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Abstract: Exercise tolerance is limited in obesity and improves after weight reduction; therefore, we
mutually compared the relative changes in exercise capacity variables during cardiopulmonary exer-
cise tests (CPET) in a 12 kg sheer weight reduction model. Twenty healthy male runners underwent
two CPETs: CPET1 with the actual body weight, which determined the anaerobic threshold (AT)
and respiratory compensation point (RCP); and CPET2 during which the participants wore a +12 kg
vest and ran at the AT speed set during the CPET1. Running after body weight reduction shifted the
CPET parameters from the high-mixed aerobic-anaerobic (RCP) to the aerobic zone (AT), but these
relative changes were not mutually similar. The most beneficial changes were found for breathing
mechanics parameters (range 12–28%), followed by cardiovascular function (6–7%), gas exchange
(5–6%), and the smallest for the respiratory exchange ratio (5%) representing the energy metabolism
during exercise. There was no correlation between the extent of the relative body weight change
(median value ~15%) and the changes in CPET parameters. Weight reduction improves exercise
capacity and tolerance. However, the observed relative changes are not related to the magnitude of
the body change nor comparable between various parameters characterizing the pulmonary and
cardiovascular systems and energy metabolism.

Keywords: cardiopulmonary exercise test; cardiorespiratory function; exercise obesity; sports weight
vest; physical performance; weight reduction

1. Introduction

Excess weight and obesity are risk factors for diabetes, hypertension, ischemic heart
disease, stroke, sleep apnea, cancer, as well as other lifestyle diseases [1–5]. Excessive intake
of calories and physical inactivity are the major causes of excess weight [6], so complex
lifestyle changes (reduced calorie intake and increased physical activity) combined with
bariatric surgery and/or pharmacological treatment can reduce body weight.

Lifestyle modification can decrease body weight by up to 10% [7], and a 15–16%
decrease can be achieved by the combination of a low-calorie diet, exercise, and a glucagon-
like peptide-1 analog [8–11], whereas invasive weight reduction, such as bariatric surgery,
can further decrease body mass up to 22% [12,13].

Body weight reduction is a long-term process impossible to achieve without surgical
intervention within a couple of days. As already mentioned, a combination of lifestyle
change with a current pharmacological treatment results, on average, in a 15–16% weight
reduction after a year [8–11]. Many adaptive changes go beyond decreasing fat, water,
and lean tissue amount during weight reduction. Among these changes are metabolic and
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hormonal adaptations, including improved insulin sensitivity, reduced fasting and post-
prandial glucose concentrations, circulating triglycerides, and LDL and HDL cholesterol
levels [14,15].

Improved exercise tolerance is the most common beneficial effect of weight loss [16–18]
and is determined by mutual interactions of the cardiovascular and respiratory systems,
efficient tissue oxygen supply, and metabolite and heat removal from the working mus-
cles. These effects can be measured during exercise by the cardiopulmonary exercise test
(CPET) [19].

Obese individuals have higher oxygen consumption (VO2), breathing frequency (BF),
and heart rate (HR) than lean individuals [20]. More than 5% body weight reduction
can achieve measurable changes in these and other CPET parameters such as respira-
tory exchange ratio (RER), exhaled carbon dioxide volume (VCO2), or minute ventilation
(VE) [21].

However, it is unclear whether weight reduction comparably affects various functional
exercise tolerance contributors. In a clinical model of long-lasting weight reduction, many
factors (see above), not directly related to the sheer mass effect, influence the CPET. We,
however, were interested in the potential effect of sheer weight reduction on parameters
describing exercise tolerance.

It is impossible to develop a model of an instant sheer weight reduction for studying
exercise tolerance. Therefore, we assumed that the target body weight after reduction
should be the real and actual body weight, while the artificially increased by approximately
15% of the total mass body weight might reflect the pre-reduction stage. To achieve it, we
developed a model of a simulated “instant” 12 kg sheer weight reduction in fit male runners.
With this model, we studied the relative changes in CPET parameters. We compared a
treadmill run with 12 kg weight vests with a treadmill run with the actual body weight on
two separate days to simulate instant weight reduction.

2. Materials and Methods
2.1. Participants

Twenty healthy volunteer adult male amateur long-distance runners aged 18–50 years
were recruited. All participants trained a minimum of three times a week, covering a
total weekly distance of at least 30 km, and were experienced, long-distance runners.
All participants provided written informed consent before study participation and were
informed that they could withdraw from the study at any time. The study protocol
was approved by the Bioethical Committee at the Poznan University of Medical Sciences
(decision number 365/21 on 6 May 2021), and the project was conducted according to
the Declaration of Helsinki [22]. All data were collected, stored, and analyzed with strict
confidentiality in the Redcap data capture tools hosted at Poznan University of Medical
Sciences (https://redcap.ump.edu.pl, accessed on 29 November 2022). All data were
anonymized for storage and analysis.

2.2. Clinical Evaluation and Echocardiography

A physician took the medical history and performed a physical examination, including
body weight, height, and training details. All participants underwent transthoracic echocar-
diography (Vivid E95 or E9, General Electric Company, Boston, MA, USA) performed by
experienced physicians as per the American Society of Echocardiography guidelines [23].
The images and cine loops were recorded from typical transthoracic views and used for the
post-processing analysis and measurements with the TOMTEC Imaging Systems GmbH,
Unterschleissheim, Germany (distributed by Phillips, Amsterdam, The Netherlands).

2.3. Resting Spirometry and Cardiopulmonary Exercise Testing
2.3.1. General Settings and Resting Spirometry

Participants underwent two CPETs on a treadmill (Trackmaster TMX428, FULLVISION
INC., Newton, KS, USA) on two separate days (visit 1—CPET1 and visit 2—CPET2). All

https://redcap.ump.edu.pl
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CPET parameters were measured breath—by—breath by Blue Cherry, Geraterm Respira-
tory GmbH, Bad Kissingen, Germany. Figure 1 presents the study flow.
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Figure 1. The study flow. Clinical evaluation, echocardiography (ECHO), and spirometry were
conducted on VISIT 1, and the progressive cardiopulmonary exercise test (CPET1) was individually
tailored to consist of rest, a 3 min warm-up, and an incremental run until exhaustion, aiming to last
between 8 and 12 min. On VISIT 2, the second cardiopulmonary exercise test (CPET2) was performed
with the exercise intensity set individually for each participant, with the treadmill velocity set at the
speed corresponding to the anaerobic threshold (vAT) established during CPET1. For cardiovascular
adaptation, each runner ran without the weight vest at 75% vAT for 3 min, then at 100% vAT for
3 min, and at 75% vAT for 3 min. After this 9 min adaptation to the exercise, each runner put on the
12 kg weight vest and ran for 3 min.

Resting spirometry was performed before the CPET1 to measure the forced expired
volume in one second (FEV1) and derive the maximal voluntary ventilation (MVV) using
the formula FEV1 × 40, which is necessary to calculate the breathing reserve (BR) [24].

2.3.2. CPET1

CPET1 was performed until exhaustion with a ramp protocol individually tailored to
each participant’s anticipated exercise capacity [25,26]. After acquiring the resting state, all
participants ran on a treadmill for 3 min to warm up. Next, the progressive exercise running
phase started with an incremental speed of the treadmill. The protocols for the incremental
CPET phase were personalized and based on each individual’s current fastest pace of a
1 km run. The corresponding speed was set as the 10 min target for the treadmill so that
the incremental phases of most of the CPETs were within the range of 8 to 12 min. All
participants were encouraged to run until maximal exhaustion, and the test was stopped
at their will. During the post-exercise recovery, participants sat on a chair for 5 min. The
treadmill angle was set at 1% elevation for the warm-up and incremental phases.

During CPET1, two ventilatory thresholds were determined [20,27]. The first ventila-
tory or anaerobic threshold (AT) was estimated by three methods in the following order,
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i.e., the V-slope from the VO2 vs. VCO2 relationship; VO2 equivalent (VE/VO2), and
end-tidal partial O2 pressure (PetO2) vs. treadmill speed. The second ventilatory threshold
or respiratory compensation point (RCP) was estimated with the PetCO2 vs. treadmill
speed, VE/VCO2 V-slope from the VE vs. VCO2 plot, and VCO2 equivalent (VE/VCO2) vs.
treadmill speed. AT and RCP thresholds were determined as the best agreement between
at least two physicians analyzing the same CPET result. The CPET1 was summarized by
measures taken at rest, AT, RCP, and the peak exercise.

2.3.3. CPET2

CPET2 was performed on another day within a week following the CPET1. Partici-
pants re-took the CPET according to the following individualized protocol for each runner,
and the treadmill speed recorded at AT (vAT) during CPET1 was set as the target speed
of the CPET2. We calculated 75% of vAT, which was used as an adaptation phase speed
in CPET2. During the whole CPET2, the treadmill angle was set at 1%. The preliminary
phase, designed for cardiovascular adaptation to exercise, consisted of a 3 min run at 75%
vAT, followed by a 3 min run at 100% vAT. Next, the volunteers ran for 3 min at 75% vAT
(preparation phase), after which they stepped from the treadmill for up to 15 s to put the
+12 kg vest on, then returned to the treadmill to run for another 3 min at 100% vAT. Figure 1
shows the study flow.

The following standard CPET parameters were measured breath by breath [28]:

• HR—heart rate.
• VO2—the volume of consumed O2.
• O2 pulse as a ratio of VO2 to HR.
• VCO2—the volume of produced CO2.
• VE—minute ventilation.
• TV—the tidal volume.
• BF—breathing frequency.
• BR%—breathing reserve as a fraction of VE to MVV.
• VE/VO2—the ventilatory equivalent for oxygen.
• VE/VCO2—the ventilatory equivalent for carbon dioxide.
• RER—respiratory exchange ratio.
• PetO2—the end-tidal oxygen tension.
• PetCO2—the end-tidal carbon dioxide tension.

For further analysis, we used the mean values of CPET variables measured within 15 s
of AT and RCP (from CPET1), and the last 30 s of the 3 min run with the +12 kg vest (from
CPET2). The CPET2 measures collected during the run at vAT with the +12 kg vest were
compared with the CPET1 parameters at AT and RCP. Our primary intention, however,
was to study the potential effects of simulated “instant” 12 kg weight reduction on CPET
parameters, particularly those corresponding to exercise tolerance. Therefore, the relative
changes between the runs with the +12 kg vest at vAT versus the unloaded CPET1 run at
AT and RCP were compared using the CPET2 parameters measured during the +12 kg vest
run as reference:

Parameterrc =
Parameterstage − Parameter12kg

Parameter12kg
× 100%

where Parameterrc is the relative change in a specific parameter compared to the run with
the +12 kg vest; Parameterstage is the absolute value of a specific parameter recorded during
CPET1 at various stages (AT, RCP); and Parameter12kg is the absolute value of a specific
parameter recorded during the CPET2 run with the +12 kg vest.

2.4. Statistical Analysis

Due to the non-Gaussian data distribution (by the D’Agostino-Pearson test), data were
summarized as median and the 25th and 75th percentile. The post-hoc Dunn–Bonferroni
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test was used to compare absolute values and their relative changes between both tests.
Non-parametric Spearman correlation with the rho coefficient was used to describe the
association between the relative change in body weight with the relative changes in the
CPET parameters between CPET2 and CPET1 tests. A p-value <0.05 was considered
significant. Statistical analyses were performed using PQStat Software (PQStat v.1.8.4.124,
PQStat, Poznań, Poland).

3. Results
3.1. Baseline Clinical Characteristics, Echocardiography, and Resting CPET

Table 1 summarizes the clinical characteristics of all participants. Their median age was
26 years. All exercised regularly with a median of five training days per week with eight
training hours per week. Echocardiography revealed median values of the diameters of the
left ventricle, right ventricle, and right atrium, and the left ventricular wall thickness to be
normal. The left ventricle end-systolic diameter was in the upper limit—40.5 mm, and the
adaptive dilation of the left atrium was nearly 31 mL/m2. Descriptors of the left ventricular
systolic and diastolic function were in the normal range, with no hemodynamically and
clinically relevant valvular diseases.

Table 1. Summary baseline characteristics of the healthy male amateur runners.

Median LQ UQ

Age (years) 26 23 42

Training days a week (days) 5 4 7

Training hours a week (hours) 8 5 16

Height (cm) 182 175 184

Body mass (kg) 73.5 67.0 78.5

Delta mass (%) 14.04 13.26 15.19

BMI (kg/m2) 22.20 21.18 25.86

BMI +12 kg (kg/m2) 25.81 25.03 29.82

Treadmill velocity at AT (km/h) 12.4 11.7 13.0

Treadmill velocity at RCP (km/h) 15.50 14.48 16.15

Maximal treadmill velocity (km/h) 17.15 16.25 17.93

RVIDd (mm) 34.0 31.0 37.5

IVSd (mm) 9 8 9

LVIDd (mm) 50.0 47.5 54.5

LVPWd (mm) 9.0 9.0 10.5

LVIDs (mm) 40.5 34.0 42.0

LVEF (%) 63.2 61.4 64.4

LADs (mm) 38 34 41

MV E (m/s) 0.75 0.65 0.84

MV A (m/s) 0.44 0.41 0.53

E/E’ mean 4.83 4.70 5.47
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Table 1. Cont.

Median LQ UQ

AV Vmax (m/s) 1.19 1.10 1.31

LAI (mL/m2) 41.99 30.79 49.62
‘A’—velocity of the ‘a’ wave in pulse wave Doppler; AT—anaerobic threshold; AV Vmax—the maximal velocity of
blood ejected through the aortic valve; BMI—body mass index; ‘E’—velocity of ‘e’ wave measured in tissue Doppler;
IVSd—intraventricular septum diameter during diastole; LADs—left atrium diameter during systole; LAI—left
atrial diameter during systole indexed to body surface area; LQ—lower quartile; LVEF—left ventricle ejection
fraction; LVIDd—left ventricular internal diameter during diastole; LVIDs—left ventricular internal diameter during
systole; LVPWd—left ventricular posterior wall diameter during diastole; MV—mitral valve; RCP—respiratory
compensation point; RVIDd—right ventricle internal diameter during diastole; UQ—upper quartile.

Resting spirometry and CPET values were within the normal range, with a median
breathing frequency of 17/min, breathing reserve of 92%, VCO2 of 0.38 L/min, and VO2
of 0.46 L/min. The calculated RER was 0.85, the resting HR was 79/min, and the O2
pulse was 5.8 mL/beat. The median peak treadmill speed during incremental exercise was
over 17 km/h. The HR increased to 184 beats/min, BF to 51/min, TV to 2.7 L, and VE
to 146 L/min. Additionally, RER reached 1.17, indicating adequate maximal effort of the
volunteers. The median VO2 peak reached 4.54 L/min, and the peak VCO2 was 3.83 L/min.
At peak exercise, the runners achieved an O2 pulse of 18.9 mL/beat. The CPET results at
rest and peak exercise are shown in Table 2.

Table 2. Summary baseline characteristics of CPET parameters at rest and peak exercise.

Rest Peak Exercise

Median LQ UQ Median LQ UQ

BF (breaths/min) 17.0 13.3 21.0 50.5 47.5 59.5

VCO2 (L/min) 0.38 0.29 0.48 4.54 3.98 4.78

VE/VCO2 32.4 29.9 34.0 30.9 29.1 32.0

VE/VO2 27.0 23.9 29.6 36.8 32.9 38.2

VO2 (L/min) 0.46 0.37 0.54 3.83 3.46 4.12

VO2kg (L/min × kg) 5.92 5.23 7.21 50.16 47.49 52.69

VE (L/min) 14.33 9.97 16.42 146.41 126.48 160.39

TV (L) 0.84 0.68 1.15 2.72 2.51 3.01

RER 0.85 0.78 0.92 1.17 1.12 1.21

HR (beats/min) 79 70 88 184 181 195

O2pulse (mL/beat) 5.78 5.04 6.64 20.26 18.18 22.79

PetO2 (mmHg) 110.0 104.0 111.3 116.5 112.8 118.0

PetCO2 (mmHg) 35.5 34.5 37.0 37.5 36.8 40.0
BF—breathing frequency; CPET—cardiopulmonary exercise test; HR—heart rate; O2pulse—the ratio of VO2 to
HR; LQ—lower quartile; PetCO2—the end-tidal carbon dioxide tension; PetO2—the end-tidal oxygen tension;
RER—respiratory exchange ratio; TV—the tidal volume; UQ—upper quartile; VCO2—the volume of produced
CO2, VE—minute ventilation; VE/VCO2—the ventilatory equivalent for carbon dioxide; VE/VO2—the ventilatory
equivalent for oxygen; VO2—the volume of consumed O2; VO2kg—the volume of consumed O2 per kilogram of
body weight.

Our model demonstrates the potential effects of a simulated “instant” 12 kg weight
reduction. Therefore, the CPET test results are presented in a reverse mode, first from
CPET2 and then from CPET1 during AT and RCP. The median BMI of the runners with
the +12 kg vests was 25.8 kg/m2, and after the simulated weight reduction, it decreased to
22.2 kg/m2. With the +12 kg vests, 4 runners became obese, 11 were overweight, and 5 had
normal BMI. After the simulated weight reduction, 13 runners had normal BMI, 7 were
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overweight, and none were obese. The median value of simulated relative body weight
reduction was ~15% for the whole group.

The absolute values of parameters from CPET2 for the +12 kg vest run and from CPET1
(AT and RCP) are presented in Table 3. The +12 kg run at the vAT during the CPET2 was
the reference for comparisons with the run at the vAT during the CPET1 (Table 4). Mutual
comparisons of all relative changes (Table 5) were made to investigate the proportionality
of these changes (Figure 2).

J. Clin. Med. 2023, 12, x FOR PEER REVIEW  8  of  16 
 

 

Table 5. Comparison of relative changes of CPET parameters from CPET2 (run with vAT with +12 

kg weight vest) and CPET1 (AT). 

p‐Value  BF  VCO2 VE/VCO2 VE/VO2  VO2  VE  TV  RER HR 
O2puls

e 
PetO2 

VCO2  1  ‐  ‐  ‐  ‐  ‐  ‐  ‐  ‐  ‐  ‐ 

VE/VCO

2 
0.0347  1  ‐  ‐  ‐  ‐  ‐  ‐  ‐  ‐  ‐ 

VE/VO2  0.2909  1  1  ‐  ‐  ‐  ‐  ‐  ‐  ‐  ‐ 

VO2  0.6629  1  1  1  ‐  ‐  ‐  ‐  ‐  ‐  ‐ 

VE  1  1  0.7417  1  1  ‐  ‐  ‐  ‐  ‐  ‐ 

TV  <0.0001 
<0.000

1 
0.0004  <0.0001 

<0.000

1 
<0.0001  ‐  ‐  ‐  ‐  ‐ 

RER  0.0003 0.0917  1  1  1  0.0166  0.0400  ‐  ‐  ‐  ‐ 

HR  0.0001 0.0300  1  1  1  0.0048  0.1197  1  ‐  ‐  ‐ 

O2pulse  <0.0001 0.0224  1  1  1  0.0035  0.1553  1  1  ‐  ‐ 

PetO2  <0.0001 0.0011  1  0.4695  0.2004  0.0001  1  1  1  1  ‐ 

PetCO2  <0.0001 0.0013  1  0.5274  0.2272  0.0001  1  1  1  1  1 

AT—anaerobic  threshold;  BF—breathing  frequency;  CPET—cardiopulmonary  exercise  test; 

HR—heart rate; O2pulse—the ratio of VO2 to HR; PetCO2—the end‐tidal carbon dioxide  tension; 

PetO2—the  end‐tidal  oxygen  tension;  RCP—respiratory  compensation  point;  RER—respiratory 

exchange  ratio;  TV—the  tidal  volume;  vAT—treadmill  speed  recorded  at  AT  during  CPET1; 

VCO2—the volume of produced CO2, VE—minute ventilation; VE/VCO2—the ventilatory equiva‐

lent for carbon dioxide; VE/VO2—the ventilatory equivalent for oxygen; VO2—the volume of con‐

sumed O2. 

 

Figure 2. Comparison of relative changes of CPET parameters from CPET2 (run with vAT with +12 

kg weight vest) and CPET1 (AT). * Statistically significant differences between relative changes of 

Figure 2. Comparison of relative changes of CPET parameters from CPET2 (run with vAT with +12 kg
weight vest) and CPET1 (AT). * Statistically significant differences between relative changes of pairs
of CPET parameters. AT—anaerobic threshold; BF—breathing frequency; CPET—cardiopulmonary
exercise test; HR—heart rate; O2pulse—the ratio of VO2 to HR; PetCO2—the end-tidal carbon dioxide
tension; PetO2—the end-tidal oxygen tension; RC—relative change; RER—respiratory exchange ratio;
TV—the tidal volume; vAT—treadmill speed recorded at AT during CPET1; VCO2—the volume of
produced CO2, VE—minute ventilation; VE/VCO2—the ventilatory equivalent for carbon dioxide;
VE/VO2—the ventilatory equivalent for oxygen; VO2—the volume of consumed O2.
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Table 3. Absolute values of CPET parameters during CPET2 (run with vAT with +12 kg weight vest)
and CPET1 (AT, RCP).

CPET2 CPET1
AT vs. AT CPET1

RCP vs. RCP

Median 25th p 75th p Median 25th p 75th p p Median 25th p 75th p p

BF (breaths/min) 47.0 44.0 50.5 35.8 31.0 39.1 <0.0001 43.0 41.0 46.5 0.6681

VCO2 (L/min) 3.41 2.97 3.67 2.72 2.52 3.02 0.0423 3.84 3.41 4.17 0.3003

VE/VCO2 29.15 27.83 30.53 26.41 24.87 27.70 <0.0001 28.50 27.48 29.55 1

VE/VO2 30.05 28.30 32.55 27.15 24.78 28.38 0.0023 30.95 29.33 33.13 1

VO2 (L/min) 3.27 2.86 3.48 2.81 2.58 3.11 0.0132 3.50 3.15 3.80 1

VE (L/min) 104.40 92.83 117.84 80.52 73.94 87.30 0.0197 114.02 104.78 128.45 0.6681

TV (L) 2.24 1.98 2.38 2.43 2.24 2.62 0.3972 2.60 2.45 2.77 0.0005

RER 1.04 1.01 1.09 0.96 0.93 0.99 0.0132 1.09 1.05 1.13 0.8499

HR (beats/min) 169 167 178 163 156 166 0.0291 178 174 185 0.3459

O2pulse (mL/beat) 18.86 16.91 20.50 17.58 16.27 19.06 0.0132 19.59 17.57 22.64 1

PetO2 (mmHg) 111.0 108.0 112.3 107.0 100.4 108.0 0.0107 111.5 109.8 113.3 1

PetCO2 (mmHg) 41.0 40.4 43.0 39.1 38.2 40.0 0.0001 40.0 38.8 42.0 0.224

AT—anaerobic threshold; BF—breathing frequency; CPET—cardiopulmonary exercise test; HR—heart rate;
O2pulse—the ratio of VO2 to HR; PetCO2—the end-tidal carbon dioxide tension; PetO2—the end-tidal oxygen
tension; RCP—respiratory compensation point; RER—respiratory exchange ratio; TV—the tidal volume; vAT—
treadmill speed recorded at AT during CPET1; VCO2—the volume of produced CO2, VE—minute ventilation;
VE/VCO2—the ventilatory equivalent for carbon dioxide; VE/VO2—the ventilatory equivalent for oxygen;
VO2—the volume of consumed O2.

Table 4. Relative changes between CPET parameters from CPET2 (run with vAT with +12 kg weight
vest) and CPET1 (AT, RCP).

% AT RCP

Median 25th p 75th p Median 25th p 75th p

BF −28.13 −32.94 −20.00 −4.36 −12.15 0.00

VCO2 −16.64 −23.21 −12.55 12.06 5.52 20.98

VE/VCO2 −9.18 −11.99 −6.03 −3.09 −6.83 0.35

VE/VO2 −13.34 −17.89 −6.71 4.02 −2.95 7.97

VO2 −11.69 −17.16 −8.23 8.40 0.72 15.35

VE −19.84 −28.50 −13.16 11.18 2.40 19.17

TV 11.35 2.82 20.67 21.55 4.89 27.65

RER −4.96 −11.80 −4.23 4.62 1.22 9.56

HR −6.21 −8.44 −3.57 4.73 2.89 6.84

O2 pulse −7.18 −11.94 −1.97 1.59 −2.83 10.09

PetO2 −5.69 −7.66 −2.82 0.92 −0.90 2.08

PetCO2 −4.88 −5.53 −2.88 −3.36 −4.88 0.00
AT—anaerobic threshold; BF—breathing frequency; CPET—cardiopulmonary exercise test; HR—heart rate; O2
pulse—the ratio of VO2 to HR; PetCO2—the end-tidal carbon dioxide tension; PetO2—the end-tidal oxygen
tension; RCP—respiratory compensation point; RER—respiratory exchange ratio; TV—the tidal volume; vAT—
treadmill speed recorded at AT during CPET1; VCO2—the volume of produced CO2, VE—minute ventilation;
VE/VCO2—the ventilatory equivalent for carbon dioxide; VE/VO2—the ventilatory equivalent for oxygen;
VO2—the volume of consumed O2.
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Table 5. Comparison of relative changes of CPET parameters from CPET2 (run with vAT with +12 kg
weight vest) and CPET1 (AT).

p-Value BF VCO2 VE/VCO2 VE/VO2 VO2 VE TV RER HR O2pulse PetO2

VCO2 1 - - - - - - - - - -

VE/VCO2 0.0347 1 - - - - - - - - -

VE/VO2 0.2909 1 1 - - - - - - - -

VO2 0.6629 1 1 1 - - - - - - -

VE 1 1 0.7417 1 1 - - - - - -

TV <0.0001 <0.0001 0.0004 <0.0001 <0.0001 <0.0001 - - - - -

RER 0.0003 0.0917 1 1 1 0.0166 0.0400 - - - -

HR 0.0001 0.0300 1 1 1 0.0048 0.1197 1 - - -

O2pulse <0.0001 0.0224 1 1 1 0.0035 0.1553 1 1 - -

PetO2 <0.0001 0.0011 1 0.4695 0.2004 0.0001 1 1 1 1 -

PetCO2 <0.0001 0.0013 1 0.5274 0.2272 0.0001 1 1 1 1 1

AT—anaerobic threshold; BF—breathing frequency; CPET—cardiopulmonary exercise test; HR—heart rate;
O2pulse—the ratio of VO2 to HR; PetCO2—the end-tidal carbon dioxide tension; PetO2—the end-tidal oxygen
tension; RCP—respiratory compensation point; RER—respiratory exchange ratio; TV—the tidal volume; vAT—
treadmill speed recorded at AT during CPET1; VCO2—the volume of produced CO2, VE—minute ventilation;
VE/VCO2—the ventilatory equivalent for carbon dioxide; VE/VO2—the ventilatory equivalent for oxygen;
VO2—the volume of consumed O2.

3.2. Comparison with the CPET1 Run at AT

The simulated 12 kg weight reduction was associated with decreases in the absolute
values of BF, VE, HR, RER, VCO2, VO2, O2 pulse, VE/VCO2, VE/VO2, PetCO2, and PetO2
No change was observed in the TV (Table 3). Specifically, BF decreased from 47 breaths/min
to 36 breaths/min, VE decreased from 104 L/min to 81 L/min, and TV increased from 2.2 L
to 2.4 L (Table 3).

3.3. Comparison with the CPET1 Run at RCP

Compared to the RCP, the simulated 12 kg weight reduction caused a decrease only in
TV. No other parameters differed significantly between CPET2 and CPET1 at RCP (Table 3).

3.4. Relative Changes of CPET Parameters between CPET2 and CPET1 at AT

The relative changes of different CPET parameters caused by the simulated 12 kg
weight reduction were not comparable between CPET2 and CPET1 at AT (Tables 4 and 5).
CPET parameters describing respiratory function changed more than the remaining vari-
ables. The median BF decline was 28%, VCO2 17%, and VO2 12%. There were modest
improvements in the cardiovascular parameters, i.e., HR declined by 6% and O2 pulse by
7%. The smallest alterations for the relative CPET changes were found for RER (a decrease
of 5%), and the PetO2 and PetCO2 (values decreased by nearly 6% and 5%, respectively).

3.5. Comparison of Relative Changes of CPET Parameters between CPET2 and CPET1 at AT

Tables 4 and 5 and Figure 2 show that the relative changes in CPET parameters between
CPET2 and CPET1 at AT are not proportional, with the largest differences observed between
BF and TV, O2 pulse, PetO2, PetCO2, TV and VE/VO2, VO2, VCO2, VE (all p < 0.0001).
In Figure 2, all relative changes in CPET parameters are grouped into the following sets:
ventilatory (blue area), mixed (ventilatory–cardiovascular) (violet area), gas exchange
(green area), cardiovascular (red area), and metabolic (yellow area). Relative changes in
ventilatory parameters significantly differed from the changes in other parameters.
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3.6. Correlation of Relative Changes of CPET Parameters (between CPET2 and CPET1 at AT) and
Change in Weight

Table 6 shows no statistically significant correlations of relative CPET parameter
changes (between CPET2 and CPET1 at AT) with the simulated body weight reduction
percentage. CPET parameter changes between CPET2 (run with +12 kg vest) and CPET1
(during AT) are not in the same proportion and are independent of body weight reduction.

Table 6. Relationship of relative CPET parameter changes with the percentage simulated weight reduction.

Correlation between the Relative Body Weight Reduction and CPET Parameters between
Running with a +12 kg Vest at vAT and

Without the Vest at vAT Without the Vest at vRCP
rho p-Value rho p-Value

BF −0.07 0.7821 0.00 0.9849
VCO2 −0.18 0.4410 0.09 0.7113

VE/VCO2 −0.24 0.3052 −0.12 0.6212
VE/VO2 0.04 0.8696 0.01 0.9824

VO2 −0.24 0.3067 −0.14 0.5573
VE −0.16 0.4884 −0.09 0.6995
VT −0.13 0.5900 −0.06 0.7931

RER 0.03 0.9095 0.24 0.3146
HR 0.02 0.9245 0.39 0.0871

O2 pulse −0.31 0.1834 −0.22 0.3575
PetO2 −0.10 0.6646 −0.31 0.1767

PetCO2 −0.02 0.9332 0.06 0.8109
AT—anaerobic threshold; BF—breathing frequency; CPET—cardiopulmonary exercise test; HR—heart rate;
O2pulse—the ratio of VO2 to HR; PetCO2—the end-tidal carbon dioxide tension; PetO2—the end-tidal oxygen
tension; RCP—respiratory compensation point; RER—respiratory exchange ratio; TV—the tidal volume; vAT—
treadmill speed recorded at AT during CPET1; VCO2—the volume of produced CO2, VE—minute ventilation;
VE/VCO2—the ventilatory equivalent for carbon dioxide; VE/VO2—the ventilatory equivalent for oxygen;
VO2—the volume of consumed O2; vRCP—velocity at respiratory compensation point during CPET1.

4. Discussion

Our model shows that a simulated 12 kg weight reduction significantly changed most
CPET variables in male runners, with decreases in BF, VE, HR, RER, VCO2, VO2, O2 pulse,
VE/VCO2, VE/VO2, PetO2, and PetCO2, and insignificant increase in VT, when compared
to the run at the same speed of vAT, but the relative changes were not of comparable
proportion. There was no association between the magnitude of CPET parameters change
and the body weight reduction percentage. CPET parameters for running at AT with
+12 kg body weight were comparable to a faster run at RCP but without additional weight
load, suggesting that ~15% body weight reduction in male runners shifts the respiratory,
cardiovascular, and metabolic responses from the high mixed (aerobic–anaerobic) zone
associated with metabolic acidemia close to RCP to a typical aerobic zone.

4.1. Breathing Mechanics

The simulated ~15% weight reduction affects most CPET parameters, but the ob-
served changes were not comparable among various CPET parameters describing exercise
tolerance. Breathing frequency declined by nearly 30%, VE, VCO2 VE/VO2, VO2 over
10%, and VE/VCO2 by nearly 10%, whereas the tidal volume increased by 11%. Balmain
et al., suggested altered respiratory mechanics responsible for increased VE and PetCO2
and decreased VE/VCO2 slope during exercise in obese people [29]. During incremental
exercise load, normal-weight runners reduce their dead space, whereas obese individuals
have a higher physiological dead space and dead-space-to-ventilation ratio than normal-
weight individuals [30]. The dead space is increased, and its impact on total lung capacity
compared to ventilation is also increased; therefore, in obese runners, the dead space may
not be reduceable, and their respiratory muscles must perform more work to remove the
same amount of CO2 and compensate for metabolic acidemia [29,31]. Additionally, obese



J. Clin. Med. 2023, 12, 98 11 of 16

individuals produce even more CO2 during physical effort than nonobese people. Borasio
et al., showed that after weight reduction due to sleeve gastrectomy, the lung volumes and
flows during forced expiration at rest improve, and resting ventilation and tidal volume are
reduced. During exercise, there is decreased ventilation and a shallower ventilatory pattern
(lower BF and larger TV response). Additionally, after weight loss, dead space ventilation
and saturation increase [32].

Poorer chest and abdominal wall compliance and inertia also contribute to impaired
respiratory mechanics typical for obesity. Richman et al. [33] showed that obese subjects
with unilateral diaphragm paralysis had more reduced peak VO2/kg and VE than subjects
with either obesity or unilateral diaphragm paralysis. Obese people also have shallower
breathing (TV), which needs to be compensated by increased BF [31,32].

Sport weight vests mimic the effects of obesity and fat tissue on breathing mechanics
in several ways. First, the vests limit the expansion of the chest, abdominal walls, and
shoulder movements. Second, the extra weight creates additional force vectors that need
to be compensated by the chest and abdominal wall muscles. Third, the force vectors
directed towards the abdomen resemble the effects of the abdominal wall and visceral
fat, which reduce the extent of the diaphragm excursion up and down. Therefore, the
thorax volume for expanding lungs during breathing becomes limited. All these changes
correspond to the effects of lung restriction. In obesity, the ventilatory work is increased
due to increased abdominal pressure and added mass on the chest wall, limiting the
diaphragmatic movements during respiration and reducing the inspiratory capacity, tidal
volume, and resting end-expiratory lung volume [20].

In our study, several indices of breathing mechanics improved during exercise after
the simulated model of body weight reduction. Compared with the extra +12 kg weight,
after taking off the sports vest, runners reduced their BF, VE, and VE/VCO2 but increased
TV. Improving end-inspiratory lung volume by reducing dead space is one of the primary
mechanisms of increasing TV during exercise in healthy and nonobese people. The effec-
tiveness of such mechanisms is compromised both in obese persons and while running
with the +12 kg vests [31].

Bhammar et al., found decreased BF, VE, VO2, and VCO2 during light exercise (cycling
with the 60 W load) after an average 8% body weight reduction (15% in total fat mass) in a
group of obese women undergoing a 12-week restrictive diet intervention [34]. Additionally,
their resting total lung capacity (TLC), functional residual capacity (%TLC), and expiratory
reserve volume (%TLC) increased, while inspiratory capacity (%TLC) decreased. After the
weight reduction, TV during the 60W exercise decreased from 1.66 L to 1.57 L, possibly
caused by the 60 W exercise being low-intensity exercise which does not challenge the
respiratory system so much to substantially increase ventilation. Therefore, after the weight
reduction, the TV was lower, but at peak exercise, after weight reduction, the TV increased
from 1.9 L to 2.0 L [34]. Our model of simulated weight reduction also showed a decline in
BF, VE (less respiratory work), and VE/VCO2 (smaller dead space), and improved TV (less
lung restriction); therefore, losing body weight seems to have the most beneficial effects on
breathing mechanics.

Obese people have a shallow and rapid breathing pattern due to increased work of
the inspiratory muscles and reduced lung and chest wall compliance [31]. This forces these
muscles to work harder, which requires higher O2 consumption and energy requirements.
In healthy subjects, the oxygen cost of breathing (percentage of O2 consumed by the
respiratory muscles) is below 5%. [35]. Losing weight decreases breathing costs (from
8.5% to 6.7% of total body VO2 after 8% body mass or 15% fat mass reduction) [34],
thereby contributing to improved respiratory system functioning. Naturally, increased
body weight also impacts leg muscles which have to carry out most of the physical work
and carry a heavier person. A higher metabolic cost of moving a heavier body and legs
and compensating for impaired breathing mechanics increases VO2 [33].
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4.2. O2 Consumption and CO2 Production

Balmain et al., reported that obese people have higher metabolic and oxygen demands
during exercise [29]. Obese adults also have elevated respiratory rates, smaller tidal vol-
umes, and slightly elevated ventilatory equivalent for oxygen [30], with greater VO2 than
normal-weight individuals during rest and exercise, possibly due to the additional metabolic
demand required to move additional mass [30,33]. When VO2 is normalized to body mass,
obese people have decreased VO2/kg [20], which could hypothetically be interpreted as
increased metabolic demand of tissues when a runner has a lower body mass or higher
efficiency of O2 utilization. However, obese people have similar or even slightly higher
peak oxygen consumption during CPET than lean individuals [36,37]. Therefore, the change
in VO2/kg must result from higher body mass. Submaximal exercise in obese subjects
demands a larger peak VO2, indicating increased oxygen cost to exercise with a larger
body mass [37]. In our “instant” weight loss model, we observed an increase in VO2/kg
from 37.1 to 38.1 mL/kg/min (4% increase). However, these observations are complicated
because this measurement is the effect of mathematical normalization of increased body
mass. For this reason, we did not include these observations in our results. In our model,
the body mass decreased when the volunteers took off the vests—the weight vests present a
decrease in non-muscular, non-metabolic tissue—excess fat tissue and water, which does
not take part in movement of the body. For more precise interpretation VO2 should be
normalized to active metabolic tissue—muscle mass responsible for O2 consumption.

Obese individuals have increased muscle and fat mass, so additional energy is needed
to move a larger body mass during exercise, and increased cardiorespiratory response
is required to perform the same amount of energy [20]. This is in line with our findings,
where an additional ~15% of body mass caused the metabolism to shift from AT to RCP
with the same exercise load (treadmill speed). The other tissues, including muscles, which
work harder, require a larger oxygen supply, which is provided by increased resting cardiac
output per kilogram. Therefore, the cardiac output reserve for exercise is reduced [20].
Increased energy demand leads to increased CO2 production during exercise, and the
VCO2 rose from 2.72 L/min to 3.41 L/min revealing the excess metabolic work.

4.3. Energy Metabolism in Aerobic and Aerobic-Anaerobic Zones

Larger body mass requires more energy for working muscles, and anaerobic metabolism
appears earlier when the more intense effort starts. Thus, in obesity, local muscle metabolic
acidosis develops earlier [20]. Our model of the simulated “instant” 12 kg body weight
reduction reversed this process and restored muscle metabolism to the aerobic zone by
significantly reducing VCO2 by 21% and VO2 by 15%, whereas VCO2 reflects muscle CO2
production and VO2 measures muscle O2 consumption. In addition to lowering the body’s
ventilatory demands discussed above, HR declined by over 6% and O2 pulse by 7%. Less
body weight does not need to exploit the heart’s chronotropic (HR) and inotropic (O2 pulse
as a surrogate of stroke volume) responses to exercise [18,26,36,37]. Oxygen ventilatory
gas exchange is optimal when running at speed close to vAT. A decrease in O2pulse (i.e.,
VO2/HR) after the weight reduction suggests that the lungs absorb less oxygen with each
heartbeat, also demonstrating that weight-reduction-induced changes in VO2 and HR are
non-linear, i.e., one is declining faster than another.

After the weight reduction, RER, an energy source metabolism index, decreased
by nearly 5% to <1. A lower RER means that the exercise is less intense, and more fat
than glycogen is utilized in the aerobic oxygenation in mitochondria. It is a known but
interesting phenomenon that more fat is burnt at the effort of lower than higher intensity
when working muscle O2 demands are better covered [38]. If obese people intend to reduce
fat, less intensive effort below the AT should be practiced, and for runners, this usually
translates to slower runs.

After weight loss, less energy is needed to perform an effort of similar intensity, such
as running at the same speed. Other studies [38–41] and our results indirectly suggest that
the duration of the effort, e.g., running, should be longer or at a higher intensity (speed)
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to burn the same amount of calories—while losing weight, the training plan should be
regularly modified to continue fat and not glycogen mass reduction.

4.4. Effects of Body Weight Reduction on PetO2

PetO2 during a run with a +12 kg vest at vAT was comparable to the faster run at
vRCP without the extra weight. After the simulated weight reduction, PetO2 decreased by
almost 6%. Physiologically, during exercise, the nadir PetO2 value is near AT when more
efficient aerobic energy production predominates, and PetO2 increases with more intense
effort above the AT [42].

The PetO2 nadir has two leading causes. The first is the already mentioned physiological
ventilation improvement, whereas the second is the optimization of tissue oxygen extraction
at this time. All O2 delivered to muscles is used by mitochondria to produce energy particles,
e.g., ATP, from the oxidation of different molecules, including fatty acids and lactate. After
this point, however, O2 delivery does not meet its tissue requirements, so cytoplasmic
glycolysis gradually predominates over mitochondria in ATP production, lactates and H+

start accumulating, and local acidemia develops. The simulated weight reduction decreases
PetO2 from near RCP to AT level, restores aerobic metabolism, and improves tissue O2
extraction, lactates and H+ are better balanced, and no metabolic acidemia occurs.

4.5. Effects of Body Weight Reduction on CPET Parameters

Nedeljkovic-Arsenovic et al., compared CPET parameters in obese patients before and
six months after bariatric surgery [43], showing that only patients with body weight reduc-
tion over 18% had a decreased peak VO2 and improved ventilatory efficiency (described
by increased BR, FEV1, and decreased peak VO2, PetCO2). In our model, the approximate
simulated 15% weight reduction was associated with improving many CPET parameters.
Various clinical characteristics of studied people might explain the differences. For example,
Nedeljkovic-Arsenovic et al., studied morbidly obese men and women (35% were physi-
cally active, but no definition of this term was provided in this study) with low exercise
capacity, i.e., peak VO2 < 2.6 L/min, O2 pulse < 18 mL/beat, VE < 70 L/min, and RER no
more than 1.07. Our study focused only on highly trained young male runners exercising
regularly with above age- and gender-matched median exercise capacity indices, i.e., peak
VO2 3.8 L/min, O2 pulse 20.26 mL/beat VE 146 L/min [44,45]. However, our findings are
similar to the observations of Wilms et al., who performed a CPET on a bicycle before and
one year after bariatric surgery in obese adults [46]. Compared to presurgery, one year after
this intervention, patients lowered their body weight by 27%, their HR during running at
vAT was significantly lowered by 7.7%, and the peak VO2 and workload normalized to the
body weight increased by 35% and 46%, respectively [46].

4.6. Limitations

For the studied weight reduction simulation, we used several approximations. First,
we investigated the effects of sheer mass loss. However, the artificially increased body
weight did not reflect natural fat, lean tissue, or water, typical components of excessive
tissue in obese patients which are lost in various proportions during weight reduction.
Second, weight reduction is prolonged with accompanying physiological changes and adap-
tations, but our “instant” weight loss model did not allow us to observe such adaptation.
However, our model allowed us to investigate an isolated effect of body weight reduction
on the CPET parameters. In this way, we excluded the potential impact of other metabolic
and hormonal adaptations typically accompanying long-lasting weight reduction. Next,
the +12 kg body weight was used as a reference so that the actual unloaded body weight
might serve as a weight reduction result. Using such a model, we could study healthy
runners with above-average exercise capacity (median values of peak VO2/kg 50.16 mL/kg,
HR 184 beats/min, O2pulse 20.26 mL/beat, and RER 1.17) [44,45], who managed to run
with extra +12 kg vests at the vAT pace for three minutes; people with poorer exercise
capacity might be unable to complete such a task. Furthermore, extra-weight vests helped
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to mimic several effects of excessive fat on the chest and abdominal walls and breathing
mechanics. Finally, we studied only 20 young male long-distance runners of the Caucasian
race. Therefore, our findings cannot be extrapolated to both sexes, older people, those who
do not train for long-distance running, and other ethnicities.

5. Conclusions

After ~15% body weight reduction, running at the vAT speed shifts most CPET
parameters from the near RCP to the AT threshold, but the magnitude of relative changes
is neither proportional among various CPET parameters nor related to the weight loss
percentage. The most beneficial alterations are observed in the breathing mechanics,
followed by gas-exchange and cardiac parameters. The smallest relative changes are in
RER, suggesting that running at the vAT speed utilizes more fat as an energy source when
body weight is reduced. However, more research should be conducted with larger groups
of various subjects. Body mass reduction techniques (including pharmacological treatment)
should be constantly developed and widely propagated due to their many beneficial effects.
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