: body mass; BMI: body mass index; CDC: Centers for Disease Control and Prevention; FVC: forced vital capacity; FEV1: forced expiratory
volume in 1s; PEF: peak expiratory flow; MVV: maximal voluntary ventilation; TLC: total lung capacity; FRC: functional residual capacity; ERV:
expiratory reserve volume; RV: residual volume; IC: inspiratory capacity.

a .
Tanner stage for one child was not recorded

b. L
Z-score expresses BMI as the number of standard deviations above or below the CDC reference mean

002 cost of breathing data for two children without obesity were excluded because R2 for relationship between VO2 and VE was below 0.80.
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