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Abstract

Introduction—Although it has been reported that the work of breathing may be higher in
women, inconsistencies among studies leaves this important question unresolved. Also, the
association between the oxygen cost of breathing and rating of perceived breathlessness (RPB)
during exercise has not been examined between women and men.

Purpose—To measure oxygen cost of breathing during eucapnic voluntary hyperpnea and RPB
(Borg 0-10 scale) during 6 minutes of constant work rate cycling at 60 and 90W, respectively, in
healthy nonobese women and men.

Methods—Nine women (27yr,21BMI) and ten men (29yr,25BMI) participated. All subjects
underwent pulmonary function testing, exercise cycling, and determination of oxygen cost of
breathing during eucapnic voluntary hyperpnea. Oxygen cost of breathing was obtained from the
slope of the oxygen uptake (ml/min) and ventilation (L/min) relationship. RPB and cardio-
respiratory measures were collected during minute 6 of the exercise. Data were analyzed by
independent t-test and regression analysis.

Results—Age and pulmonary function were similar between the nonobese women and men.
Oxygen cost of breathing was similar between the nonobese women (1.17+0.26ml/L) and men
(1.21+0.42ml/L). RPB during exercise was similar between the women (2.1+1.3) and men
(2.6+1.2) and was correlated (p<0.05) with relative oxygen uptake (r=0.55), but not the oxygen
cost of breathing.

Conclusion—In nonobese women and men, oxygen cost of breathing is not different over the
ventilatory ranges studied and RPB is similar at the same relative exercise intensity. In addition,
the oxygen cost of breathing was not associated with RPB during constant work rate exercise.
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INTRODUCTION

We recently reported that exertional dyspnea in obese women is associated with obesity-
related respiratory limitations, specifically an increase in the oxygen cost of breathing during
eucapnic voluntary hyperpnea (7). However, we did not find the same relationship between
the oxygen cost of breathing and exertional dyspnea in obese men (15). These findings
suggest a potential sex difference in the work of breathing. There are many reports
suggesting that healthy young adult women may be more susceptible to pulmonary
limitations at elevated ventilatory demands than men (19, 20, 24), which could contribute to
an increased work of breathing in women. These pulmonary limitations may be associated
with women having smaller lungs and airways diameters, lower lung diffusing capacity, and
lower maximal expiratory flow rates relative to age and height-matched males (24, 26, 31,
33).

Most of the reports on the work of breathing in normal weight subjects have been conducted
in men, using different methodologies, and various ventilatory ranges, which makes it very
challenging to make adequate sex comparisons (2, 4, 11, 13, 14, 25, 28). However, two
relatively recent studies reported that the work of breathing may be higher in women than
men (19, 34). One study measured the mechanical work of breathing at various work rates
and extrapolated their findings for comparisons between men and women but did not make
simultaneous comparisons at similar ventilatory ranges (19). The other study measured the
oxygen cost of breathing using very high levels of dead space to stimulate ventilation, which
could increase the work of breathing more for women than men. Furthermore, they analyzed
group relationships rather than analyzing individual oxygen cost data (34). Thus, these
studies used very different techniques and have methodological limitations, which make it
difficult to determine if there is a sex-difference in the oxygen cost of breathing. Our lab has
used an oxygen cost of breathing technique that measures oxygen uptake (v 0,) and minute
ventilation (v g) during non-exercising hyperpnea and this technique has been shown to be
a good representation of the work of breathing even during exercise by Coast and others
(14).

Thus, the purpose of this study was to measure the oxygen cost of breathing with the same
technique and ventilatory ranges we used in our obesity studies (7, 15), but in a group of
healthy, nonobese women and men. Based upon our earlier work in obese individuals and on
the recent articles on sex-differences in the work of breathing (19, 34) we hypothesized that
the oxygen cost of breathing would be increased in nonobese women compared with
nonobese men.

If there is, in fact, a sex difference in the oxygen cost of breathing, it would be important to
document if such differences are associated with an increase in the intensity of respiratory
sensations like in obese women (7). Therefore, a secondary aim of this study was to evaluate
the ratings of perceived breathlessness (RPB) in healthy nonobese women and men during 6
minutes of constant work rate cycling at 60 and 90W [as done previously in obese subjects
(7, 15)], respectively, and to investigate the association between RPB and the oxygen cost of
breathing. We hypothesized that RPB would be increased in association with an increased
oxygen cost of breathing.

METHODS

Subjects

Nine females and 10 males participated in this study. In accordance with the Institutional
Review Board (University of Texas Southwestern Medical Center, approval number
122010-108), all details of the experiments were discussed with the volunteers and informed
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consent was obtained before participation. All subjects were nonobese (BMI<30) and were
recreationally active. All subjects had the same exclusion criteria: history of asthma,
cardiovascular disease, musculoskeletal abnormalities, or having participated in regular
vigorous exercise for the last 6 months. Subjects with abnormal pulmonary function tests
were excluded according to ATS Guidelines (1). Participants were instructed to avoid
exercise 24hr prior to study, and food and caffeine for at least 2hr before testing. After
screening, the participants underwent pulmonary function testing, exercise testing, and
measurement of the oxygen cost of breathing.

Pulmonary Function

The Oxygen

All subjects underwent standard spirometry, lung volume, and diffusing capacity
determinations (model V62W body plethysmograph, SensorMedics, Yorba Linda, CA) (3).
Predicted values for spirometry and lung volumes were based on the norms of Knudson et
al. (21, 22), and Goldman and Becklake (17), respectively. Predicted maximal voluntary
ventilation (PMVV) was calculated from forced expiratory volume in one second
(PMVV=FEV1*37.5).

Cost of Breathing in Combination with Breathing Mechanics

The oxygen cost of breathing was determined from 6-min measurements of vy 0, and y; g at

rest and 4-min measurements of v 0, and y; g during eucapnic voluntary hyperpnea at 40L/
min and 60L/min (women), or 60L/min and 90L/min (men) as previously described (7).
Subjects were seated in an upright position in a chair similar to the position adopted during
the cycle exercise test. In order to maintain eucapnia during the voluntary hyperpnea
maneuver, subjects breathed from a 1000 L inspiratory reservoir bag containing 4 or 5%
CO> (21% O, and balance N») (29). The oxygen cost of breathing was assessed by
calculating the slope of the v 0, (ml/min) versus y; g (L/min) relationship at rest and during
eucapnic voluntary hyperpnea. RPB was obtained during the last 30 seconds of each stage
(i.e. rest, 40L/min, 60L/min in women), while physiological data (heart rate, PetCO», v E,
V 0,, etc) were averaged from the 6-min measurements at rest and 4-min measurements
during the hyperventilation maneuvers (7). Expiratory and inspiratory flow were measured
at rest and continuously during eucapnic voluntary hyperpnea as described previously (5).
End-expiratory lung volume (EELV) was estimated from measurement of inspiratory
capacity (IC) during the hyperventilation protocol stages and total lung capacity (TLC)
during body plethysmography (EELV=TLC-IC) and reported as a percentage of TLC (6,
16).

RPB and Cardio-respiratory Responses During Sub-maximal Exercise

All participants were briefed regarding exercise testing and given detailed written
instructions for rating RPB during exercise as described previously (7). Testing began with
the subjects seated on the cycle ergometer; after 3min of baseline measurements, the
subjects performed a 6-min constant work rate exercise cycling test (cadence was kept
between 60 and 70 rpm) at 60W (women), or 90W (men) to assess the intensity of
breathlessness during exertion. The exercise workrates (60W for women, and 90W for men)
were chosen based on prior studies on obese women and men who reached their first
ventilatory threshold at approximately these workrates (6, 16). Briefly, RPB was measured
every two minutes of the test and the last value recorded was used for analyses. The
intensity of breathlessness was rated using a modified Borg 0-10 scale with verbal
expressions of severity anchored to specific numbers (10). Consistent and specific
instructions for rating breathlessness were provided to the subjects in written “script” form
before testing. The Borg scale for RPB has been demonstrated to be reliable and valid (27).

Physiological data (v g, v O,, etc) were averaged from the 3-min of resting, and last 2-min
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of the exercise stage. Simple breathing mechanics were measured to characterize differences
among the subjects (if any) in tidal flow-volume patterns and lung volume at rest and during
exercise.

Data Analyses

Differences between groups were determined by an independent #test. Relationships among
variables were determined with Pearson correlation coefficients. Values are reported as
mean + SD. A pvalue of < 0.05 was considered significant.

RESULTS

Subjects

Subject physical characteristics are shown in Table 1. Based on the NHLBI clinical
guidelines for BMI, all subjects were nonobese (BMI1<30). Both women and men had
normal spirometry and lung volumes based on predicted values as shown in Table 2.

Oxygen Cost of Breathing

The oxygen cost of breathing during eucapnic voluntary hyperpnea was not different
between nonobese women (1.17+0.26ml/L), and men (1.21+0.42ml/L) over the ventilatory
ranges studied (Figure 1). Measurements during the eucapnic voluntary hyperpnea bouts of
40 and 60L/min (women), or 60 and 90L/min (men) are presented in Table 3. Note that the
relative ventilatory demands (i.e. v E/PM V'V ratio and heart rate) were remarkably similar
between women and men. End-expiratory lung volumes (as a percent of TLC) in women
appeared to be slightly increased compared with men, although there was no statistical
difference.

Ratings of Perceived Breathlessness (RBP) During Exercise

During constant work rate cycling exercise (60W in women, and 90W in men), there were
no differences in RPB between women (2.06+1.33) and men (2.60£1.17) (Figure 2). There
was no significant relationship between the oxygen cost of breathing and RPB during
constant work rate exercise at 60W (women), or 90W (men). RPB during constant work rate
exercise was not correlated with any cardio-respiratory measurement, with the exception of
relative oxygen uptake (i.e. v O, as a percent of predicted peak v 0,; r=0.76, p=0.018) in
women.

Cardio-respiratory Responses During Sub-maximal Exercise

Cardio-respiratory measures during constant work rate exercise at 60W (women), or 90W
(men) are shown in Table 4. Based on v g (v E/PMVV ratio), v 0, (% predicted peak

Vv 0,), and heart rate (%predicted peak HR) the ventilatory demand was low and the relative
intensity of exercise were similar in nonobese women and men. In addition, there were no
sex differences in the end-expiratory lung volume.

DISCUSSION

There are several important findings from the present research study. First, the oxygen cost
of breathing was not different between the nonobese women and men we studied over the
ventilatory ranges we tested. Second, the oxygen cost of breathing was not associated with
RPB during constant work rate exercise. Finally, RPB during constant work rate exercise
was similar between nonobese women and men.
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We hypothesized an increased oxygen cost of breathing in the nonobese women compared
with the men as suggested by others (18, 19, 34). However, the results from the present
study suggest that the oxygen cost of breathing is not higher in honobese women compared
with nonobese men. A higher work of breathing in women at absolute ventilations and for a
given exercise work rate relative to body mass ratio has been reported to be due to a higher
resistive work of breathing during inspiration and expiration (18). It has also been suggested
that total mechanical work of breathing is higher in endurance-trained women compared
with men during progressive exercise (19). Another study reported a higher oxygen cost of
breathing (i.e., hyperventilation induced by added external dead space) in women compared
with men, but the magnitude of the added external dead space and method of analysis limit
the interpretation of the data (34). While it is plausible that sex differences in respiratory
capacity could influence the work of breathing in women (i.e. higher airway resistance,
smaller airway size, lower maximal expiratory flow rates, and increased prevalence of
expiratory flow limitation in women compared with men), the comparisons between studies
are difficult to interpret because of differences in breathing pattern, breathing mechanics,
measurement techniques, and ventilatory ranges, which increases the variability of the
results, especially at high ventilatory levels. In a very careful and controlled study, the work
of breathing measured during voluntary hyperpnea was not different in the single woman in
comparison with seven men (2), which is similar to the findings in our study. Given that we
used very similar techniques and ventilatory ranges in the women and men in our study, it is
probably safe to suggest that any differences in respiratory function between the women and
men were not large enough to make the oxygen cost of breathing different between sexes.
The results could be different if measured at higher ventilatory demands but that was not the
purpose of this study. While the sample size of this study is not large enough to generalize
our results as reference values, they provide a baseline in which to compare our recent data
in obese women and men. These data also suggest that sex differences in the oxygen cost of
breathing are negligible between women and men at moderate ventilatory levels despite sex-
related differences in ventilatory capacities.

In general, the measured oxygen cost of breathing observed in this study was somewhat
lower than those reported by some investigators (4, 11, 14), although we had similar values
compared with others (2, 12, 13). The ventilatory ranges studied in the present investigation
are considerably lower than in publications that reported higher oxygen cost of breathing
values. For instance, Bradley & Leith reported an oxygen cost of breathing of approximately
4.5ml/L at an average v g of 161L/min (11). Another study reported an oxygen cost of
breathing of ~2.8ml/L during prolonged (4.5min) maximal hyperventilation (120-240L/
min). On the other hand, Aaron et. al. (2) estimated an oxygen cost of breathing of 1.8ml/L
atay g of 73L/min, which is the closest ventilatory range to that of our study. Their study
included data on one woman. In addition, higher levels of y; g are associated with increased
variability in the relationship between oxygen cost of breathing and pulmonary ventilation
(2, 4,9, 11). In summary, it is apparent that the studies in which the reported oxygen cost of
breathing is substantially higher than our measured values used ventilatory rates that were
also much elevated compared with the present investigation. As suggested by Bartlett et al.
(9), the measurement of the oxygen cost of breathing at very high v; g (i.e. at or near
maximal efforts) results in increased variability, and much less scatter is observed when the
effort is sub-maximal. Therefore, a better approach to use the relationship between v 0, and
v E (for setting norms and for comparison purposes) would be to perform the maneuvers at
lower levels of y; E.

We specifically measured the oxygen cost of breathing during sub-maximal ventilatory
ranges (i.e., rather than using maximal y; g) for several reasons. First, we were interested in
measuring the oxygen cost of breathing without additional ventilatory constraints (i.e.
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expiratory flow limitation) like those observed at high levels of y; g, which would influence
the work of breathing (8). Second, we wanted to use similar ventilatory ranges as the
ventilations adopted during the 6-min constant work rate exercise so we could investigate
potential relationships between the oxygen cost of breathing and breathlessness during
moderate exercise. Finally, we wanted these measurements to be comparable with our
previous published work in obese adults (7, 15). Therefore, we chose to use lower absolute
ventilatory ranges in women (40-60L/min) than in men (60-90L/min) so we could make
comparisons between our groups at the same relative ventilatory intensity (i.e. similar

v E/PMVV ratios between sexes, see Table 3).

Also, we took the values from the current study and compared them with our prior data on
obese individuals (7, 15), as the protocols and relative intensities used were very similar.
Except for the lack of obesity in the subjects from the current study, this group had similar
characteristics as the healthy obese individuals used in earlier projects (7, 15). We expected
that the oxygen cost of breathing in obese adults would be higher than in the nonobese
subjects from this study, but we wanted to see if the values in the obese were statistically
larger. Therefore, we retrospectively compared the oxygen cost of breathing data from the
subjects in this investigation with our obese individuals with exertional dyspnea (7, 15).
Independent £test revealed that the oxygen cost of breathing was significantly higher in
obese women and men with exertional dyspnea compared with nonobese individuals (3.04 £
1.08 vs. 1.17 £ 0.26 ml/L, and 2.01 = 0.75 vs. 1.21 + 0.42 ml/L, respectively; p< 0.01). This
large increase in the work of breathing in obesity is a very important concern, especially
during exercise, which is a major component in the prevention and treatment of obesity.

The intensity of respiratory sensations (RPB) were also similar between nonobese women
and men. Of the nonobese subjects recruited for this study, only 1 woman (11%) and 2 men
(20%) had an RPB = 4 during constant work rate exercise (indicating increased
breathlessness with exertion), which is a lower proportion than the reported in obese adults
(7, 15, 30, 32, 35, 36). It is important to note that the relative intensity of exercise and
ventilatory demand were similar in nonobese women and men (see Table 4). In contrast to
our earlier findings in obese women (7), there was no significant relationship between the
oxygen cost of breathing and the RPB during constant work rate exercise. However, these
observations agree with our findings in obese men (15), since the oxygen cost of breathing is
not increased in nonobese women compared with men, there is no reason for RPB to be
higher in women (given the exercise intensities were similar).

In summary, this study reports that there is no difference in the oxygen cost of breathing in
younger healthy nonobese women compared with men over the ventilatory ranges studied
and using the same technique. Therefore, there are no gender differences in the work of
breathing in young healthy adults at moderate ventilatory demands. In addition, these values
are lower than those previously reported in obese individuals (7, 12, 15, 23). Finally, the
rating of perceived breathlessness during 6 minutes of constant work rate cycling is similar
in nonobese women and men at the same relative exercise intensity, and the oxygen cost of
breathing does not seem to be an important factor in determining RPB in young healthy
nonobese women and men.
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Top panel: Box-plots of the oxygen cost of breathing during eucapnic voluntary hyperpnea
(EVH). Boundary of the box closest to zero denotes 25th percentile, solid line within the box
denotes median, dashed line denotes mean, and the boundary of the box farthest from zero
denotes 75th percentile. Error bars above and below the box denote 10th and 90th
percentiles. Outliers are denoted by open circles. Bottom panel: Mean v 0, and v g values
during the EVH. There was no difference in the oxygen cost of breathing (i.e. slope)
between the nonobese women and men over the ventilatory ranges studied.
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Figure2.

Bar graph showing the rating of perceived breathlessness (RPB) during six minutes of
constant work rate cycling. There was no difference between the women and men at 60 and
90W, respectively.
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