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Abstract 
Background: Electronic cigarettes (EC) have been proposed as a safe alternative to 

tobacco smoking, however, several studies have shown adverse health effects of 

EC. The chronic implications of EC on cardiorespiratory response and exertional 

dyspnoea are unknown. Aim: To examine the chronic effects of EC and tobacco 

cigarettes (TC) on resting vascular function, inflammatory markers, cardiorespiratory 

responses during exercise and exertional dyspnoea. Methodology: Three groups of 

young adults (16 each) with normal spirometry (EC users, TC smokers, and never-

smokers [NS]) consented to participate in this study following institutional ethics 

approval. Participants performed forced vital capacity, maximal voluntary ventilation, 

maximal inspiratory and expiratory pressures manoeuvres to assess lung functions. 

An incremental cardiopulmonary exercise test (CPET) 20W/2mins on an 

electronically braked cycle ergometer was performed. Oxygen consumption (V̇O2), 

heart rate (HR), and ventilation (V̇E) were measured continuously throughout CPET. 

Blood lactate, dyspnoea, and leg discomfort were recorded at the end of each 

exercise increment during the CPET. Flow-mediated dilation (FMD%) of the brachial 

artery was assessed using Doppler ultrasonography.  

Results: A one-way ANOVA with Tukey post hoc test was performed. EC and TC 

groups had a lower peak work rate (WR) compared to NS controls (183.75 ± 30.30; 

185.0 ± 34.64 vs. 227.50 ± 43.74 W, respectively; p = 0.006 and p = 0.004). WR 

ranged from 180-340 W, 140-260 W, 140W-240W in NS, TC and EC respectively. 

During submaximal exercise, EC and TC groups displayed higher V̇E, higher ratings 

of dyspnoea and more intense leg fatigue compared to NS controls (e.g. at the 

highest equivalent submaximal WR of 140 W: V̇E: 62.16 ± 9.48, 64.43 ± 12.34 vs. 

53.52 ± 6.88 L/min (p = 0.018; p = 0.011); dyspnoea: 5 ± 2, 6 ± 2 vs. 3 ± 2 Borg units 

(p =0.033; p <.001); Leg fatigue: 6 ± 2, 7 ± 2 vs. 5 ± 3 Borg units (p = 0.048; p = 

0.014), respectively. The TC smokers group displayed lower ventilatory efficiency 

(higher V̇E/V̇CO2) and higher blood lactate compared to NS during submaximal 

exercise (e.g. 140 W, V̇E/V̇CO2: 31.58 ± 5.75 vs. 28.40 ± 2.33, p = 0.036; Blood 

lactate: 6.54 ± 2.42 vs. 4.29 ± 2.45 mmol/L, p = 0.03, respectively). At peak exercise, 

breathing frequency (Fb) was lower in EC compared to NS (39.94 ± 7.81 vs. 47.50 ± 

9.49 breaths/min, p = 0.037). Fb ranged from (32.26-63.68 breaths/min, 33.69-60.74 

breaths/min, and 32.28-61.67 breaths/min) in NS, TC and EC respectively. FMD% 
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was significantly lower in EC and TC groups compared with NS controls (4.85 ± 

2.55, 5.26 ± 3.09 vs. 8.14 ± 3.46 %; p = 0.017, p = 0.040; respectively). FMD ranged 

from (1.85-15.32 %, 0.76-11.01 % and 1.3-9.56 %) in NS, TC and EC respectively. 

Conclusion: This study reported impaired vascular and cardiorespiratory responses 

to exercise and exertional dyspnoea in TC and EC groups in this cohort of young 

adults with normal spirometry. This suggests that e-cigarettes may impose 

cardiovascular risks similarly to tobacco smoking. 

 

Key words: Electronic Cigarettes, Flow-mediated Dilation, Exercise, Ventilatory 

Efficiency, Dyspnoea.  

 

1.Introduction 
 

1.1 Background  
 

Smoking is an aetiological factor in several cardiovascular and respiratory diseases 

and the most preventable cause of death. There are around 8 million smoking-

related deaths per year around the world and approximately 90% of those deaths are 

preventable if a person stops smoking before the age of 40 years (Jha, et al., 2013). 

Cardiovascular diseases account for 40% (Ezzati and Lopez 2003), lung cancer is 

responsible for 20% (Teo et al., 2006) and chronic obstructive pulmonary disease 

(COPD) is culpable for 20% (Wu and Sin 2011) of smoking-related deaths. There are 

many toxicants in cigarette smoke, including carbon monoxide (CO), β-unsaturated 

aldehydes, nitric oxide (NO), and other oxidant gases, all of which have been linked 

to cardiovascular disease (Deanfield et al.,1986).  

The prevalence of smoking in Manchester decreased by 2.7% in 2012 from 24.4% to 

21.7% in 2016. Despite this, Manchester still has a higher proportion (21.7%) of its 

population who smoke compared with England’s national average of 15.5% (Jerram 

and Bendel, 2018). In addition, Manchester has the highest number of premature 

deaths due to smoking-related illnesses including lung cancer, heart disease and 

stroke (Jerram and Bendel, 2018). In response, the UK government implemented 
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plans ‘Towards a smoke-free generation’ with the target of a smoking prevalence of 

5% or below by 2030. Manchester has endorsed both the government’s and Public 

Health England’s method of prescribing e-cigarettes (EC) as a smoking cessation 

tool (Jerram and Bendel, 2018), after claims from Public Health England that the use 

of e-cigarettes is 95% healthier than tobacco cigarette (TC) smoking (McNeill et al., 

2015). EC have been gaining popularity and there are many different designs and 

brands of EC with a vast variety of flavours (approximately 7700 different flavours) 

(Zhu et al., 2014). These include ‘ciga-like’ devices, high voltage EC, refillable tank 

systems, electronic pipes and cigars and more recently rechargeable and disposable 

e-cigarettes, which are now the most used devices in current EC users (Leigh et al., 

2016; Notley et al., 2024). Although, the addition of EC to standard smoking 

cessation counselling has resulted in an increased number of smokers who 

abstained from tobacco for 6 months (Auer et al., 2024). There have been concerns 

raised about a new generation becoming addicted to nicotine through EC use (Fillon, 

2015). Furthermore, there is a paucity of data on the acute and long-term negative 

cardiovascular impacts of e-cigarettes (Shahandeh et al., 2021). 

1.2 Impact of tobacco smoking on vascular function 
 

The main cardiovascular impacts of TC smoking are increased aortic stiffness, blood 

pressure and vascular endothelial dysfunction (Vlachopoulos et al 2004; Esen et al., 

2004). These impacts are significant predictors of atherosclerosis, cardiovascular 

risk and all-cause increased mortality (Vlachopoulos et al., 2010; Vlachopoulos et al., 

2015). Smoking TC has been reported to impair cardiovascular function, due to 

vascular remodelling (Esen et al., 2004). Chronic TC smoking increases the vascular 

wall thickness of the intima and media layers, reduces the lumen’s vascular 

diameter, and reduces the elasticity of the smooth muscle in the vascular walls 

(Poredoš et al., 1999; Esen et al., 2004). Moreover, TC smoking increases arterial 

stiffness as a result of endothelial cell apoptosis and proliferation (Esen et al., 2004). 

Furthermore, TC smoking results in increased oxidative stress which leads to 

proteosome-dependent degradation of a-tubulin microtubule and the 

depolymerisation of microtubules (Bernhard et al 2005). This vascular damage 

alongside sympathetic ganglionic stimulation and activation of a-adrenergic neural 

reflexes can result in peripheral vasoconstriction (Cryer et al., 1976;). This increased 
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peripheral resistance alongside smoking-induced myocardial wall stress can lead to 

hypertension (Cryer et al., 1976; Czernin and Waldherr, 2003). Smoking TC has 

been reported to impair endothelial function (Esen et al., 2004; Mohammadi et al., 

2022). Flow-mediated dilation (FMD) is a significant marker of endothelial function, 

providing a well-established and early predictor for vascular function and has also 

been linked to exercise capacity (Inaba, et al., 2010). Esen et al., (2004) investigated 

brachial artery FMD in twenty long-term smokers (who were smoking an average of 

25 cigarettes/day) and 20 age-matched non-smoker (NS) controls. They reported 

significantly lower FMD in TC smokers compared to NS controls. The mechanisms 

behind impaired endothelial function are unclear, however, it has been suggested 

that the chemical components found in particulates of smoke affect endothelial nitric 

oxide synthase (eNOS) activity and reduce the endothelial production of NO (Barua 

et al., 2001; Barua et al., 2003).  

Further potential mechanisms contributing to endothelial dysfunction in TC smokers 

include impaired endothelial prostacyclin production and elevated monocyte–

endothelial cell adhesion as well as increasing endothelial production of angiotensin 

II (Reinders et al., 1986; Adams et al., 1997). In addition, nicotine (Mayhan et al., 

1999), free radicals and oxidants (Morrow et al., 1995; Hirai et al., 2000; Murohara et 

al.,1994) found in TC smoke are postulated to be partially responsible for endothelial 

dysfunction. Chronic TC smoking has also been reported to impair fibrinolysis in 

plasma which may also contribute to endothelial dysfunction (Simpson et al., 1997). 

Furthermore, markers of endothelial function including the soluble adhesion 

molecules von Willebrand factor and thrombomodulin have been identified in TC 

smokers (Markuljak, et al., 1995) which could also be a contributing factor for 

endothelial dysfunction (Constans et al., 2006). Likewise, TC smoking has been 

found to impair cardiac function, with a reduction of the diameter of the coronary 

arteries, resulting in a decrease in coronary blood flow, and an increase in coronary 

artery resistance (Quillen et al.,1993). This coronary artery dysfunction coupled with 

an increased myocardial oxygen demand has been suggested to cause myocardial 

infarction and cardiac failure (Quillen et al.,1993). 
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1.3 Electronic cigarettes: Ingredients and cardiovascular 
implications 

There is emerging evidence that EC emit toxicants such as nicotine and carbonyls 

(Farsalinos et al., 2015; Cheng, 2014). The most common ingredient in EC aerosols 

is nicotine (Elkalmi et al., 2016). Nicotine is reported to increase the risk of 

cardiovascular diseases including atherosclerosis, hypertension and heart failure 

(United States. Public Health Service., 2010; Villarreal et al., 1999; Franzen et al., 

2018). Nicotine is a sympathomimetic substance which can result in the increase in 

cardiac sympathetic nerve activity (Moheimani et al., 2017). Nicotine stimulates the 

release of norepinephrine from adrenergic neurons and increases epinephrine 

release from the adrenal glands (United States. Public Health Service., 2010). This 

results in increased cardiac work by increasing heart rate (HR) (acutely by up to 10-

15bpm and an average of 7bpm during the day) and blood pressure (with an acute 

increase of 5-10 mm Hg) (United States. Public Health Service., 2010). 

EC emit other potentially harmful products including carbonyls; which includes 

aldehydes, such as formaldehyde, acetaldehyde, and acrolein (Goniewicz et al., 

2014; Hutzler et al., 2014), which are a by-product of propylene glycol and glycerin 

(Chand et al., 2020). There is limited literature investigating the impacts of these 

products on the human cardiovascular system, however, these impacts have been 

more widely investigated in animals and non-clinical studies (Qasim et al., 2017). 

Exposure of a formaldehyde solution to a rat’s heart have shown acute heart 

pumping failure (depressed left ventricular end systolic pressure, stroke volume and 

thus cardiac output (Q˙) due to the impairment of Ca2+ handling in the cardiac 

excitation–contraction coupling (Tani et al., 1986; Takeshita et al., 2009). EC may 

also heat flavourings including vanillin, menthol and cinnamaldehyde. These 

flavourings could be cytoxic to endothelial cells because they have been associated 

with impaired NO production in human aortic cells (Behar et al., 2014; Clapp and 

Jaspers., 2017; Fetterman et al., 2018). 

1.4 Impact of electronic cigarettes on vascular function 

The reports on the chronic impacts of EC on the cardiovascular system are limited 

and ambiguous compared to the reports of tobacco cigarette smokers. However, 
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some of the acute effects have been studied. Carnevale et al., (2016) have 

examined markers that are widely used as indicators of redox state, NO and 

antioxidant defence as well as FMD (Carnevale et al., 2016). They suggested that 

the acute use of EC increased oxidative stress with increasing levels of soluble 

NADPH oxidase 2 (NOX2)-derived peptide and 8-iso-prostaglandin F2α while 

reducing nitric oxide bioavailability and vitamin E levels.  

Other studies highlighted the acute effects of EC use on the cardiovascular system 

and reported increased systolic blood pressure and an increase in HR temporarily 

after using an e-cigarette containing nicotine (Franzen et al., 2018; Vlachopoulos et 

al., 2016). Franzen et al., (2018) suggested that the increased systolic blood 

pressure and arterial stiffness could be related to nicotine and an increase in 

circulating and local catecholamines. Some haemodynamic responses to EC use 

have been explained. Nicotine attaches to nicotinic cholinergic receptors, these 

receptors are found in the adrenal gland and autonomic ganglia, which leads to an 

epinephrine and norepinephrine release (Yan and D’Ruiz 2015). This stimulates 

sympathetic neural mechanisms, alongside the systematic release of 

catecholamines, causing dose-dependent increases in haemodynamic responses 

including HR and blood pressure (Benowitz and Fraiman, 2017; Yan and D’Ruiz 

2015; Skotsimara et al., 2018). These consequences of e-cigarette use as well as an 

elevated myocardial demand for oxygen could result in myocardial ischemia (Battista 

et al., 2013; Benowitz and Fraiman, 2017).  

Similarly, to TC smoking, EC use has been reported to cause endothelial dysfunction 

and lower brachial artery FMD (Mohammadi et al., 2022). The precise mechanisms 

for endothelial dysfunction in EC users are unclear, however, Mohammadi et al., 

(2022) linked their findings of lower FMD in EC users of reduced NO and endothelial 

dysfunction with elevated inflammatory marker levels. In addition, elevated 

myeloperoxidase (MPO) levels in the sera of EC users have shown to contribute to 

endothelial dysfunction by inhibiting NO availability and elevating oxidative stress 

(Hartman and Ford, 2018). Furthermore, the flavourings in EC liquids may have 

been partially responsible for the reduced NO and inflammation (Mohammadi et al., 

2022). Flavourings including vanillin, menthol, and cinnamaldehyde have been 
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reported to increase IL-6 expression and impair nitric oxide production in human 

aortic endothelial cells (Fetterman et al., 2018).  

The heating of flavourings found in EC are likely to produce toxic compounds 

including cinnamaldehyde which can be cytoxic to endothelial cells (Behar et al., 

2014; Clapp and Jaspers., 2017). This toxicity could be related to decreased 

endothelium dependent dilation (Carnevale et al., 2016; Olfert et al., 2018). 

Additionally, endothelial dysfunction could also be associated with EC aerosol 

extract exposure on human vascular endothelial cells leading to cell apoptosis and 

necrosis resulting in enhanced DNA fragmentation (Anderson et al., 2016; 

Putzhammer et al., 2016). These effects were reverted after these cells were treated 

with antioxidants (Anderson et al., 2016). This endothelial oxidative damage could 

result in vascular dysfunction and increased cardiovascular disease risk (Qasim et 

al., 2017). In contrast, Haptonstall et al., (2020) found no differences in FMD% 

between EC and NS. This was attributed to the sensitivity of FMD and the 

population’s e-cigarette status of light use, as assessed by their low cotinine levels.  

 

1.5 Impact of tobacco smoking on respiratory function  
 

TC smoking impairs pulmonary function (Zamel, et al., 1983). This is shown by 

decreases in lung function parameters including forced vital capacity (FVC), forced 

expiratory volume in one second (FEV1) and decreased forced expiratory flow at 25–

75% (FEF25%–75%) (Kuperman et al., 1973). In addition, tobacco smoking leads to 

decreases in FEV1/FVC and FEF25%–75% which indicates a potential for developing 

expiratory airflow limitation (Zamel et al., 1983). Tantisuwat and Thaveeratitham, 

(2014) reported a lower FVC in young subjects aged 15 to 18 years, with 1-3 years 

of smoking history. They suggested that this reduction could be the result of the 

lower maximal expiratory muscle strength in smokers (62.53 ± 22.52 cmH2O) 

compared to NS (76.35 ± 21.61 cmH2O). Tobacco smoking impacts the respiratory 

muscles by the impact of free radicals on the vascular system (Ambrose and Barua, 

2004), which results in the reduction of blood supply to the respiratory muscles 

(Tantisuwat and Thaveeratitham, 2014). 
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Moreover, TC smokers are reported to have a lower lung diffusion capacity which 

could attribute to a decline in pulmonary capillary blood volume compared to non-

smokers (Van Ganse, et al., 1972). In addition, a decline in maximal voluntary 

ventilation (MVV) has been reported in TC smokers compared to NS. This decline in 

ventilatory function could be related to smoking-related oxidative stress caused by 

direct damage to radical species, a smoking-induced inflammatory response and a 

decline in respiratory muscle strength (Birajdar et al., 2016). Peak expiratory flow 

rate (PEFR) value has been shown to be lower in tobacco smokers than their 

predicted values and it has been suggested that this is dose-dependent, with heavier 

tobacco smokers having a lower PEFR value than light smokers (Karia., 2012).  

 

It is well-established that smoking can cause increased airway resistance, due to 

changes in the airways including inflammation, mucosa swelling and smooth muscle 

contraction or due to static factors including the decrease in elastic recoil in lungs 

and destruction of alveolar attachments and dynamic factors including dynamic 

compression of the airways (Bohadana et al 2004). Saetta et al., (1994) described 

the main pathologies of COPD, which include inflammation of the small airways 

(bronchiolitis) and the destruction of the lung parenchyma (emphysema). They 

highlighted that these pathologies can result in airflow limitation and that bronchiolitis 

can contribute to this airflow limitation because the condition can narrow and destroy 

the lumen as well as constrict the small airways. They also stated that emphysema 

can contribute to the airflow limitation in TC. It has been suggested that this airflow 

limitation is present in emphysema because it could reduce the elastic recoil of the 

lungs (Kim et al., 1991) by destroying lung parenchyma and by the increase in 

alveolar size (Wright et al., 1987), as well as by the destruction of alveolar 

attachments reducing the elastic load on the airways (Wright et al., 1987). This 

airway dysfunction has been related to mechanical time-delays which can be further 

increased by increases in breathing frequency (Fb) and ventilation (V̇E) during 

exercise (Elbehairy et al., 2016). These smoking-related impairments may occur 

over time which trigger physiological mechanisms to compensate for the increased 

energetic cost and work of the respiratory muscles, and during exercise this includes 

an increase in V̇E (Guenette et al., 2014). This increase in V̇E is also seen in middle 

age (Sadaka et al., 2021) and elderly smokers (Elbehairy et., 2016) without airflow 

limitation. This ventilatory inefficiency has been attributed to an increased 
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physiological dead space (Elbehairy et al., 2015) and a mismatch in the 

ventilation/perfusion distribution pattern (Jobse et al., 2014). 

 

1.6 Impact of electronic cigarettes on respiratory function  
 

EC use has been reported to impair lung function (Meo et al., 2019). EC use in 

asymptomatic users with normal spirometry has been reported to contribute to 

pulmonary vascular dysfunction and ventilation-perfusion mismatch before any 

alterations in the airways (Kizhakke Puliyakote et al., 2021; Franzen et al., 2018). 

This impact is similar to the impacts evident in early-stage COPD patients where 

alterations in ventilation-perfusion inequalities are apparent before airway 

abnormalities (Barberà et al., 2013). EC use both with and without nicotine causes 

airway epithelial damage to the bronchial epithelial cells in humans (Chaumont et al., 

2019). These changes can also be associated with an increase in airway resistance 

which can change air flow dynamics especially in smaller airways exposed to e-

cigarette vapour. This inflammation and airway resistance has been attributed to 

ingredients in e-liquids including propylene glycol, formaldehyde and flavouring 

agents as well as heavy metals affecting the airways (Gerloff et al., 2017; Stockley, 

et al., 2018). These airway limitations from EC use could have been contributing 

factors for changes in lung function parameters. Meo et al., (2019) study revealed 

significant decreases in FEV1, FEV1/FVC ratio, FEF50%, FEF75%, FEF25%–75%, and 

FEF75%–85% in EC compared to NS whereas Vardavas et al., (2012) presented no 

significant differences in the lung function parameters FVC, FEV1, and FEV1/FVC 

ratio in EC compared to NS. EC use has also been reported to cause a decrease in 

PEF (Darabseh, 2021). 

 

1.7 Impact of tobacco smoking on exercise capacity  
 

The impacts of TC smoking on exercise capacity have been widely reported 

(Bernaards et al., 2003; Bolinder et al., 1997; Pirnay, et al., 1971; Kobayashi, et al., 

2004; Morton et al., 1985). Smoking TC has been found to impair the 

cardiorespiratory responses during CPET (Bernaards et al., 2003). Chronic TC 

smoking causes adaptations including the down-regulation of β-adrenergic receptors 

(Lauer et al., 1997; Bernaards et al., 2003). This highlighted by a reduced 
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lymphocyte density and a weakened catecholamine response, indicated by lower 

ligand binding and decreased cyclic AMP production in response to isoproterenol 

(Laustiola et al., 1988). Furthermore, lower plasma cyclic AMP levels and reduced 

fatty acids throughout exercise could indicate β-receptor downregulation in adipose 

tissue. These adaptations can result in a slower HR increase during exercise 

(Papathanasiou et al., 2013). This slower heart rate increase in TC can result in a 

lower ability to achieve the same maximum heart rate (HRmax) (Papathanasiou et 

al., 2013). It has been postulated that these physiological implications of TC smoking 

could reduce exercise capacity due to inadequate HR exercise response 

(Papathanasiou et al., 2013; McDonough and Moffatt, 1999). Although it has been 

reported that TC smoking can result in a slower HR increase during exercise due to 

physiological adaptations including receptor down-regulation (Lauer et al., 1997; 

Bernaards et al., 2003). On the other side, acute TC smoking has showed a higher 

HR and a lower stroke volume (SV) during submaximal graded upright exercise 

(Goldbarg et al., 1971). Although no differences were found at rest in SV after 

smoking compared to the control, SV was significantly lower in all three submaximal 

graded exercise levels after smoking. Despite sympathomimetic stimulation induced 

by smoking, the lower SV in smokers suggests an increased inotropic effect on the 

myocardium. Alternatively, this decrease in SV could be related to a decrease in 

venous return which results in a compensatory increase in HR.  Goldbarg et al., 

(1971) stated that regardless of the mechanism involved, TC smoking reduces heart 

efficiency during upright exercise, resulting in a lower SV and increased HR 

throughout submaximal exercise.  

 

Hirsch et al., (1985) investigated the acute effects of TC smoking in 9 healthy males. 

Each participant performed an incremental exercise test to volitational exhaustion on 

two different days. On one day, the test was performed after smoking 3 TC per hour 

over 5 hours. On the other day, the test was performed without smoking. They 

reported a lower oxygen (O2) pulse on the smoking day compared to the non-

smoking day (Hirsch et al., 1985). O2 pulse is associated with the O2 extracted from 

the blood delivered to the tissues by each heartbeat, which is equal to the product of 

SV and arteriovenous O2 content. Hirsch et al., (1985) suggested that the lower O2 

pulse found in smokers at rest and at matched work rates in their study could be 

related to the failure of normal vasodilation to the working muscles because they 
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also found a trend towards a raised systolic pressure on the smoking day. This is 

further highlighted in Tachmes et al., (1978) study as they reported an increase in 

HR, and blood pressure directly related to the effects of nicotine in TC.  

 

Ventilatory inefficiency (higher V̇E/V̇CO2) has been associated with FMD in TC 

smokers and has been linked to TC smoking-related early pulmonary vasculopathy 

(Gläser et al., 2011). Higher ventilation and V̇E/V̇CO2 during submaximal exercise 

were attributed to increased physiological dead space and ventilation/perfusion 

mismatch (Sadaka et al., 2021; Barbosa et al., 2017). Elbehairy et al., (2016) study 

reported no differences in the V̇E/V̇CO2 in TC smokers without airflow limitation 

compared with NS (Elbehairy et al., 2016). However, their study showed 

considerable variability in V̇E/V̇CO2 among smokers. Additionally, an inverse 

relationship between V̇E/V̇CO2 nadir and V̇O2max was found (Elbehairy et al., 2016). 

This could suggest that smokers with ventilatory inefficiency (indicated by a higher 

V̇E/V̇CO2 nadir), tended to have lower V̇O2max and a reduced exercise capacity 

(Elbehairy et al., 2016). Another potential mechanism for this ventilatory inefficiency 

could include a lower partial pressure of carbon dioxide (PaCO2) (Naeije., 2014). 

This decrease in PaCO2 and increase in dead space could reflect impaired neuro-

humoral ventilatory control mechanisms (Naeije et al., 2014). This includes 

increased ventilatory control ‘gain’, which is seen in hyperventilatory conditions 

including hypoxemia, metabolic acidosis, and increased central neural respiratory 

drive (Ward, 2021). Furthermore, this increased work of the respiratory muscles 

resulted in increased inspiratory neural drive to the diaphragm in smokers which 

could have contributed to increased ratings of perceived dyspnoea (Elbehairy et al., 

2016). Dynamic hyperinflation has been reported to cause a decrease in inspiratory 

muscle strength due to shortening the length of the diaphragmatic muscle fibres 

(Sinderby et al 2001; O'Donnell et al., 1997; Beck et al., 1998; McCully and Faulkner, 

1983). Gauthier et al., (1994) reported that dynamic hyperinflation decreases the 

pressure-generating capacity of the diaphragm because it impacts the degree to 

which it is positioned to the rib cage and the lungs, its three-dimensional shape and 

its length-force properties. Therefore, there is an increased work and oxygen cost of 

breathing due to accelerated increases in the inspiratory muscle’s elastic and 

threshold (Calverley and Koulouris., 2005). Moreover, dynamic hyperinflation 

decreases the ability of tidal volume (VT) to increase to meet increased exercise 
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demands (Calverley and Koulouris., 2005). This is because hyperinflation leads to a 

plateau in VT during exercise, as ventilation increases. This occurs at a critically low 

dynamic inspiratory reserve volume (IRV) of 0.5–1.0 L (O'Donnell and Laveneziana, 

2006). At this plateau, the ability of VT to expand further is reduced and VT becomes 

fixed at the upper, less compliant end of the respiratory system's sigmoid-shaped 

pressure-volume (P-V) curve, which results in increased elastic loading of the 

inspiratory muscles (O'Donnell and Laveneziana, 2006). Consequently, this 

decreases the ability to meet the heightened ventilatory demands during exercise 

and an earlier onset of dyspnoea (O'Donnell et al., 2012). As a result, impaired 

exercise capacity was attributed to dynamic hyperinflation (Frazão et al., 2019; 

Soffler et al., 2017). 

 

Additionally, a lower anaerobic threshold (AT) as a percentage of V̇O2max has been 

reported in TC smokers compared to NS (Hirsch et al.,1985). This has been 

attributed to decreased oxygen delivery to the working muscles which is the result of 

a decreased Q˙ and increased carboxyhaemoglobin (Hirsch et al.,1985). This shift to 

anaerobic metabolism results in increased blood lactate (BLa) and leg discomfort 

(LF) in smokers (Huie et al., 1996). These symptoms of increased LF and dyspnoea 

become intolerable at a lower work rate (WR) in TC smokers which could contribute 

to a lower V̇O2max and an earlier termination of exercise (Rooks et al., 

2011; Soumagne et al., 2020). These impairments alongside increased ventilatory 

inefficiency can ultimately cause a lower exercise capacity in TC smokers compared 

to non-smokers (Melliti et al., 2021; Rooks et al., 2011; Soumagne et al., 2020). 

 

1.8 Impact of electronic cigarette use on exercise capacity  
 

Previous literature investigating the impact of e-cigarette use on the cardiorespiratory 

responses during exercise is limited and ambiguous. The acute effects EC with 

nicotine include an increase in HR, systolic blood pressure and carbon monoxide 

(CO) (Franzen et al., 2018). Kizhakke Puliyakote et al., (2021) also suggested that 

EC can also result in the redistribution of blood flow to the pulmonary capillary beds. 

However, Polosa et al., (2017) found no changes in HR between EC and NS during 

exercise. In contrast, a meta-analysis comprising of 11 studies and 283 participants 
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determined that EC use does increase HR at rest (Skotsimara et al., 2018) similarly 

to TC smoking but potentially less severely (Yan and D’Ruiz., 2015). This increase in 

HR has been attributed to nicotine contained in EC by sympathetic neural 

mechanisms and the systematic release of catecholamines (Benowitz and Fraiman, 

2017). A small, unpublished study included 19 EC users, with a minimum of 6 

months of EC use, found no difference in V̇O2max compared to non-users. This 

short period of EC use could be significant when investigating their impacts. 

Suminski et al (2009) study reported a lower V̇O2max in heavy smokers compared to 

light smokers (groups depended on the number of packs smoked per year). This 

could suggest that similarly to TC, V̇O2max could also be dose-dependent in EC, 

insinuating that e-cigarette use for longer period could impair V̇O2max and other 

cardiorespiratory responses at submaximal workloads. Therefore, this study 

assesses the cardiorespiratory responses to exercise and dyspnoea in EC and TC 

who have used e-cigarettes or smoked tobacco cigarettes for a minimum of 18 

months. 

 

Cardiopulmonary exercise testing provides an early indicator of cardiopulmonary 

impairments (Kailas et al., 2021). Therefore, exercise may be a more sensitive 

intervention compared to resting measures in showing early cardiopulmonary 

impairments in young e-cigarette users. Currently, there is no clear consensus to 

determine the long-term impacts of e-cigarettes on the cardiovascular system and 

dyspnoea during exercise. Therefore, it is of concern to determine the chronic 

impacts of e-cigarettes on cardiovascular and respiratory health so that public health 

policies would be evidence-based.    
 

1.9 Aims:  
 

This cross-sectional study investigates the effects of chronic tobacco smoking and 

electronic cigarette use in young adults with normal spirometry on vascular function 

and exercise capacity. This includes the cardiorespiratory responses and dyspnoea 

during exercise and resting endothelial function as a potential contributor to exercise 

intolerance. 
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1.10 Hypothesis 
 

The hypothesis for this study is that cardiorespiratory responses including dyspnoea 

during exercise will be similarly impaired in TC and EC users compared to NS. It is 

also postulated that flow-mediated dilation will be lower in TC and EC compared to 

NS.  

 

To test this hypothesis, V̇O2, HR, WR, dyspnoea, V̇E, PETCO2, VT, Fb, V̇E/V̇CO2, 

V̇O2/HR, BLa, dyspnoea and LF during CPET and FMD of the brachial artery will be 

compared between tobacco smokers, electronic cigarette users and non-smokers. 

 

2.Methodology 
2.1 Ethics 
 

 

Full ethical approval was obtained from the Science & Engineering ethics committee 

at Manchester Metropolitan University on the 03/07/2023 (EthOS reference number: 

57005). All procedures performed involving human participants were in fulfilment of 

Manchester Metropolitan University for the degree of Master of Science (by 

Research) and with the 1964 Helsinki declaration and its later amendments or 

comparable ethical standards. Written consent from each participant was provided 

and they were informed that taking part in the study was voluntary before 

participating in the study. Participants were identified by Agata Giles (MRes student) 

and were recruited from Manchester Metropolitan University or through word of 

mouth, using tools including participant recruitment posters placed around the 

university which provided contact details for participants to show their interest as a 

volunteer. Following this, participants were emailed the participant information sheet 

so they could give informed consent. Participants could withdraw without justification 

at any point. 
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2.2 Subject characteristics  

48 participants consented to take part in this study. 3 groups of young adults, age 

matched (aged 18-30 years) and gender matched (16 each:10 males and 6 females) 

with normal spirometry (TC, EC, and NS). Inclusion criteria required all participants 

to have normal spirometry. FVC and FEV1 must be >80% predicted and FEV1 / FVC 

>70%, and both with z-scores >−1.64 from the 2012-Global Lung Function Initiative 

equations] (Quanjer et al., 2012; Graham et al., 2019). 

TC smokers and EC users must have been smoking or using electronic cigarettes for 

≥18 months. EC users must use ≥1 EC device/week. The inclusion criteria required 

all participants to have a normal body mass index (BMI: ≥18.5 kg/m2 to <35 kg/m2). 

The exclusion criteria required all subjects to have no contraindications to exercise 

or vascular function such as a history of cardiovascular or respiratory disease. 

Participants were required to not consume caffeine, vape or smoke (or any other 

form of nicotine) or undergo exercise activities ≥24 hours prior to any testing visit. 

Tobacco smokers had no history of e-cigarette use. Electronic cigarette users who 

had a history of tobacco smoking have been excluded from the study. However, one 

EC user had a short history of tobacco smoking 5 years prior to study. 

2.3 Data collection 
 
Subject’s height and weight were measured using a stadiometer in cm, and a 

mechanical column scale in (Kg), respectively. BMI was calculated by dividing weight 

by height squared (kg/m2). A blood pressure reading was taken non-invasively from 

the left brachial artery using an automated sphygmomanometer (Omron M6 comfort, 

Omron healthcare, Kyoto, Japan). 

On day one, participants were asked their subject characteristics including gender, 

age, smoking history and how many times a week a participant took part in physical 

activity. Participants physical measurements were taken, including height and 

weight. Following this, participants had their blood pressure taken. The participants’ 

respiratory muscle strength was then measured, followed by spirometry, participants 

then completed 10 minutes of rest before a CPET was performed. Every participant’s 
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spirometry and CPET was conducted in the same laboratory in the Institute of Sport 

at Manchester Metropolitan University. 

On day two, flow-mediated dilation was performed in the same laboratory for every 

participant as the CPET and spirometry in the Institute of Sport at Manchester 

Metropolitan University. Day one (CPET and spirometry) was always performed first, 

followed by day two (FMD). All measurements were performed within the same 

week. Participants had ≥ 48hr rest between each testing day.  

Agata Giles performed CPET, spirometry to gain lung function measurements 

(including forced vital capacity and forced expiratory volume in the first second, 

maximal inspiratory and expiratory pressure). FMD was performed by Dr Rehan 

Junejo. 

Throughout all testing, room temperature was kept at ∼22°C and although not kept 

constant, humidity was between 29-30%. 

Measurements and protocols are described in more detail below. 
 

2.4 Visit 1: Spirometry and respiratory pressure 
 

Maximal inspiratory pressure (MIP) and maximal expiratory pressure (MEP) were 

measured using Micro spirometry (MicroMPM Spirometer, MD Spiro, Maine, USA) 

with participant sitting upright with a nose clip. The subjects blew into the micro 

spirometer and inspiratory or expiratory effort was continued for at least 1 s (Neder 

et al., 1999). MIP and MEP were repeated three times and the best trial were 

recorded in cm H2O (Polkey et al., 1995).  

Spirometry was conducted using the Vyntus CPX (Vyaire Medical, Hochberg, 

Germany) according to the American Thoracic Society Standardisation of Spirometry 

(Graham et al., 2019). Participants sat with a nose clip and performed two different 

types of spirometry tests MVV and forced spirometry into a mouthpiece connected to 

a digital volume transducer (DVT) to assess lung function parameters including FVC, 

FEV1, forced expiratory volume in the first second ratio to forced vital capacity 

(FEV1/FVC), inspiratory capacity (IC), and MVV.  
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The FVC manoeuvre was performed according to the American Thoracic Society 

Standardisation of Spirometry (Graham et al., 2019). Subjects inspired rapidly and 

maximally (maximal inspiration) and paused for ≥2-s for total lung capacity, they 

continued to complete expiration (until no more air could be expired and then 

inspired back to maximal (to maximal lung volume). Three acceptable trials were 

performed and checked for FEV1 and FVC repeatability, the highest trial value for 

FEV1 and FVC was recorded from the Vyntus. 

The MVV manoeuvre was in accordance with guidelines (Neder et al., 2019). MVV is 

the largest volume of air that is inhaled and exhaled of the lungs during a 12-15-s 

interval. To achieve this, subjects breathed deeply and rapidly. This was performed 

with maximal voluntary effort. Following the first three to five breaths which were 

excluded, the subjects were encouraged to maintain the same volume and 

frequency. When at least three acceptable trials were obtained, with no more than 

10% difference between them, the highest trial value was recorded from the Vyntus 

(Neder et al., 1999).  

 
2.5 Visit 1: Cardiopulmonary exercise testing (CPET) 
 
Following 5 minutes of rest, and 1 minute warm-up of unloaded cycling, stepwise 

incremental cardiopulmonary exercise test to volitional exhaustion was performed at 

20W/ 2 min on an electronically braked cycle ergometer (Ergoselect 5, Ergoline, 

Germany). Measurements including V̇O2, V̇CO2, V̇E, PETCO2, VT, Fb ,and V̇E/V̇CO2, 

were continuously measured on a breath-by-breath basis using the Vyntus CPX 

system (Vyaire Medical, Hochberg, Germany). HR was continuously measured in 

beat-by-beat basis using a polar HR monitor (Polar H7 bluetooth, Kempele, Finland). 

A single-use disposable lancet (Roche Accu-Chek, Basel, Switzerland) was used to 

pierce the side of the fingertip to gain a drop of blood. This small aliquot of blood was 

transferred using lactate pro 2 strips to the lactate analyser (Lactate Pro 2, Arkray, 

Kyoto, Japan), to assess BLa in the last 10 seconds of each incremental 20W stage. 

Participants maintained a constant cadence of 60 rpm and the test was terminated 

when the subject was unable to continue or maintain > 60 rpm cadence. The 

modified 10-point Borg scale (Borg, 1982) was used at the end of each incremental 
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stage to assess symptoms of ‘breathing discomfort’ (dyspnoea) and leg discomfort 

(LF).  

 
2.6 Visit 2: FMD 
 
FMD was performed in accordance with the latest international guidelines (Thijssen 

et al., 2019). The same investigator (Dr Rehan Junejo) performed all FMD tests. 

All vascular function for FMD testing was performed by Dr Rehan Junejo, with the 

majority of testing performed in the morning, and two participants had their 

measurements taken in the afternoon. This should not have contributed to any 

differences in FMD between the groups. 

 

FMD of the brachial artery was assessed using Doppler ultrasonography (Terason 

uSmart 3300, TeraTech, Burlington, MA, USA). Participants lay in a supine position 

for approximately 10 mins rest before any measurements were taken and an 

occlusion cuff was placed 5cm distal to the medial epicondyle.  

Brachial artery diameter and mean blood flow velocity were measured using a 

7.5MHz ultrasound linear probe at rest, during and after the 5 minutes of occlusion. 

Duplex imaging using the B-mode ultrasound was taken of the brachial artery 

diameter 10-15cm proximal using a 60° insonation angle. Following 1-min of 

baseline measurement of the brachial artery diameter and blood flow velocity, the 

rapid occlusion cuff was inflated ∼ 250mmHg for 5 minutes to occlude blood flow 

from the brachial artery. This inflation level was based on the participant’s mean 

systolic blood pressure plus either 50 or 100 mmHg always resulted in an average 

occlusion blood pressure below 250 mmHg. The occlusion period was then 

terminated by rapid deflation of the occlusion cuff. Brachial artery diameter and blood 

flow velocity were measured for 3 minutes post-ischemia.  
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2.7 Data Analyses 
 

Although this study did not measure physical activity formally via a physical activity 

questionnaire or using an accelerometer, each participant verbally confirmed that 

they take part in physical activity ≥ once/week. Additionally, the estimated VO2max 

value for each subject was calculated using sex-specific equations (Silva et al., 

2015). The equation for men and women was calculated as (final workload/body 

weight) x 10.791+7 and (final workload/body weight) x 9.820 + 7, respectively (Silva 

et al., 2015). VO2max (ml/kg/min) as a % of predicted (V̇O2 ml/kg/min- %predicted) 

was calculated as VO2max (ml/kg/min)/estimated VO2max (ml/kg/min)*100. The 

mean and standard deviation was calculated for V̇O2 (ml/kg/min - %predicted). 

Average V̇O2 ml/kg/min- %predicted for each smoking status group was ∼100%. 

This highlights that muscle deconditioning was not a limiting factor for exercise 

impairments found in this study. It also highlights that participants are ‘active’.  

 

Lung function parameters including MVV, FEV1, FEV1/FVC, IC, FVC were taken from 

predicted values from Vyntus CPX. These predicted values were based on predicted 

ranges for age, ethnicity, gender and height from the Global Lung Function Initiative 

(GLI) (Quanjer et al., 2012). The best trials of MIP and MEP were recorded out of 

three repeats. 

Breath-by-breath measurements taken throughout the CPET were extracted from the 

Vyntus CPX and analysed in Microsoft Excel as the last 30 s average of each work 

rate, average of the last 3 minutes at rest, and at ‘peak exercise’.    

V̇O2max was determined as the average V̇O2 data recorded during the last 30 s of 

exercise. V̇O2max was attained by the participants achieving the following criteria for 

maximal effort: A respiratory exchange ratio (RER) > 1.10 as well as performing to 

> 85% HRmax predicted for age (Balady et al., 2010). V̇O2max was reported as 

absolute values (L/min) and relative to each subject’s body mass (ml/kg/min). 
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The ventilatory anaerobic threshold (VAT) (respiratory compensation point at the 

lactate threshold, with lactate at approximately 4 mmol/L) was determined by two 

assessors Agata Giles and Dr Azmy Faisal using the ‘v slope’ method and confirmed 

using the ventilatory equivalents (Beaver et al., 1986) and a rapid/distinct change in 

the inclination of the BLa curve. The v-slope method is the exercise intensity, where 

the plot of V̇CO2 and V̇O2 intersect and show an increase in the slope above 1.0 

(Bland and Altman, 1986). VAT was reported in (L/min) and (ml/kg/min) and reported 

as a percentage of V̇O2max and peak WR (Hansen and Wasserman., 1984).  

A partially automated edge-detection and wall-tracking programme algorithms which 

works independently of investigator bias (Cardiovascular Suite version 3.4.1; FMD 

Studio, Pisa, Italy). This programme is a dedicated FMD software with edge-

detection capability as well as recording of B-mode ultrasound image sequences. 

The edge detection and wall tracking software measured continuous changes in 

brachial artery diameter. The investigator choses a region of interest with optimal 

image quality. FMD% was calculated as (change in arterial diameter after occlusion 

release divided by the baseline diameter X 100) [FMD = (Dmax – 

Dbaseline/Dbaseline) multiplied by 100. The relative diameter change and time to 

peak diameter change is calculated automatically by the software, free from 

investigator bias (Thijssen et al., 2019). Ultrasound measurements were taken in 

accordance with expert protocol guidelines (Thijssen et al., 2019). Mean blood-flow 

velocity can be estimated by taking half the peak velocity. This approach measures 

the fastest moving blood cells located in the centre of the vessel (Li et al., 1993). 

Shear rate was calculated as the brachial artery blood velocity multiplied by 4 and 

divided by brachial artery diameter (Parker et al., 2009).   

 

2.8 Statistical analysis 
 

A sample size of 16 subjects per group was estimated to detect differences in FMD 

and exercise capacity (effect sizes of 0.89 and 1.43, respectively) between the 

groups using an ANOVA test with a power of 80% and a significance level of 0.05 

(Faul et al. 2007). A Shapiro-Wilk test was performed to test for normal distribution 

of data (p>0.05). A one-way ANOVA with Tukey post hoc test was performed using 

SPSS (IBM Statistics 29) to determine any differences between the three groups in 
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variables from the CPET, FMD% and spirometry data. P < 0.05 determines the 

statistical difference. Unless stated otherwise, all values are presented as mean 

±SD. For data which showed significance during ‘comparable’ iso-submaximal 

workloads, 140 W was used for displaying the results because 140 W was the 

highest equivalent workload reached by every participant in each group.  
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3. Results 
 

3.1 Subject characteristics 

Groups had comparable ages, height and BMI (Table 1) and were identically 

matched for gender. TC group had a longer duration of smoking history compared to 

EC (5.8 ± 6 years, vs. 3 ± 2.2 years, p <0.001).  TC group had a smoking history 

index of 7 ± 3 and EC group disposable-cigarettes use weekly is 2 ± 1. 

 

Table.1 Baseline characteristics, including demographic and anthropometric data grouped 

by smoking status (NS, TC and EC) 

 
Values are means ± SD unless stated otherwise. 

* p < 0.05 significant difference from NS  

Variable Non-smokers Electronic 
smokers 

Tobacco cigarette  
smokers 

P value 

Male: female 10:6 10:6 10:6 - 

Age, years 23 ± 3 22 ± 2 23 ± 3 0.674 

Height, cm 174.5 ± 8.1 174.2 ± 7.5 176.8 ± 7.8 0.583 

Body mass index (k/m2) 22.7 ± 2.1 23.6 ± 3.6 23.7 ± 3.1 0.628 

Smoking duration (years) 
 

0 ± 0 
 

3 ± 2.2** 
 

5.8 ± 6** 
 

- 

Systolic BP (mm/Hg) 
 

118.38 ± 14.70 
 

122.69 ± 23.17 123.88 ± 13.53 
 

0.633 
 

Diastolic BP (mm/Hg) 
 

72.94 ± 9.98 
 

74.81 ± 12.35 
 

78.63 ± 11.06 
 

0.337 
 

Mean Arterial Pressure 
MAP (mm/Hg) 

88.08 ± 10.52 72.62 ± 33.83 93.71 ± 10.87 0.522 
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** p <0.001 significant difference from NS 
‡ p< 0.05 TC vs. EC  
 
Abbreviations: BP = Blood pressure 
 

3.2 Resting lung function  
 

Groups had comparable baseline pulmonary function and respiratory muscle 

strength (Table 2).  

Table.2 Baseline pulmonary function and respiratory muscle strength in NS, TC and EC. 

Variable NS  EC TC P value 

FVC (L) 4.8 ± 0.9 5.17 ± 1.24 5.03 ± 1.12 
  

0.611 

FVC% predicted                                    102.0 ± 10.49 103.5 ± 13.23 104.94 ± 10.64 0.778 

FEV1 (L) 3.9 ± 0.73 4.27 ± 0.86 4.06 ± 0.90 0.489 

FEV1 % predicted 95.7 ± 13.2 99.31 ± 9.14 100.94 ± 11.86 0.918 

FEV1/FVC (%) 82.95± 5.72 84.19 ± 4.9 80.9 ± 6.33 0.194 

IC (L) 3.54 ± 0.66 3.68 ± 0.86 3.94 ± 0.81 0.345 

PEF (L/S) 9.13 ± 1.83 7.67 ± 1.23 7.52 ± 1.98 0.113 

MEF 75 (L/s) 7.48 ± 1.86 6.81 ± 1.14 6.42 ± 1.75 0.119 

MEF 50 (L/s) 4.73 ± 1.35 5.98 ± 0.78 4.33 ± 1.52 0.142 

MEF 25 (L/s) 2.09 ± 0.78 2.3 ± 0.69 2.05 ± 0.74 0.838 

MVV (L/min) 157.80 ± 37.44 148.04 ± 34.88 146.91 ± 29.09 0.503 

MIP (cmH2O) 

MEP (cmH2O) 

 
107.32 ± 18.58 
 
109.26 ± 22.44 

 
108.96 ± 20.65 
 
115.18 ± 21.57 

 
100.43 ± 25.12 
 
106.42 ± 30.17 

 
0.539 
 
0.528 

 
Values are means ± SD unless stated otherwise. 

* p < 0.05  

** p <0.001  
 
‡ p< 0.05 TC vs. EC 
 
Abbreviations: FEV1 = Forced expiratory volume in 1 second; FEV1/FVC = Ratio of forced expiratory 

volume in the first 1 second to the forced vital capacity; FVC = Forced vital capacity; IC = Inspiratory 
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capacity; PEF = Peak expiratory flow; MVV = Maximal voluntary ventilation; MIP = Maximal inspiratory 

pressure; MEP = Maximal expiratory pressure                       

 

3.3 Peak cardiorespiratory responses  

Table.3 Cardiorespiratory data at peak exercise based on maximal cardiopulmonary 

exercise test in NS, TC and EC. 

 

Values are means ± SD unless stated otherwise. 

* p < 0.05 NS vs. TC 
†  p < 0.05 NS vs. EC 
‡ p< 0.05 TC vs. EC 

Variable NS  EC TC P value 

Work rate (W) 227.50 ± 43.74 †* 183.75 ± 30.30 † 185.0 ± 34.64 * 0.003 

V̇O2 (L/min) 2.92 ± 0.55 2.51 ± 0.47 2.57 ± 0.56 0.919 

V̇O2 (ml/kg/min) 
 

42.07 ± 5.78  34.16 ± 5.57 35.73 ± 4.19 0.094 

V̇O2 (ml/kg/min- 
%predicted) 

105.36 ± 6.81 †* 97.78 ± 8.50 95.41 ± 6.97 * 0.001 

Heart rate 
(beats/min) 

183.78 ± 12.0 180.59 ± 10.73 176.01 ± 12.82 0.270 

V̇O2/HR, O2 pulse 15.78 ± 3.07  13.54 ± 2.71  14.32 ± 3.51 0.280 

VCO2 (L/min)                                        331.84 ± 60.94 
 

286.02 ± 58.79 284.53 ± 62.98 0.098 

V̇E (L/min) 118.73 ± 29.02 †* 98.48 ± 24.99† 98.19 ± 22.99 * 0.064 

VT (L) 2.55 ± 0.56 2.58 ± 0.63 2.43 ± 0.47 0.729 

Fb (breaths/min) 48.19 ± 8.77 † 39.94 ± 7.81 † 42.04 ± 7.76 0.038 

V̇E/V̇CO2 35.71 ± 5.73 34.25 ± 7.81 34.86 ± 5.59 0.813 

PETCO2 (mmHg) 4.52 ± 0.66  4.68 ± 0.56 
 

4.6 ± 0.66 0.703 

IC (L) 3.41 ± 0.68 3.64 ± 0.90 3.42 ± 0.57 0.518 

BLa (mmol/L)    12.94 ± 2.62 11.73 ± 2.49 12.53 ± 3.84 0.689 

Dyspnoea (Borg 
scale) 

7.88 ± 2.25 7.63 ± 1.96 7.59 ± 3.84 0.997 

Leg discomfort 
(Borg scale) 

8.63 ± 1.82 8.88 ± 1.45 8.75 ± 1.53 0.611 
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Abbreviations: BLa = blood lactate; Fb = breathing frequency; IC = inspiratory capacity; PETCO2 = 

partial pressure of end-tidal carbon dioxide; V̇E = minute ventilation; V̇E//V̇CO2 = ventilatory equivalent 

for carbon dioxide; V̇O2/HR or O2 pulse = oxygen uptake/ heart rate; V̇O2 ml/kg/min- %predicted, V̇O2 

ml/kg/min as a % of estimated vo2max; VT = tidal volume. 

There was a significant difference in WR as determined by the one-way ANOVA 

(F(2,45) = 7.385, p =0.002). WR ranged from 180-340 W, 140-260 W, 140W-240W in 

NS, TC and EC respectively. TC and EC groups reached a lower peak WR compared 

to NS (185.0 ± 34.64, 183.75 ± 30.30 vs. 227.50 ± 43.74 W; p = 0.006 and p = 0.004, 

respectively) (Table 3). 

There was a significant difference in Fb as determined by the one-way ANOVA 

(F(2,45) = 3.513, p = 0.038). Fb ranged from (32.26-63.68 breaths/min, 33.69-60.74 

breaths/min, and 32.28-61.67 breaths/min) in NS, TC and EC respectively. Fb was 

lower in EC vs NS (39.94 ± 7.81 breaths/min, vs. 47.50 ± 9.49 breaths/min, 

respectively p = 0.037). However, no difference in Fb was found between TC (41.88 ± 

7.72, p = 0.151 breaths/min) and NS (Table 3).  

 

No significant differences in HR, V̇O2/HR, V̇E, absolute or relative V̇O2, V̇CO2, VT, 

V̇E/V̇CO2, PETCO2, IC, BLa, dyspnoea or leg discomfort were found between the groups 

at peak exercise (Table 3). 

 
 

3.4 Cardiorespiratory responses during exercise 
 
There were no significant differences in V̇O2, HR and O2 pulse between TC, EC, and 

NS during the CPET (Fig.1, 2 and 3). At 140W there were no significant differences 

determined by the ANOVA (F(2,45) = 0.761, p = 0.473; F(2,45) = 1.316, p = 0.278); 

(F(2,45) = 0.155, p = 0.857) in V̇O2, HR and O2 pulse respectively between TC, EC, 

and NS. 
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Figure 1. VO2 (ml/min) shown relative to work rate (W) during incremental CPET in NS, TC and EC.  
 
 
* p < 0.05 NS vs. TC 
†  p < 0.05 NS vs. EC 
‡ p< 0.05 TC vs. EC 
 

                            Values are means ± standard error. 
 

              Abbreviations: V̇O2 = oxygen consumption 
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              Figure 2. Heart rate (bpm) shown relative to work rate (W) during incremental CPET in NS, TC and EC. 
 

 
* p < 0.05 NS vs. TC 
†  p < 0.05 NS vs. EC 
‡ p< 0.05 TC vs. EC 
 

                            Values are means ± standard error. 
 
 

Abbreviations: bpm = beats per minute 
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Figure 3. O2 pulse shown relative to work rate (W) during  
incremental CPET in NS, TC and EC.  
 
* p < 0.05 NS vs. TC 
†  p < 0.05 NS vs. EC 
‡ p< 0.05 TC vs. EC 
 

                            Values are means ± standard error. 
 

              Abbreviations: V̇O2/HR or O2 pulse = oxygen uptake/ heart rate 

 

3.5 Ventilatory exercise responses 
 
 
Throughout exercise, V̇E (L/min) was higher in TC compared to NS during iso-

submaximal workloads 80-160 W and higher in EC compared to NS at submaximal 

workloads 100-140 W (Fig.4). There was a significant difference in V̇E as determined 

by the one-way ANOVA at 140W (F(2,45) = 5.542, p = 0.007). At 140w V̇E was 

higher in TC and EC compared to NS (62.16 ± 9.48 L/min, p = 0.018; 64.43 ± 12.34 

L/min, p = 0.011 vs. 53.52 ± 6.88 L/min, respectively). 

Throughout exercise, ratings of dyspnoea were higher in TC compared to NS at iso-

submaximal workloads 60-160 W and higher in EC compared to NS at iso-

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

18.0

0 20 40 60 80 100 120 140 160 180 200 220 240

O
2

Pu
lse

 (m
lO

2/
be

at
)

Work rate (W)

NS

TC

EC



 39 

submaximal workloads 80-140 W (Fig. 8). There was a significant difference in 

dyspnoea as determined by the ANOVA at 140W (F(2,45) = 6.756, p = 0.003. At 140 

W dyspnoea was higher in TC and EC compared to NS (5 ± 2 Borg units, p =0.033; 

6 ± 2 Borg units, p <.001 vs. 3 ± 2 Borg units, respectively). 

Throughout exercise, PETCO2 was lower in TC compared to NS at iso-submaximal 

workloads 40-140 W (Fig. 6). There was a significant difference in PETCO2 as 

determined by the ANOVA at 140W (F(2,45) = 3.437, p = 0.041. At 140W PETCO2, 

was lower in TC compared to NS (5.01 ± 0.73 mmHg vs. 5.52 ± 0.45 mmHg, p = 

0.033, respectively). No significant difference was found between EC and NS, p = 

0.498. 

 

Throughout exercise, V̇E/V̇CO2 was higher in TC compared to NS at iso-submaximal 

workloads 80-140 W (Fig.7). There was a significant difference in V̇E/V̇CO2 as 

determined by the ANOVA at 140W (F(2,45) = 3.322, p = 0.045. At 140W V̇E/V̇CO2 

was higher in TC compared to NS (31.58 ± 5.75, vs. 28.40 ± 2.33, p = 0.036, 

respectively). No significant difference was found between EC and NS, p = 0.548. 

 

3.6. Anaerobic threshold  
 
 
There was a significant difference in the anaerobic threshold (AT) at absolute V̇O2 as 

determined by the one-way ANOVA (F(2,45) = 7.084, p = 0.002). The AT was 

reached at a lower absolute V̇O2 in TC and EC compared to NS (1440.63 ± 377.9 

L/min, p = 0.005; 1467.81 ± 416.28 L/min, p = 0.008 vs. 1908.94 ± 390.12 L/min, 

respectively).  

 

There was a significant difference in AT reached at WR as determined by the one-

way ANOVA (F(2,45) = 11.045, p <.001). The AT was reached at a lower WR in in 

TC and EC compared to NS (81.25 ± 35.38 W, p <.001; 81.25 ± 31.4 W, p <.001 vs. 

131.25 ± 37.22 W, respectively). 

 

There was a significant difference in AT % V̇O2 max as determined by the one-way 

ANOVA (F(2,45) = 6.678, p = 0.003). The AT (lactate threshold) occurred at a lower 

% V̇O2 max in TC and EC compared to NS (55.9 ± 8.8 L/min, p = 0.010; 57.8 ± 8.2 
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L/min, p = 0.009 vs. 65.4 ± 6.1 L/min, respectively). There was a significant 

difference AT % WR as determined by the one-way ANOVA (F(2,45) = 11.045, p 

<.001). The anaerobic threshold occurred at a lower WR in TC and EC compared to 

NS (43.1 ± 14.8 W, p = 0.022; 44.9 ± 14 W, p = 0.013 vs. 57.4 ± 10.6 W, 

respectively). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Ventilation is shown relative to work rate during incremental CPET in NS, TC and EC.  
 

* p < 0.05 NS vs. TC 
†  p < 0.05 NS vs. EC 
‡ p< 0.05 TC vs. EC 

               
              Values are means ± standard error. 
 

Abbreviations: V̇E = Minute ventilation  
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Figure 5. VCO2 shown relative to work rate (W) during incremental CPET in NS, TC and EC.  
 

               * p < 0.05 NS vs. TC 
†  p < 0.05 NS vs. EC 
‡ p< 0.05 TC vs. EC 

 
 

               Values are means ± standard error. 
 

               Abbreviations: VCO2 = Carbon dioxide production 
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Figure 6. Partial pressure of end-tidal carbon dioxide is shown relative to work rate during incremental  
CPET in NS, TC and EC.  
 
* p < 0.05 NS vs. TC 
†  p < 0.05 NS vs. EC 
‡ p< 0.05 TC vs. EC 

               
              Values are means ± standard error. 
 

Abbreviations: PetCO2 = Partial pressure of end-tidal carbon dioxide 
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Figure 7. Ventilatory equivalent for carbon dioxide is shown relative to work rate during incremental  
CPET in NS, TC and EC.  
 
* p < 0.05 NS vs. TC 
†  p < 0.05 NS vs. EC 
‡ p< 0.05 TC vs. EC 

               
              Values are means ± standard error. 
 
              Abbreviations: V̇E /V̇CO2 = Ventilatory equivalent for carbon dioxide 
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Figure 8.  Breathlessness is shown relative to work rate during incremental 

CPET in NS, TC and EC.  
 
* p < 0.05 NS vs. TC 
†  p < 0.05 NS vs. EC 
‡ p< 0.05 TC vs. EC 

               
              Values are means ± standard error. 
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Figure 9. Breathing frequency is shown relative to work rate during incremental  
CPET in NS, TC and EC.  

 
* p < 0.05 NS vs. TC 
†  p < 0.05 NS vs. EC 
‡ p< 0.05 TC vs. EC 

               
              Values are means ± standard error. 
 

Abbreviations: Fb = Breathing frequency. 
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               Figure 10. Tidal volume is shown relative to work rate during incremental  

CPET in NS, TC and EC.  
 
* p < 0.05 NS vs. TC 
†  p < 0.05 NS vs. EC 
‡ p< 0.05 TC vs. EC 

               
              Values are means ± standard error. 
 
 

 

3.7 Ratings of perceived leg fatigue and blood lactate 
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(Fig.11). There was a significant difference in BLa as determined by the one-way 
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           Figure 11. Blood lactate is shown relative to work rate (W) 
 

               * p < 0.05 NS vs. TC 
†  p < 0.05 NS vs. EC 
‡ p< 0.05 TC vs. EC 
  

              Values are means ± standard error. 
 
              Abbreviations: BLa = Blood lactate, mmol/L = Millilitres of mercury  
 

There was a significant difference in LF as determined by the one-way ANOVA 
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Figure 12. Leg fatigue is shown relative to work rate (W) 
 
 * p < 0.05 NS vs. TC 
†  p < 0.05 NS vs. EC 
‡ p< 0.05 TC vs. EC 
  

              Values are means ± standard error 

 
 
 

 
3.8 FMD 
 
 
There was a significant difference in FMD% as determined by the one-way ANOVA 

(F(2,39) = 4.993, p = 0.012). FMD% was lower in TC and EC compared to NS (5.26 

± 3.09%, p =0.040; 4.85 ± 2.55%, p = 0.017 vs. 8.14 ± 3.46%, respectively) 

(figure.13). 

There was no significant difference as determined by the one-way ANOVA (F(2,39) 

=0.610, p = 0.548; F(2,39) = 0.231, p = 0.795; F(2,39) = 0.908, p = 0.412; F(2,39) = 

0.981, p = 0.384), in baseline diameter, peak diameter, shear rate Area to max or 

time to peak flow, respectively (figure.13). 
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Figure 13. Flow mediated dilation, baseline diameter, peak diameter and shear rate to Area max in 

TC, EC and NS 

 * p < 0.05 NS vs. T 
†  p < 0.05 NS vs. EC 
‡ p< 0.05 TC vs. EC 

 

Values are means ± standard error. 

Abbreviations: FMD = Flow mediated dilation, mm = millimetres, s = seconds 

 

 

 

 

0

1

2

3

4

5

6

NS TC EC

Pe
ak

 d
ia

m
et

er
 (m

m
) 

0
1
2
3
4
5
6
7
8
9

10

NS TC EC

FM
D 

(%
)

†

0

1

2

3

4

5

6

NS TC EC

Ba
se

lin
e 

di
am

et
er

 (m
m

)

0

5000

10000

15000

20000

25000

NS TC ECSh
ea

r r
at

e 
ar

ea
 to

 M
ax

  (
s−

1)



 50 

4.Discussion 
 

The novel finding of this study was that in a cohort of young adults aged 18-30 

without airflow limitation, chronic EC users showed impaired resting vascular 

function (lower FMD), higher ventilatory inefficiency (higher V̇E/V̇CO2), higher V̇E, 

BLa, and symptoms of dyspnoea and leg fatigue to a similar extent as tobacco 

cigarettes smokers during submaximal exercise workloads compared to NS. These 

findings challenge the idea of using EC use is a ‘healthier alternative’ to tobacco 

cigarettes smoking. 
 

4.1 Respiratory function 
 

Based on the inclusion criteria there were no differences in lung function between 

the testing groups (Table 2). However, previous studies report that both EC use and 

TC smoking cause a decline in lung function. Smoking TC is the main cause of a 

decline in FEV1 (Fletcher et al.,1975; Lange et al.,1989). FVC has also been 

reported to decline by 14.17 mL per year in TC smokers compared to NS (Tian et al., 

2023). This lung function decline in TC smokers has been associated with the 

elevation of the number of neutrophils, mast cells and eosinophils in TC smoker’s 

lungs. Additionally, TC smoking decreases the number of airway dendritic cells and 

impairs the roles of macrophages and neutrophils (Mehta et al., 2008; Sopori et al., 

2002). Ishida et al., (2009) study highlighted that TC smoking impairs the function of 

macrophages by increasing ROS production (superoxide and hydrogen peroxide). 

They reported that oxidative stress results in the inhibition of B lymphocyte 

proliferation in response to lipopolysaccharide stimulation and this inhibition was 

reversed after the addition of antioxidants including superoxide dismutase and 

catalase. This suggests that oxidative stress caused by TC smoking is a main 

contributor for the impairment of macrophage-mediated immune responses (Ishida et 

al., 2009). Previous literature has also reported a lower MVV in TC smokers 

compared to NS. Padmavathy, (2008) suggested that this could potentially be due to 

a decreased strength of the respiratory muscles. Birajdar et al., (2016) also 

suggested that a reduction in MVV could also be related to smoking-related oxidative 
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stress caused by direct damage by radical species and smoking-induced 

inflammatory response and because MVV is indicative of neuromuscular co-

ordination and elastic and flow resistance of the respiratory system. This decreased 

strength in respiratory muscles coincides with Melliti, et al., (2021) study which 

although no differences were reported in MEP, their study revealed a decreased MIP 

in TC compared to NS. Melliti, et al., (2021) associated this decrease in respiratory 

muscle strength with dynamic hyperinflation in TC which increases the oxygen cost 

of breathing. Additionally, Meo et al., (2019) reported a decline in lung function 

parameters in EC users. This included FEV1, FEV1/FVC ratio, FEF50%, FEF75%, 

FEF25%–75%, and FEF75%–85%. This could display peripheral obstructive airway 

impairment in EC users (Meo et al., 2019). In contrast, Vardavas et al., (2012) study 

found no differences in FVC, FEV1, and FEV1/FVC ratio from using EC for 5 minutes. 

The present study reveals no differences in the lung function parameters; FVC, 

FEV1, FEV1/FVC, IC, MVV or respiratory muscle strength (MIP or MEP) in EC and 

TC in comparison to NS. However, this is somewhat expected as we included young 

adults with normal spirometry. 

 

4.2 The effect of tobacco cigarette smoking and e-cigarette 
use on the cardiovascular responses to exercise  
 

The present study found that FMD% was lower to a similar extent in both EC users 

and TC smokers compared to NS (Fig. 13). This aligns with a previous study that 

concluded that both chronic EC and tobacco smoking decrease FMD and lead to 

decreased vascular endothelial growth factor (VEGF) induced NO secretion and a 

decreased bioavailability of NO (Mohammadi et al., 2022). Endothelial dysfunction 

has been reported to be an early and sensitive indicator of oxidative damage in both 

EC users and TC smokers (Haptonstall et al., 2020). Elevated inflammatory marker 

levels in EC users and TC may have contributed to the lower FMD found in EC users 

and TC smokers compared to NS. This includes raised levels of plasma circulating 

intercellular adhesion molecule (ICAM-1) concentration in EC users and TC smokers 

(Bermudez et al., 2002; Mohammadi et al., 2022), which is associated with 

endothelial dysfunction (Szmitko et al., 2003). Furthermore, studies highlighted that 

TC smokers (Lavi et al., 2007) and EC users (Mohammadi et al., 2022) have 
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significantly higher levels of MPO than NS. MPO leads to impaired endothelial 

function by inhibiting NO availability and enhancing oxidative stress (Hartman and 

Ford, 2018). H2O2 has been reported to be elevated in EC and TC, another reactive 

oxygen species (ROS), which mediates endothelial cell function through the Fas cell 

signalling pathway (Nowak et al.,1996; Suhara et al., 1998). This reveals that TC 

smoking and EC use leads to elevated endothelial oxidative stress which results in 

endothelial dysfunction. it has been suggested that increased oxidation stress of 

lipoprotein lipase (LDL) due to an increase in reactive oxygen species (ROS) 

(including the free radicals (superoxide anion and hydroxyl radicals) found in the 

particulates of TC smoke (Chatterjee, et al., 2007; Ceriello., 2008) inhibit eNOS and 

the production of NO (Barua et al., 2001; Barua et al., 2003). However, the role of 

eNOS inhibition in NO production in EC users has not yet been confirmed 

(Mohammadi et al., 2022). 

4.3 Impact of tobacco smoking and e-cigarette use on V�O2 max 
and exercise capacity 
 
Endothelial dysfunction has been associated with impaired exercise capacity (Hagg, 

et al., 2005). Therefore, the impaired endothelial function found in both EC users and 

TC smokers in this study could contribute to exercise intolerance in both groups. 

This coincides with a previous study which reported a decrease in exercise capacity 

by 30.8% in middle-aged smokers (Sadaka et al. 2021) and over 25% in elderly TC 

smokers compared to NS (Elbehairy et al., 2016). The mechanisms behind this 

impairment are unclear in EC users. However, in TC smokers, this decline in 

exercise capacity is postulated to be caused by an increase in carbon monoxide 

(CO) in the blood (Ekblom and Huot, 1972), which can decrease the availability of 

oxygen to the working muscles because of compromised redistribution of blood flow 

during exercise (Hirsch et al., 1985). Another theorised mechanism behind reduced 

exercise capacity (a lower V̇O2max) includes increased anaerobic metabolism due to 

increased carboxyhaemoglobin (COHb) levels (Araújo et al., 2004). The reduced 

oxygen supply and increased COHb levels to the tissues increase endothelial 

permeability (Bullen, 2008). This study found a decrease in the anaerobic threshold 

in TC and EC compared to NS with a 21.8% lower work rate in EC and at a 24.9% 

lower work rate in TC compared to NS and at a 11.6% lower % V̇O2max in EC and at 
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a 14.5% lower % V̇O2max in TC. This metabolic acidosis alongside damage to the 

intima of the arterial wall related to CO exposure, results in sub-endothelial oedema 

due to early atherosclerosis including the build up of fat substances in the arterial 

walls (Kjeldsen et al., 1969). CO has been reported to decrease the bioavailability of 

NO, by inhibiting eNOS activity (Abu-Soud et al., 1998). This Inhibition of eNOS has 

been related to increased vasoconstriction (Pucci et al., 1992). This inhibition of 

eNOS, alongside impaired vasodilation and oxidative stress, may lead to endothelial 

dysfunction (Papathanasio et al., 2014). Although no differences were found in 

V̇O2max between TC smokers, EC users and NS controls, this could be a result of 

small sample size. The shift in anaerobic metabolism and reduced vascular function 

indicate impaired oxygen delivery and reduced exercise capacity in TC and EC 

groups.  

There are limited studies reporting the impact of e-cigarette use on V̇O2max. One 

unpublished master’s thesis which had a small sample size of only 17 subjects; n=10 

NS and n=7 EC users, highlighted that 6 months of vaping showed no differences in 

V̇O2max  (Robinson, 2020), whereas the present study included EC users that had 

used e-cigarettes for at least 18 months. This may be relevant as V̇O2max in tobacco 

smokers has been found to be dose dependent. This dose-dependent impact on 

V̇O2max is highlighted by Suminski et al., (2009) study which reported a lower 

V̇O2max in heavy smokers compared to light smokers (groups depended on the 

number of packs smoked per year). 

Furthermore, this study found no differences in in EC and TC in HR and HRmax 

compared to NS. This could be related to the young age of the participants in this 

study. The inability of tobacco smokers to reach HRmax has been associated with 

impaired exercise capacity (McDonough and Moffatt, 1999). This study opposes 

studies that found a decrease in HRmax in smokers compared to non-smokers 

(Sandvik et al., 1995; Savonen et al., 2006). A compromised b-adrenergic effect 

(Toda and Okamura., 2003) and endothelial dysfunction have been associated with 

decreases in HR during exercise as an adaptation to long-term smoking (Lauer et 

al., 1997; Bernaards et al., 2003; Toda and Okamura., 2003). This down-regulation 

of β-adrenergic receptors caused by a decreased lymphocyte density and an 

impaired catecholamine response, is evidenced by decreased ligand binding and 
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decreased cyclic AMP formation in response to isoproterenol (Laustiola et al., 1988). 

Additionally, the lower plasma cyclic AMP levels and reduced free fatty acids during 

exercise in smokers suggest β-receptor downregulation in adipose tissue (Laustiola 

et al., 1988). These physiological adaptations collectively result in a blunted HR 

increase (Papathanasiou et al., 2013). HR in TC smokers is known to increase at a 

slower rate than non-smokers during exercise, leading to the inability of reaching an 

as high HR at peak exercise (Papathanasiou et al., 2013). These studies included 

smokers with a low physical activity and an impaired cardiorespiratory fitness 

(Sandvik et al., 1995; Savonen et al., 2006; Lauer et al., 1996), whereas this study 

may have found no differences in HR and HRmax because this study included EC and 

TC who were ‘active’ participants as shown with ∼100% predicted VO2max in all 

testing groups (Table 3). In contrasting studies, it has been postulated that this 

reduced ability of TC to achieve HRmax is related to chronotropic incompetence 

(Lauer, 2004) and the inability of HR to increase during exercise to reach metabolic 

demands (Zweerink et al., 2018). This can result in impaired exercise capacity due to 

tobacco cigarette smoker’s inability to execute a sufficient exercise response 

(McDonough and Moffatt, 1999). However, as a result of the young age of 

participants in this study, it is not surprising that we did not find no differences in HR 

between EC, TC and NS throughout submaximal or at peak exercise. 

No significant differences in HR were found in EC. Previous literature on HR 

response during exercise is very limited and more ambiguous. However, in line with 

this study’s findings, Polosa et al., (2017) found no changes in HR between EC and 

NS during exercise. In contrast, a meta-analysis comprising of 11 studies and 283 

participants determined that e-cigarette use does increase HR at rest (Skotsimara et 

al., 2018) similar to TC smoking but potentially less apparent (Yan and D’Ruiz., 

2015). This increase in HR could be associated with nicotine by sympathetic neural 

mechanisms as well as the systematic release of catecholamines (Benowitz and 

Fraiman, 2017). 

It is postulated that HR and O2 pulse (V̇O2/HR) are related to cardiac function (Come 

et al., 2012). Therefore, no differences in O2 pulse found in EC and TC could be 

linked to no differences in HR. In contrast to this study’s findings, Kobayashi et al., 

(2004) study found a decrease in O2 pulse throughout exercise in TC compared to 
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NS. In addition, a lower O2 pulse at peak exercise has been attributed to impaired 

vasodilation to the working muscles (Hirsch et al., 1985).  

 
4.4 Ventilatory and dyspnoea responses during exercise in 
tobacco cigarette smoking and e-cigarette users  
 

During submaximal exercise (140 W) V̇E was 16.23% higher in EC and 20.47% 

higher in TC than NS. This coincides with Sadaka et al., (2021) study which also 

found an increase in submaximal V̇E in TC compared to NS. There are no previous 

studies that have investigated ventilatory responses during exercise in EC. This 

ventilatory inefficiency could be associated with an increase in physiological dead 

space and a lower partial pressure of carbon dioxide (PaCO2) (Naeije., 2014). 

However, this study did not test for these mechanisms. This aligns with previous 

studies that found elevated V̇E/V̇CO2 in TC during submaximal and at peak exercise 

(Sadaka et al., 2021; Melliti et al., 2021; Barbosa et al., 2017). Contrastingly, one 

study revealed no differences in V̇E/V̇CO2 in tobacco smokers without airflow 

limitation compared to healthy non-smoker controls (Elbehairy et al., 2016).  

 

While no previous study has examined V̇E and V̇E/V̇CO2 responses in EC users, the 

increased V̇E and V̇E/V̇CO2 in TC and increase in V̇E in EC users could indicate 

ventilatory inefficiency alongside the increased physiological dead space (Sadaka et 

al., 2021; Barbosa et al., 2017). Moreover, mechanisms that could be partially 

responsible for the increase in V̇E/V̇CO2 in TC smokers include bronchoconstriction, 

early-onset of emphysema and a decrease in diffusion capacity (Barberá et al., 

2001; Gordon et al., 2011). Moreover, an increased ventilatory drive because of an 

increased sympathetic activity caused by nicotine and earlier metabolic acidosis has 

been reported to increase V̇E in TC (Parshall et al., 2012), which is apparent in the 

present study due to the lower anaerobic threshold in TC. Furthermore, this 

decrease in ventilatory inefficiency (higher V̇E/V̇CO2) could be associated with the 

lower PetCO2 during submaximal exercise in TC compared to NS. This is because 

V̇E/V̇CO2 has been reported to correlate with PetCO2 (Yuan et al., 2020). However, 

no difference in PetCO2 was found during submaximal exercise in EC, which could 

suggest that TC impairs ventilatory efficiency to a greater extent compared to EC. 
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Overall, in TC, a lower submaximal PetCO2 and higher V̇E/V̇CO2 could show 

changes in pulmonary gas exchange during exercise prior to apparent airflow 

limitation (Elbehairy et al., 2016; Clark et al., 2020; Elbehairy et al., 2015).  

Rotstein et al., (1991) study reported a decrease in VT and increased Fb in TC during 

exercise. They suggested that this could be linked to a decrease in gas exchange 

efficiency and a decrease in peak V̇O2 (Hueper et al., 2015). This contrasts this 

study which found no differences in V̇O2max. Furthermore, a higher Fb and lower VT 

in TC smokers in this study could be attributed to an increase in physiological dead 

space (Lifshay et al., 1971). There are no previous reports on the impact of EC users 

on Fb and VT. Contrastingly to Rotstein et al., (1991) study, no differences in Fb and 

VT  were found in EC users and TC smokers during submaximal exercise compared 

to NS. However, increased V̇E in this study during submaximal exercise in EC users, 

similarly to the increase in V̇E in TC smokers, could be related to increased 

sympathetic activity due to the nicotine content in EC as well as earlier metabolic 

acidosis, which is demonstrated by the lower anaerobic threshold in this study in EC 

users compared to NS (Parshall et al., 2012). Increased ventilatory demand in EC 

users and TC smokers, in this present study, was linked with increased ratings of 

dyspnoea in EC users compared to NS by 46.63% at 140 W and by 42.89% at 140 

W in TC smokers compared to NS. This study is in accordance with Elbehairy et al., 

(2016) study which also found increases in ratings of dyspnoea at sub-maximal level 

in a healthy cohort of smokers without airflow limitation. The present study is the first 

study that investigates ratings of dyspnoea in EC users during exercise. A 

mechanistic study may be beneficial to explain possible mechanisms of dyspnoea in 

EC users, including investigating the dead space-to-tidal volume ratio (VD/VT) and 

diaphragmatic contractile work to overcome increased airway resistance, higher 

electrical activation and decreased maximal activation (Elbehairy et al., 2016; 

Sadaka et al., 2021). However, similarly to Sadaka et al., (2021) findings in TC 

smokers without airflow limitation, no significant divergences were found in TV or 

inspiratory capacity, suggesting that mechanical ventilatory limitation was not a 

predominant mechanism for higher ratings of dyspnoea or exercise intolerance 

(Sadaka et al., 2021). 
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The present study found higher ratings of leg fatigue throughout submaximal 

exercise in both EC users and TC smokers compared to NS. This could be attributed 

to changes in muscle function and increased motor output (Sadaka et al. 2021). 

Carbon monoxide and ROS in TC smoke causes a left shift in the oxyhaemoglobin 

dissociation curve (McDonough and Moffatt., 1999). This, alongside the endothelial 

dysfunction found in EC users and TC smokers in this study could have impaired 

mitochondrial oxidative capacity resulting in impaired muscle function and increased 

metabolic acidosis (de Oca et al., 2008; Petersen, et al., 2007; Kirby et al., 2013; 

Adami et al., 2017; Johnson, et al., 2010) with increased blood lactate during 

exercise (Colberg et al., 1995). This is shown by an increased blood lactate in TC 

smokers and EC users compared to NS. This is translated with higher perceived 

ratings of leg fatigue by 41% in both EC users and TC smokers at 140 W compared 

to NS. It has been reported that quadriceps endurance is reduced in tobacco 

smokers (Sadaka et al., 2021). Smokers experience a shift in muscle fibre 

composition from slow twitch type I, oxidative fatigue-resistant fibres to fast twitch, 

glycolytic type II fibres (de Oca et al., 2008; ÖRLANDER et al., 1979). The higher 

ratings of leg fatigue and higher BLa in EC users and TC smokers in this study and 

afferent stimuli from peripheral mechanoreceptors could have resulted in increased 

ventilatory drive as well as the findings of higher V̇E and increased ratings of 

perceived dyspnoea during submaximal exercise in this study (Parshall et al., 2012). 

Furthermore, BLa induced carboxyhaemoglobin alongside tobacco smoke injury to 

the mitochondrial respiratory chain leads to elevated intracellular oxidants 

(Cardellach et al., 2003; Smith et al.,1993) This is translated with a lower AT in EC 

users and TC smokers. This higher blood lactate and lower AT in EC users and TC 

smokers compared to NS could potentially contribute to the increased sensations of 

dyspnoea and leg fatigue found in the present study. AT is linked to the level of work 

that can be performed for a period of time (Wasserman et al., 1984). Therefore, the 

lower AT in EC users and TC smokers found in this study can be linked to the lower 

work rate achieved.  

Overall, increases in blood lactate and leg fatigue in EC users and TC smokers, 

alongside afferent stimuli from peripheral mechanoreceptors, can be linked to the 

increased ventilatory drive, dyspnoea, and ventilation which are also found in EC 

users and TC smokers in the present study (Parshall et al., 2012). It is likely that EC 
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users and TC smokers terminated exercise earlier (as seen by the lower work rate 

reached in both EC users and TC smokers) when symptoms of leg fatigue and 

dyspnoea became intolerable (Elbehairy et al., 2016) at a lower V̇O2max. We tested 

active young individuals with high predicted V̇O2max values in all three groups, 

therefore it can be assumed that muscle deconditioning was not a main contributor 

for reduced exercise capacity or increased symptoms of leg fatigue and dyspnoea 

(Sadaka et al., 2021). 

5.Limitations 

Despite the interesting results, limitations are apparent. This study has a relatively 

small sample size (n=16), however it is sufficient to determine consistent clinically 

significant differences linked to exercise intolerance in EC users and TC smokers. 

This study included young, habitually active adults with average predicted V̇ V̇O2max 

around 100% so the results cannot be generalised to the general population. 

However, it could be expected that the responses would be worse in sedentary 

individuals due to muscle deconditioning. In addition, the differences we have seen 

in young TC smokers and EC users are expected to be augmented in older and 

inactive population. The average e-cigarettes used per week was calculated, 

however, there is a vast variety of vape devices with varying amounts of nicotine, 

therefore, it is difficult to calculate a precise history of EC dose usage. Blood nicotine 

and cotinine levels were not measured, which would be beneficial to compare 

nicotine use between the EC and TC groups. Participants did not smoke or consume 

any other forms of nicotine outside of their group category. However, one participant 

in the EC group had a short history of tobacco smoking 5 years before switching to 

e-cigarettes, but this should not have a significant impact on the responses we have 

seen in EC group. A few participants had undergone exercise testing at different 

times of day which could have caused diurnal variations in exercise capacity. 

However, circadian rhythm has shown no impact on exercise responses in active 

individuals (Faisal et al., 2010). All vascular function for FMD testing was performed 

by Dr Rehan Junejo, with the majority of testing performed in the morning (between 

9am and 11am), however two of the participant’s FMD test included in this study was 

performed at 12:00. This should not have contributed to significant differences in 

FMD between the groups. All participants completed spirometry and CPET, however 
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this study performed FMD on 14 participants in each group. Although the power 

calculation of this study determined that 16 participants are needed to see significant 

differences in FMD, this study still showed significant differences between the 

groups. This study did not measure DLCO as we were not able to meet the health and 

safety regulations at our new facility prior to the start of data collection.  

6. Future Research Studies 

This study presents novel observational findings and more detailed physiological 

studies to rule out the mechanisms associated with reduced exercise capacity and 

augmented symptoms of breathlessness in EC users are needed. A detailed lung 

function testing including diffusing capacity of the lungs for carbon monoxide (DLco), 

N2 washout testing with the investigation of gastric pressure, oesophageal pressure, 

and diaphragmatic electromyography (EMGdi) using oesophageal and gastric 

balloons with a combined EMGdi electrode catheter (Elbehairy et al., 2016; Sadaka 

et al., 2021) will rule out the impact of EC on lung mechanics and work of breathing 

and mechanisms of dyspnoea in EC users. 

 

There is limited literature reporting the impact of EC on cardiac function and detailed 

assessments of the long-term impacts of cardiac geometry and function could be 

beneficial to add more precise explanations to the impact of EC on O2 delivery and 

HR responses during exercise.  

 

This study’s interesting findings of higher exercise BLa and early acidosis in EC and 

TC groups may suggest a greater impact of EC on peripheral muscles before 

apparent impact on lung function. A detailed assessment of muscle metabolism 

using magnetic resonance spectroscopy would add significant value to literature.  

 

In addition, the study of former TC smokers who have switched to e-cigarettes could 

add further details about the implication of EC users in smoking cessation 

programmes.  
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7. Conclusion 
 

This study showed that tobacco smoking and electronic cigarette use impair the 

cardiorespiratory responses (TC and EC achieved a lower peak work rate, and 

during submaximal exercise, this study found higher ratings of dyspnoea and leg 

fatigue, higher V̇E, in EC and TC and lower PETCO2, higher V̇E/V̇CO2, lower BLa in 

TC, and EC and TC reached the AT at a lower work rate and V̇O2max compared to 

NS) during and at peak exercise to a similar extent in a cohort of young smokers with 

normal spirometry. This study found increased endothelial dysfunction in EC and TC 

as shown by the lower FMD compared to NS. A lower FMD% has been associated 

with impaired exercise capacity (Hagg, et al., 2005). Therefore, it is surprising that 

this study found no differences in V̇O2max however, the lower FMD% could have 

been one of many underlying causes that lead to the impaired cardiorespiratory 

responses to exercise found in this study. The present study found a higher V̇E in EC 

and TC during submaximal exercise which could be linked to increased ventilatory 

inefficiency (higher V̇E/V̇CO2) in EC and TC compared to NS. In addition, increased 

FMD, higher BLa and lower AT in EC and TC compared to NS could have 

contributed to the increased sensations of dyspnoea and leg fatigue found in the 

present study in TC and EC smokers. Due to these findings, it may be dangerous to 

assume that e-cigarette use is an alternative with less cardiovascular risk to health 

than tobacco smoking. The safety of using e-cigarettes as a smoking cessation tool 

should be investigated further.    
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