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A B S T R A C T

We examined the impact of bariatric surgery on cardiometabolic, ventilatory and breathlessness responses to
incremental cycle exercise testing in adults with class III obesity (n=6). O2 consumption, CO2 production,
minute ventilation (V̇) and breathing frequency were reduced during submaximal exercise after surgery.
Inspiratory capacity (IC) and inspiratory reserve volume were lower at rest and any given V̇E during exercise
after surgery. In the transition from rest to peak exercise, dynamic IC decreased by 0.13 L before surgery and
increased by 0.21 L after surgery. Breathlessness intensity ratings were lower during exercise at power outputs
≥75-watts after surgery (e.g., by 1.0 and 1.4 Borg 0–10 scale units at 75-watts and the highest equivalent power
output of 117-watts, respectively). In contrast, bariatric surgery had no effect on breathlessness-V̇E relationships
during exercise. In conclusion, relief of exertional breathlessness following bariatric surgery could not be ex-
plained by improved dynamic breathing mechanics, but reflected the awareness of reduced metabolic and
ventilatory requirements of exercise.

1. Introduction

The prevalence of obesity (defined by the World Health
Organization as a body mass index [BMI]≥30 kg/m2) continues to rise,
particularly in high sociodemographic countries like Canada and the
United States of America (Collaborators, G.B.D.O. et al., 2017). Epide-
miological studies suggest that adults with obesity are two-to-four times
more likely than their non-obese counterparts to experience physical
activity-limiting breathlessness (Currow et al., 2017; Sin et al., 2002);
and that the prevalence of physical activity-limiting breathlessness is
positively and independently associated with BMI (Currow et al., 2017;
Sin et al., 2002). Despite the high prevalence and burden of breath-
lessness in obesity, relatively few studies have examined the physiolo-
gical mechanisms of exertional breathlessness in this growing popula-
tion.

Ofir et al. (2007) demonstrated that breathlessness intensity ratings
are higher at any given power output during incremental cardio-
pulmonary cycle exercise testing (CPET) in women with vs. without
obesity. In contrast, breathlessness-minute ventilation (V̇E) relation-
ships during CPET were not higher in adults with vs. without obesity

(Ingle et al., 2012; Ofir et al., 2007; Romagnoli et al., 2008), suggesting
that respiratory mechanical factors are not mechanistically linked to the
greater perception of exertional breathlessness in obesity. In fact, pre-
servation of breathlessness-V̇E relationships during exercise in people
with vs. without obesity has been attributed to mechanical adaptations
of the respiratory system in obesity, including recruitment of a larger
resting inspiratory capacity (IC), dynamic lung hyperinflation, and
adoption of a relatively rapid and shallow breathing pattern during
exercise (Jensen et al., 2009; O’Donnell et al., 2012; Ofir et al., 2007).
The combination of these respiratory mechanical adaptations allow for
tidal volume (VT) expansion to occur on the linear (compliant) portion
of the respiratory systems sigmoid pressure-volume curve during ex-
ercise, while maintaining a larger inspiratory reserve volume (IRV)
(Jensen et al., 2009; O’Donnell et al., 2012; Ofir et al., 2007). Under
these circumstances, the greater perception of exertional breathlessness
in people with vs. without obesity is thought to reflect the awareness of
higher V̇E pursuant to the higher metabolic demands of exercise in
obesity (Jensen et al., 2009; O’Donnell et al., 2012; Ofir et al., 2007;
Romagnoli et al., 2008). It follows that weight loss, by decreasing the
metabolic and ventilatory demands of exercise in people with obesity,
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should decrease breathlessness intensity ratings at any given power
output during CPET, but have no effect on breathlessness-V̇E relation-
ships.

The physiological mechanisms responsible for relief of exertional
breathlessness following moderate weight loss through diet and ex-
ercise (Bernhardt and Babb, 2014) and extreme weight loss through
bariatric surgery (Boissiere et al., 2017; Fontana et al., 2019; Karason
et al., 2000) in adults with obesity remain unclear. Studies by Babb
et al. (2011) and Bhammar et al. (2016) found that moderate weight
loss (by ˜7.5 kg) accomplished via a 12-week diet and exercise training
program in adults with class I and II obesity was associated with (1)
reduced rate of O2 consumption (V̇O2), V̇E and breathing frequency (fB)
during constant-load CPET at 60-watts and (2) increased dynamic end-
expiratory (EELV) and end-inspiratory lung volumes (EILV) at any
given V̇E during incremental CPET. However, the effect of weight loss
on breathlessness-power output and breathlessness-V̇E relationships
was not examined in these studies. Seres et al. (2006) reported that
more extreme weight loss (by ˜50 kg) following bariatric surgery for
class III obesity was associated with marked reductions in V̇O2 and V̇E

during incremental treadmill exercise testing; however, the authors of
this study did not examine the impact of surgically-induced weight loss
on breathing pattern, operating lung volume and breathlessness re-
sponses to exercise.

The aim of this study was to examine the effect of weight loss via
bariatric surgery for people with class III obesity on cardiac, metabolic,
ventilatory, breathing pattern, operating lung volume and breath-
lessness responses during CPET. We hypothesized that breathlessness-
power output relationships would be reduced, while breathlessness-V̇E

relationships would be unchanged during CPET following obesity sur-
gery. In other words, we hypothesized that relief of exertional breath-
lessness following surgically-induced weight loss would be primarily
related to the reduced metabolic and ventilatory requirements of ex-
ercise, while changes in breathing pattern and the behaviour of dy-
namic operating lung volumes would be less important.

2. Methods

2.1. Study design

In this controlled longitudinal study, participants attended the
Clinical Exercise and Respiratory Physiology Laboratory of McGill
University (Montreal, QC, Canada) for experimental testing 4–6 weeks
before (PRE) and ˜3 months after (POST) bariatric surgery, i.e., Roux-
en-Y Gastric Bypass. PRE and POST visits included: body composition
assessment by dual-energy X-ray absorptiometry (DXA) using a Lunar
iDXA™ scanner (GE HealthcareTM; Milwaukee, WI, USA) (Carver et al.,
2013); pulmonary function testing; and an incremental CPET. Partici-
pants were instructed to avoid alcohol, caffeine and strenuous exercise
on the day of assessments. The study protocol and consent form were
approved by the Institutional Review Board of the Faculty of Medicine
at McGill University. All participants provided written informed con-
sent before any assessments were performed.

2.2. Participants

Participants included ambulatory men (n= 2) and women (n= 4)
aged 35–52 years scheduled for bariatric surgery for class III obesity
(BMI≥ 40 kg/m2) at the Bariatric Clinic of the Royal Victoria Hospital
(Montreal, QC, Canada). Exclusion criteria were: presence of a medical
contraindication(s), as judged by the supervising physician; use of a
walking aid; and pre-surgical body mass> 215 kg to accommodate the
upper limit of the DXA scanner.

2.3. Pulmonary function testing

Routine spirometry and 15-sec maximal voluntary ventilation

maneuvers were performed using automated equipment (Vmax
Encore™; CareFusion, Yorba Linda, CA, USA) according to established
procedures (Miller et al., 2005). Spirometric parameters were expressed
as absolute values and as percentages of predicted normal values
(Hankinson et al., 1999).

2.4. Cardiopulmonary exercise testing

Exercise tests were conducted on an electronically braked cycle
ergometer (VIAsprint 150 P; Ergoline, Bitz, Germany) using a compu-
terized CPET system (Vmax Encore®; CareFusion, Yorba Linda, CA,
USA) and consisted of a steady-state rest period of 3-min followed by
25-watt increases in power output (starting at 25-watts) every 2-min to
the point of symptom-limitation.

Standard respiratory and gas exchange parameters were collected
breath-by-breath while participants breathed through a mouthpiece
and low-resistance flow transducer with nasal passages occluded by a
nose clip. Heart rate (HR) and oxyhemoglobin saturation (SpO2) were
monitored continuously by 12-lead ECG (GE Marquette’s CardioSoft®

12-lead ECG system; CareFusion) and finger pulse oximeter, respec-
tively. Inspiratory capacity maneuvers were performed at rest, within
the last 30-sec of each 2-min interval during CPET, and at end-exercise
(Guenette et al., 2013). Assuming that total lung capacity (TLC) did not
change during CPET in our participants (Stubbing et al., 1980), changes
in IC and IRV (calculated as IC minus VT) reflect changes in dynamic
EELV and EILV, respectively. Using Borg’s modified 0–10 category-ratio
scale (Borg, 1982), participants rated the intensity of their perceived
breathlessness and leg discomfort at rest, within the last 30-sec of each
2-min interval during CPET, and at end-exercise. Participants verba-
lized their main reason(s) for stopping exercise; quantified the per-
centage contribution of breathlessness and leg discomfort to exercise
cessation; and identified qualitative phrases that best described their
breathlessness at end-exercise (O’Donnell et al., 2000).

2.4.1. Analysis of exercise end-points
Physiological parameters measured breath-by-breath were averaged

in 30-sec intervals at rest and during CPET. These parameters, collected
over the first 30-sec period of the second minute of each 2-min interval
during CPET, were linked with symptom ratings and IC-derived para-
meters collected over the latter 30-sec of the same minute. Measured
parameters were examined at rest; at standardized submaximal power
outputs completed by all participants during all incremental CPETs; at
the highest equivalent submaximal power output completed by a given
participant during each of his/her two incremental CPETs; and at peak
exercise. Physiological parameters averaged over the last 30-sec of
loaded pedalling (i.e., peak exercise) were linked with symptom ratings
and IC-derived parameters collected immediately at the end of this
period. Peak power output (PPO) was defined as the highest power
output a participant was able to sustain for ≥30-sec, while exercise
endurance time was defined as the duration of loaded pedaling. The
rate of O2 consumption at peak exercise (V̇O2,peak) was referenced to
age, sex, height and ideal body mass predicted normal values (Lorenzo
and Babb, 2012). Peak heart rate and PPO were referenced to their
respective age, sex and height predicted normal values (Jones et al.,
1985).

2.5. Statistical analysis

Two-tailed, paired t-tests were used to compare PRE and POST
measures, including: participant characteristics, including DXA and
pulmonary function test-derived parameters; physiological and per-
ceptual parameters measured at rest, at each standardized submaximal
power output during CPET, and at peak exercise; and the percentage
contribution of breathlessness and leg discomfort to exercise cessation.
Fisher’s exact test was used to compare the selection frequencies of
reasons for stopping exercise as well as the descriptors of breathlessness
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at end-exercise between PRE and POST. Data were analyzed using
SigmaStat, version 3.5 (Systat Software Inc., San Jose, CA, USA).
Statistical significance was set at p < 0.05 and data are reported as
mean ± standard error of the mean (SEM).

3. Results

3.1. Participant characteristics

Participant characteristics are summarized in Table 1. Body mass,
BMI, lean tissue mass and fat mass decreased by 23.8 kg (18%), 8.7 kg/
m2 (18.5%), 4.4 kg (7%) and 18.5 kg (30%) after bariatric surgery,
respectively (all p < 0.05). Pulmonary function test parameters were
within normal predicted ranges and were not significantly different in
POST vs. PRE.

3.2. Physiological responses to exercise

The effect of bariatric surgery on metabolic, cardiac and gas ex-
change responses to exercise are displayed in Fig. 1 and summarized in
Table 2. Exercise endurance time and PPO increased by 1.5-min (15%)
and 20-watts (14.5%) after bariatric surgery; however, these improve-
ments were not statistically significant (both p < 0.19). Despite the 20-
watt increase in PPO after bariatric surgery, absolute peak V̇O2 values
were comparable in POST vs. PRE. Compared to PRE, mean values of
V̇O2, the rate of CO2 production (V̇CO2) and HR were lower, while O2

pulse, the ventilatory equivalent for CO2 (V̇E/V̇CO2) and end-tidal CO2

tension were not different at rest and during submaximal exercise.
The effect of bariatric surgery on ventilatory, breathing pattern and

operating lung volume responses to exercise are displayed in Figs. 2 and
3, and summarized in Table 2. The V̇E response to exercise was reduced
in POST vs. PRE and reflected a reduced fB response with no change in
VT expansion. Resting values of IC and IRV decreased after bariatric
surgery by 0.33 L (14.4% of forced vital capacity [FVC]) and 0.29 L
(12.1% FVC), respectively. Mean values of dynamic IC and IRV refer-
enced to FVC (IC%FVC and IRV%FVC) were consistently lower for any
given V̇E throughout exercise in POST vs. PRE; for example, IRV was
11.6% FVC, 8.0% FVC, 8.0% FVC and 7.6% FVC lower in POST vs. PRE
at standardized submaximal levels of V̇E of 15 L/min (p=0.005), 30 L/
min (p=0.069), 45 L/min (p=0.008) and 55.5 L/min (p=0.049),
respectively. Dynamic IC decreased by 0.13±0.05 L (3.8± 1.5% FVC)
from rest-to-peak exercise in PRE, reflecting dynamic lung hyperinfla-
tion. In contrast, dynamic IC increased by 0.21±0.01 (6.1±2.7%
FVC) from rest-to-peak exercise in POST.

3.3. Perceptual responses to exercise

The effect of bariatric surgery on perceptual responses to exercise
are displayed in Fig. 4 and summarized in Table 2. The relationship
between increasing intensity ratings of leg discomfort and power output
during CPET was not different in PRE vs. POST. Intensity ratings of
breathlessness were reduced by an average of ≥1 Borg 0–10 scale units
during exercise at standardized submaximal power outputs ≥75-watts
in POST vs. PRE; however, these differences did not persist when
breathlessness was examined in relation to V̇E. Breathlessness-IRV%FVC
curves were rightward shifted throughout exercise in POST vs. PRE,
such that breathlessness intensity ratings were lower at any given IRV%
FVC during exercise after bariatric surgery.

The distribution of reasons for stopping exercise was similar in PRE
vs. POST: breathlessness, n=1 in PRE vs. n=1 in POST; leg dis-
comfort, n=3 in PRE vs. n=5 in POST; combination of breathlessness
and leg discomfort, n=1 in PRE vs. n=0 in POST; and other, n=1 in
PRE (sore buttocks from bicycle seat) vs. n=0 in POST. The percentage
contribution of breathlessness (PRE, 19 ± 15% vs. POST, 18 ± 10%;
p=0.90) and leg discomfort (PRE, 54± 16% vs. POST, 72±11%;
p=0.90) was also similar in PRE vs. POST. The majority of our par-
ticipants selected descriptor phrases alluding to a heightened sense of
“work/effort of breathing” (PRE, n=4 vs. POST, n=4), “heavy
breathing” (PRE, n=5 vs. POST, n=5) and “inspiratory difficulty” (PRE,
n=4 vs. POST, n=4) at the peak of exercise in both PRE and POST.

4. Discussion

This is the first study to examine the impact of extreme weight loss
following bariatric surgery for class III obesity on ventilation, breathing
pattern, operating lung volume and breathlessness responses during
symptom-limited incremental cycle exercise testing. The main finding is
that relief of exertional breathlessness following bariatric surgery could
not be explained by improved static and dynamic breathing mechanics,
but was primarily related to the reduced metabolic and ventilatory
requirements of exercise.

Bariatric surgery decreased body mass by 24 kg (18%) and fat mass
by 18.5 kg (30%). Despite a 4.5 kg (7%) decrease in lean tissue (muscle)
mass after bariatric surgery, exercise endurance time and PPO increased
by an average of 1.5-min (15%) and 20-watts (14.5%) in POST vs. PRE,
respectively. Consistent with the results of earlier bariatric surgery
studies (Boissiere et al., 2017; Campos et al., 2018; da Silva et al., 2013;
de Souza et al., 2009, 2010; Kanoupakis et al., 2001; Maniscalco et al.,
2006; Seres et al., 2006), these findings suggest that the exercise ca-
pacity of our participants with class III obesity improved following

Table 1
Participant characteristics before (PRE) and ˜3 months after (POST) bariatric surgery.

Parameter PRE POST

Age, yrs 43.7 ± 2.8 –
Height, cm 165.7 ± 1.8 –
Total body mass, kg 129.4 ± 6.2 105.6 ± 5.8*

Body mass index, kg/m2 47.1 ± 1.6 38.4 ± 1.6*
Lean tissue mass, kg (% total body mass) 62.2 ± 4.1 (48 ± 2) 57.8 ± 4.6* (55 ± 4*)
Fat mass, kg (% total body mass) 61.6 ± 4.6 (49 ± 2) 43.1 ± 4.8* (41 ± 3*)
Pulmonary function test parameters
FEV1, L (% predicted) 2.76 ± 0.11 (93 ± 6) 3.04 ± 0.08† (102 ± 4)†

FVC, L (% predicted) 3.35 ± 0.12 (86 ± 5) 3.57 ± 0.11 (91 ± 3)
FEV1/FVC, % (% predicted) 82.5 ± 1.9 (108 ± 2) 85.1 ± 1.5 (111 ± 2)
PEFR, L/sec (% predicted) 6.99 ± 0.76 (103 ± 14) 8.55 ± 0.62 (123 ± 6)
FEF25-75%, L/sec (% predicted) 3.17 ± 0.24 (97 ± 9) 3.70 ± 0.28 (111 ± 7)
MVV, L/min 109 ± 7 124 ± 5

Values are means ± SEM. Abbreviations: FEV1, forced expiratory volume in 1-sec; FVC, forced vital capacity; PEFR, peak expiratory flow
rate; FEF25-75%, forced expiratory flow rate between 25% and 75% of the FVC maneuver; MVV, maximum voluntary ventilation.
* p < 0.05.
† p=0.07 vs. PRE.
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surgically-induced weight loss, even though their peak absolute V̇O2

values were similar in POST vs. PRE.
As a likely result of moving lighter limbs against gravity (secondary

to reduced fat and lean tissue mass), cardiac and metabolic responses
were consistently reduced at any given submaximal power output
during CPET after bariatric surgery. The V̇E response to exercise was
similarly reduced after bariatric surgery and reflected the lower meta-
bolic cost of cycling, as evidenced by relative preservation of the V̇E-
V̇CO2 relationship during CPET in POST vs. PRE. These findings con-
firm and extend the results of earlier studies reporting reduced cardiac,
metabolic and ventilatory requirements of exercise following moderate
and extreme weight loss via lifestyle modification (Bernhardt et al.,
2016) and bariatric surgery, respectively (Browning et al., 2017; de
Souza et al., 2010; Seres et al., 2006).

Compared with their non-obese counterparts, individuals with
obesity tend to adopt a more rapid and shallow breathing pattern to
support their exaggerated V̇E response to exercise (Babb et al., 2002,
1991; Chlif et al., 2015; Ofir et al., 2007). In keeping with the results of
Bhammar et al. (2016), the reduced V̇E response to incremental CPET
after extreme weight loss in our study was due to a reduced fB response

to exercise, with no significant change in VT expansion.
Obesity is characterized by decreases in both EELV and EILV at rest

(Babb et al., 1989, 2002; Chlif et al., 2015; DeLorey et al., 2005; Ofir
et al., 2007; Romagnoli et al., 2008). These changes, in the setting of a
relatively preserved TLC (Jones and Nzekwu, 2006), translate into re-
cruitment of resting IC and IRV (Ofir et al., 2007; Romagnoli et al.,
2008). The corollary of these findings is that, in people with obesity,
both moderate and extreme weight loss has been shown to decrease IC
and IRV at rest by respectively increasing resting EELV and EILV (Babb
et al., 2011; Barbalho-Moulim et al., 2013; Bhammar et al., 2016;
Boissiere et al., 2017; Campos et al., 2018). In our study, extreme
weight loss via bariatric surgery was associated with decreases in
resting IC (by 0.33 L and ˜15% FVC) and IRV (by 0.29 L and ˜12% FVC).
Based on the collective results of earlier studies (Babb et al., 2011,
2008; Bhammar et al., 2016; Ofir et al., 2007; Steier et al., 2014), we
speculate that “de-recruitment” of resting IC and IRV after surgically-
induced weight loss in our study was primarily due to the combination
of increased total respiratory system compliance and reduced intra-
abdominal pressures that accompanied reduced total thoracic (ab-
domen and chest wall) fat mass.

Fig. 1. Metabolic, cardiac and gas exchange responses to symptom-limited incremental cycle exercise testing in adults with class III obesity before (PRE) and ˜3
months after (POST) bariatric surgery. Values are means ± SEM at rest, during exercise at standardized submaximal power outputs, and at peak exercise.
Abbreviations: V̇O2, rate of O2 consumption; V̇CO2, rate of CO2 production; PETCO2, end-tidal CO2 tension. *p < 0.05 and #p≤ 0.08 vs. PRE.
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Dynamic EELV decreases in the transition from rest-to-moderate
intensity exercise in adults with and without obesity (Babb et al., 2002;
Chlif et al., 2015; DeLorey et al., 2005). In contrast to non-obese in-
dividuals who typically maintain dynamic EELV at or below resting
levels during heavy-to-peak exercise, people with obesity tend to dy-
namically hyperinflate during exercise near the limits of tolerance; that
is, their dynamic EELV rises above resting levels during heavy-to-peak
exercise (Babb et al., 2002; Chlif et al., 2015; DeLorey et al., 2005;
Romagnoli et al., 2008). As reviewed in detail elsewhere (Jensen et al.,
2009; O’Donnell et al., 2012) and originally proposed by Ofir et al.
(2007), the dynamic increase in EELV during exercise near the limits of

tolerance in people with obesity may be mechanically advantageous in
as much as it: (1) positions VT on the linear (compliant) portion of the
respiratory systems sigmoid pressure-volume curve where the re-
lationship between increasing contractile respiratory muscle pressure
(effort) development and increasing VT expansion (i.e., neuromecha-
nical coupling of the respiratory system) is preserved; (2) attenuates
expiratory flow limitation; and (3) optimizes length-tension relation-
ships of the inspiratory pump muscles, most notably the diaphragm.
Furthermore, recruitment of a larger resting IC and adoption of a rapid,
shallow breathing pattern combine to accommodate dynamic increases
in EELV, while preventing excessive increases in both dynamic EILV

Table 2
Effect of weight loss via bariatric surgery on physiological and symptom responses at rest and during exercise in adults with class III obesity.

REST 75-watts PEAK

Parameter PRE POST PRE POST PRE POST

Endurance time, min – – – – 10.1 ± 0.9 11.6 ± 1.5
Power output, watts (% predicted) – – 75 ± 0 75 ± 0 133 ± 11 (67 ± 5) 154 ± 21 (86 ± 9*)
Dyspnea Intensity, Borg units 0.7 ± 0.3 0.1 ± 0.1 2.5 ± 0.3 1.5 ± 0.4* 5.8 ± 0.3 6.7 ± 1.5
Leg discomfort, Borg units 0.1 ± 0.1 0 ± 0 3.7 ± 0.8 2.8 ± 1.3 7.3 ± 1.1 8.7 ± 0.7
V̇O2, L/min (% predicted) 0.39 ± 0.03 0.31 ± 0.01* 1.86 ± 0.11 1.52 ± 0.05* 2.69 ± 0.34 (117 ± 10) 2.67 ± 0.35 (124 ± 10)
V̇CO2, L/min 0.30 ± 0.03 0.23 ± 0.01# 1.66 ± 0.10 1.31 ± 0.05* 2.75 ± 0.30 2.97 ± 0.40
RER 0.77 ± 0.04 0.72 ± 0.03 0.89 ± 0.04 0.87 ± 0.03 1.03 ± 0.03 1.11 ± 0.05
Heart rate, beats/min (% predicted) 93 ± 7 81 ± 5 139 ± 2 123 ± 5* 162 ± 4 (89 ± 2) 165 ± 5 (91 ± 3)
O2 pulse, ml O2/beat 4.3 ± 0.4 4.0 ± 0.3 13.4 ± 0.9 12.5 ± 0.9 16.6 ± 2.1 16.3 ± 2.2
V̇E/V̇CO2 37.3 ± 1.6 40.6 ± 1.4* 26.3 ± 0.6 26.9 ± 0.5 27.6 ± 0.8 30.6 ± 0.9#

PETCO2, mmHg 37.7 ± 1.1 35.8 ± 1.2 40.8 ± 1.2 40.8 ± 0.7 37.7 ± 1.6 34.6 ± 1.0
V̇E, L/min (%MVV) 11.1 ± 0.9 9.2 ± 0.7 43.6 ± 2.6 35.1 ± 1.5* 75.8 ± 8.6 (72 ± 12) 91.3 ± 13.4 (74 ± 10)
VT, L 0.69 ± 0.09 0.67 ± 0.08 1.37 ± 0.09 1.34 ± 0.08 1.64 ± 0.14 1.81 ± 0.16
VT, %IC 24.4 ± 3.7 26.1 ± 2.7 49.1 ± 2.7 48.3 ± 1.7 59.6 ± 5.4 65.0 ± 5.2
VT, %FVC 21.1 ± 3.2 18.6 ± 1.7 41.1 ± 2.7 37.9 ± 2.5# 49.1 ± 3.8 51.0 ± 4.8
fB, breaths/min 17.2 ± 2.0 14.6 ± 1.6 32.5 ± 1.9 27.2 ± 1.9* 46.4 ± 2.7 50.0 ± 4.3
IC, L 2.90 ± 0.11 2.57 ± 0.11* 2.79 ± 0.10 2.78 ± 0.08 2.77 ± 0.11 2.78 ± 0.08
IC, %FVC 86.6 ± 0.7 72.0 ± 1.8* 83.5 ± 1.2 78.2 ± 3.6 82.8 ± 1.5 78.2 ± 2.9
ΔIC from rest, L – – −0.11 ± 0.05 0.20 ± 0.11* −0.13 ± 0.05 0.21 ± 0.09*

IRV, L 2.20 ± 0.17 1.91 ± 0.12# 1.42 ± 0.10 1.44 ± 0.06 1.13 ± 0.17 0.97 ± 0.14
IRV, %FVC 65.5 ± 3.2 53.4 ± 3.0* 42.4 ± 2.2 40.4 ± 1.9 33.7 ± 4.8 27.2 ± 4.0#

Values are means ± SEM. Abbreviations: PRE, before bariatric surgery; POST, after bariatric surgery; V̇O2 rate of O2 consumption; V̇CO2, rate of CO2 production;
RER, respiratory exchange ratio; V̇E/V̇CO2, ventilatory equivalent for CO2; PETCO2, end-tidal CO2 tension; V̇E, minute ventilation; MVV, maximal voluntary venti-
lation; VT, tidal volume; IC, inspiratory capacity; FVC, forced vital capacity; ƒB, breathing frequency; Δ, change; IRV, inspiratory reserve volume.
* p < 0.05.
# p≤ 0.08 vs. PRE.

Fig. 2. Ventilatory and breathing pattern re-
sponses to symptom-limited incremental cycle
exercise testing in adults with class III obesity
before (PRE) and ˜3 months after (POST) bar-
iatric surgery. Values are means ± SEM at
rest, during exercise at standardized sub-
maximal power outputs, and at peak exercise.
Abbreviations: fB, breathing frequency; VT,
tidal volume; IC, inspiratory capacity.
*p < 0.05 vs. PRE.

A. Mainra, et al. Respiratory Physiology & Neurobiology 266 (2019) 130–137

134



and the elastic work of breathing for any given V̇E during exercise near
the limits of tolerance in adults with vs. without obesity (Babb et al.,
2002; Chlif et al., 2015; DeLorey et al., 2005; Ofir et al., 2007;
Romagnoli et al., 2008). The collective result of these static and dy-
namic mechanical adaptations is that VT expansion is not more me-
chanically constrained during exercise in people with vs. without obe-
sity.

To our knowledge, only Babb et al. (2011) and Bhammar et al.
(2016) have examined the effect of weight loss on operating lung vo-
lumes during exercise in men and women with class I and II obesity. In
these studies, moderate weight loss (by ˜7.5 kg) increased EELV and
EILV at any given submaximal V̇E during cycle ergometer exercise, but
had no effect on the behaviour of dynamic EELV from rest to end-ex-
ercise. In keeping with these observations, we are the first to show that
IC and IRV were reduced at any given V̇E during incremental CPET (by
4.5–10% FVC and 6.5–12% FVC, respectively) after more extreme
weight loss via bariatric surgery for class III obesity. In contrast to the
results of Babb et al. (2011) and Bhammar et al. (2016), however, we

found that surgically-induced weight loss normalized the behaviour of
dynamic EELV during exercise (i.e., prevented dynamic lung hyperin-
flation), as evidenced by a 0.21 L (˜6% FVC) increase compared with a
0.13 L (˜4% FVC) decrease in dynamic IC from rest-to-peak exercise in
POST vs. PRE, respectively. The decrease in dynamic IRV at any given
V̇E during exercise in POST vs. PRE was not due to increased VT ex-
pansion, but reflected the impact of bariatric surgery on static and
dynamic IC. It follows that the reduced fB response to exercise after
bariatric surgery could not be explained by release of abnormal re-
strictive constraints on VT expansion via improved static and dynamic
respiratory mechanics.

The collective results of cross-sectional studies by Ofir et al. (2007),
Romagnoli et al. (2008) and Ingle et al. (2012), suggest that breath-
lessness-power output relationships are higher, while breathlessness-V̇E

relationships are not different during incremental CPET in adults with
vs. without obesity. Relative preservation of breathlessness-V̇E re-
lationships during exercise in obesity suggest that the greater intensity
ratings of breathlessness reported by individuals with vs. without

Fig. 3. Dynamic operating lung volume responses to
symptom-limited incremental cycle exercise testing in adults
with class III obesity before (PRE) and ˜3 months after (POST)
bariatric surgery. Values are means ± SEM at rest, during
exercise at standardized submaximal power outputs, and at
peak exercise. Abbreviations: FVC, forced vital capacity; IRV,
inspiratory reserve volume; TLC, total lung capacity; IC, in-
spiratory capacity.

Fig. 4. Perceptual responses to symptom-lim-
ited incremental cycle exercise testing in adults
with class III obesity before (PRE) and ˜3
months after (POST) bariatric surgery. Values
are means ± SEM at rest, during exercise at
standardized submaximal power outputs, and
at peak exercise. Abbreviations: IRV, in-
spiratory reserve volume; FVC= forced vital
capacity. *p < 0.05 and #p≤ 0.08 vs. PRE.
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obesity for a given power output during exercise cannot be explained by
abnormal restrictive constraints on VT expansion (which would be ex-
pected to increase breathlessness-V̇E relationships during exercise
(Jensen et al., 2009; Kotrach et al., 2015; Mendonca et al., 2014;
O’Donnell et al., 2000, 2009), but that they reflect the awareness of
relatively greater V̇E needed to support the exaggerated metabolic de-
mands of exercise in obesity (Ofir et al., 2007; Romagnoli et al., 2008).
Ofir et al. (2007) proposed that the lack of anticipated rise in breath-
lessness-V̇E relationships during exercise in people with vs. without
obesity may be explained by the aforementioned static and dynamic
respiratory mechanical adaptations in obesity, including resting IC re-
cruitment, dynamic lung hyperinflation, and adoption of a more rapid
and shallow breathing pattern.

Weight loss through diet and exercise (Bernhardt and Babb, 2014)
and bariatric surgery (Boissiere et al., 2017; Karason et al., 2000) is
associated with relief of breathlessness in daily life (Boissiere et al.,
2017; Karason et al., 2000) and during constant-load cycle exercise
testing (Bernhardt and Babb, 2014) in adults with obesity, particularly
those who experience more severe activity-related breathlessness be-
fore weight loss (Bernhardt and Babb, 2014; Boissiere et al., 2017). We
are the first to show that surgically-induced weight loss was associated
with clinically meaningful reductions in breathlessness intensity ratings
during incremental CPET at standardized submaximal power outputs
≥75-watts: by 1.0 and 1.4 Borg units at 75-watts (p < 0.05) and at the
highest equivalent power output of 117-watts (p < 0.08), respectively.
In contrast, extreme weight loss following bariatric surgery had no ef-
fect on breathlessness-V̇E relationships during incremental CPET. The
lack of decrease in breathlessness-V̇E relationships after surgically-in-
duced weight loss may be explained, at least in part, by maintenance of
a lower and more mechanically disadvantageous IRV at any given V̇E

during exercise in POST vs. PRE. Indeed, we are the first to show that
breathlessness-IRV%FVC curves were rightward shifted throughout
exercise in POST vs. PRE, such that breathlessness intensity ratings
were lower at any given IRV%FVC during exercise after bariatric sur-
gery; for example, by ˜1.5 Borg units at an IRV of ˜40% FVC. Based on
these findings, we concluded that relief of exertional breathlessness
following bariatric surgery for class III obesity could not be explained
by improved static and dynamic respiratory mechanics, but that it was
mechanistically linked to the reduced metabolic and ventilatory re-
quirements of exercise.

4.1. Methodological considerations

Although our sample size was small, it was nevertheless sufficient to
detect significant and clinically meaningful differences in a range of key
physiological and perceptual outcome variables at rest and during
CPET, including V̇O2, V̇CO2, HR, V̇E, fB, IC, IRV and breathlessness.

Repeated measurements were made just 3-months after bariatric
surgery. While this relatively short follow-up period allowed us to
isolate the effects of extreme weight loss on physiological and percep-
tual responses to CPET before any major lifestyle changes to diet and/or
physical activity occurred, it also prevented us from commenting on the
long(er)-term effects of surgically-induced weight loss on exercise
physiological and perceptual responses. However, Fontana et al. (2019)
recently reported that participation in moderate-to-intense physical
activity after bariatric surgery did not directly influence the perception
of breathlessness in people with morbid obesity.

It is reasonable to assume that the observed changes in physiological
and perceptual responses to non-weight bearing cycle exercise testing
after bariatric surgery may have been further exaggerated during
weight bearing exercise (e.g., treadmill walking). In this regard, our
results may underestimate the “true” impact of extreme weight loss in
adults with class III obesity on physiological and perceptual responses
during activities of daily life, which are mostly weight bearing (e.g.,
walking, stair climbing).

4.2. Conclusion and implication

The main results of this study support the hypothesis that relief of
exertional breathlessness following weight loss in adults with obesity is
primarily related to the reduced metabolic and ventilatory require-
ments of exercise. The clinical implication of this study is that, in ad-
dition to weight reduction and improved body composition, any in-
tervention capable of decreasing the metabolic and ventilatory
demands of physical activity (e.g., exercise training) in people with
obesity has the potential to increase health-related quality of life by
decreasing the burden of breathlessness in daily life.
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