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Abstract

:

Smoking cessation is difficult but maintaining smoke-free without nicotine replacement therapy is even harder. During the last few years, several different alternative products, including heated tobacco products (HTP), have been introduced to the market. In this study, we investigated the acute effects of IQOSTM and gloTM (two HTP) consumption on small airway function and arterial stiffness in a head-to-head design, comparing them to combustible cigarettes, nicotine-free e-cigarettes and a sham smoking group. Seventeen healthy occasional smokers were included in a single-center, five-arm, crossover study. The parameters of small airway function and hemodynamics were collected at several time points before and after consumption using Mobil-O-Graph™ (I.E.M., Stolberg, Germany) and TremoFlo® c-100 (THORASYS Thoracic Medical Systems Inc., Montreal, QC, Canada). Small airway obstruction and resistance were both significantly increased after the consumption of cigarettes and substitute products. All products containing nicotine led to similar significant increases in blood pressure and arterial stiffness. Hemodynamic parameters were also increased after the consumption of e-cigarettes without nicotine, but compared to nicotine-containing products, the increase was shorter and weaker. We conclude that, although it has yet to be determined why, HTP have acute harmful effects on small airway function, possibly even exceeding the effects of combustible cigarettes. Like other nicotine-containing products, HTP leads to a nicotine-related acute increase in arterial stiffness and cardiovascular stress, similar to combustible cigarettes, which associates these products with an increased cardiovascular risk.
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1. Introduction


Smoking is the most important avoidable health risk in Germany. Every year more than 127,000 deaths can be attributed to smoking-related diseases [1]. While until 2020, the percentage of active smokers in Germany decreased steadily, since 2021, the numbers have increased again, with them at 35.5% in December 2022 [2].



In total, 39% of German active smokers would like to stop smoking [3]. Unfortunately, long-term smoking cessation without substitution is effective only in 3–5% [4]. With nicotine-replacement therapy (NRT, products giving small steady doses of nicotine to stop nicotine cravings, easing the transition to complete nicotine abstinence), quitting rates can be raised by 50–70% [5]. Recently, e-cigarettes, which do not count as NRT, were shown to reduce recidivism rates better than smoking cessation without substitution [6,7]. However, various studies suggest that the consumption of e-cigarettes is a health risk itself [8,9,10], emphasizing the need for alternative products that are both satisfying and cause as little harm as possible. In addition, e-cigarettes are intensively discussed for smoking cessation, because a lot of medical societies do not recommend them for smoking cessation. In recent years, several cigarette alternatives, among them heated tobacco products (HTP), have been introduced to the market. In 2017 sales of IQOSTM from Philipp Morris International (PMI) were launched in Germany, and GLOTM from British American Tobacco followed in 2020. These relatively new devices promise to be less harmful to both consumers and bystanders [11,12]. Instead of burning tobacco to inhale the nicotine, the electric heating systems aerosolize nicotine from tobacco without any combustion taking place. The combustion in conventional cigarettes happens at around 600 °C and above, producing smoke that contains nicotine but also an abundance of hazardous and carcinogenic substances [13,14]



In HTP, temperatures vary between different products but generally are below 350 °C [15]. In IQOSTM tobacco is heated at an average of 201 °C, the GLOTM uses even lower temperatures around 170 °C [16]. Hence, these aerosols supposedly contain fewer unwanted substances [17]. Nevertheless, sufficient evidence that HTP are less harmful than conventional cigarettes is still missing [18]. Furthermore, studies indicate that HTP might not be as low risk as promoted by manufacturers [16,17,19]. In animal models, evidence could be found that HTP lead to an inflammatory response in the lung, causing lung emphysema, which is the remodeling of small and large airways, and activating pathways that are also involved in tobacco smoke-induced carcinogenesis [20,21,22]. Arterial stiffness parameters were also shown to be increased after HTP consumption [23,24], underlining that further research on the impact of these devices is needed.



Therefore, in this study, we investigated the acute effects on arterial stiffness and small airway function in two heated tobacco products (IQOSTM and GLOTM) and compared them to combustible cigarettes, e-cigarettes without nicotine, and sham smoking in a head-to-head design.




2. Materials and Methods


2.1. Study Cohort and Design


In this single-center, five-arm cross-over study, 17 healthy occasional smokers were included. The participants were recruited from students at the University of Lübeck. Before inclusion, the participants were screened for exclusion criteria: (i) non-smokers; (ii) obesity; (iii) pregnancy; (iv) mental disorders; (v) cardiovascular disease; (vi) pulmonary disease; (vii) age < 18 years; and (viii) abnormal physical examination. In alliance with the guidelines for the measurement of arterial stiffness [25], the participants were instructed to neither drink alcohol nor to consume any products containing nicotine 48 h prior to every measurement. Test days were scheduled at least 48 h apart to provide a washout period. After at least 24 h of consideration time, a consent form was signed by both participant and examiner. The local ethics committee included the study on DRKS (DRKS00020446).



The five study arms are composed of (a) combustible cigarette (Cig) (Marlboro Gold 0.5 mg/cigarette), (b) e-cigarette without nicotine (E-Cig (-)) (DIPSE-eGo-cigarette; 0 mg/mL, tobacco flavor), (c) heated tobacco product “IQOS”, (d) heated tobacco product “GLO”, and (e) sham smoking, vaping with an e-cigarette without liquid (DIPSE-eGo-cigarette; 0 mg/mL). Nicotine-free e-cigarettes have been used in previous studies as a control group [24]. Since they still contain various inhalable substances that could affect lung function and arterial stiffness, we also included the sham smoking group, in which an empty e-cigarette was used to mimic smoking, but nothing is inhaled. Figure 1 displays the flowchart of the study.



The order of the test devices was drawn by lot. Every device was only used once by each test person, and in order to be taken into analysis, all four devices must have been assessed (CIG, E-cig (-), IQOS, GLO). Sham smoking was tested in 7 out of the 17 participants and was also included in randomization. Measurements were performed at the same time of the day, to rule out systematic errors caused by circadian rhythm. To grant standardized conditions, test persons were instructed in a smoking scheme for every device. Heated tobacco products (IQOSTM and GLOTM) were to be consumed as recommended in the instruction manual [26,27]. Cigarettes were to be completely smoked. E-cigarettes without nicotine and empty e-cigarettes for sham smoking were to be vaped ten times for 3–5 s with a rest period of 30 s in between [28].



Baseline cardiovascular measurements were performed with Mobil-O-Graph™ (I.E.M., Stolberg, Germany) in 5 min intervals starting 30 min prior to the intervention until 60 min post intervention. TremoFlo® c-100 (THORASYS Thoracic Medical Systems Inc.) was used for pulmonary measurements two times prior to the intervention and 5, 10, 15, 30, and 60 min afterwards.




2.2. Measurement of Resistance and Reactance in Central and Small Airways


Lung function analysis was performed using TremoFlo® c-100 (THORASYS Thoracic Medical Systems Inc., Montreal, QC, Canada). Hereby, airwave oscillometry (AO) with oscillation frequencies between 5 and 37 Hz was used. Since this frequency is higher than the tidal breathing frequency, a high-frequency wave was superimposed onto the breathing waveform, allowing the device to calculate resistance (R) and reactance (X) [29].



To allow the oscillatory waves to pass directly through the trachea, the test person needed to be in a seated, upright position, with the head slightly extended. They also need a nose clip to seal the nasal passage, with their hands supporting their cheeks on both sides and their lips enclosing the mouthpiece. Three consecutive 20 s. measurements during tidal breathing were performed. The average was used for analysis. The value obtained prior to the intervention, referred to as the baseline value, was used as a reference. For quality control reasons, the coefficient of variation (CV) ought to be lower than 15% [29].



Resistance is defined as the energy needed to move the pressure wave through the airways [30]. It is determined at 5 and 19 Hz, representing the total (R5) and central (R19) airway obstruction. R5–R19 is the calculated difference of the total airway resistance (R5) and central airway resistance (R19), representing the peripheral airway obstruction. Reactance is a complex term representing the energy determined by flow airflow dynamics in the airways, influenced by the elasticity of tissue and the interstitial forces [30]. AX is defined as the reactance area. The increased values are correlated with distal obstruction [30]. The tidal volume (VT) represents the ventilated air volume during physiological in- and expiration [31].




2.3. Measurement of Peripheral and Central Blood Pressure and Arterial Stiffness


In this study, Mobil-O-GraphTM (software version HMS CS 4.2, I.E.M. GmbH, Stolberg, Germany) was used to measure hemodynamic parameters. This device performs pulse wave analysis, using an oscillometric measuring technique. With a common cuff peripheral blood pressure and heart rate were detected. Subsequently, waveforms of the brachial artery were recorded at diastolic blood pressure level. The ARCSolver algorithm then estimated the central systolic blood pressure and central waveforms, allowing pulse waveform analysis and the calculation of arterial stiffness parameters to occur, such as pulse pressure, augmentation index, and total peripheral resistance [32,33].



Measurements were performed while the test persons subjects were seated. A standard blood pressure cuff was placed on the upper arm at the right atrial level. The measurement prior to the intervention, referred to as baseline value, was used as a reference.




2.4. Statistical Analysis


SPSS statistical software (SPSS 23 Inc., Chicago, IL, USA) was used for statistical analyses and Graph Pad Prism (Graph Pad Prism 6.01 for Windows, Graph Pad Software, San Diego, CA, USA) was used for graph editing. For the statistical references of blood pressure, heart rate, arterial stiffness parameters, lung resistance, and reactance, the baseline mean values were applied. The measurement prior to the intervention was referred to as the baseline value. All the above-mentioned processes were tested for normal distribution by Kolmogorov–Smirnov tests. The crossover design was used as the basis for the decision to calculate a two-way repeated measures ANOVA to estimate an interaction between the type of device used and time. If an interaction was found, a post hoc test (Bonferroni) was applied. Student’s t-test was used to evaluate differences between continuous baseline characteristics between groups. To individually analyze differences at various time points between the four devices, ANOVA was used. Where appropriate, a multivariate analysis of variance (MANOVA) was applied to level age, mean arterial pressure (MAP), heart rate (HR), and sex. All data are expressed as mean ± standard deviation (SD) unless otherwise specified. An alpha error below 5% was considered statistically significant.





3. Results


All parameters were taken prior to the intervention as well as up to 60 min after the intervention while test persons were resting. Hemodynamic parameters were hereby taken in 5 min intervals, starting 10 min before the intervention. Lung function parameters were taken 20 and 10 min before the intervention and 5, 15, 30, and 60 min after the intervention. Peak nicotine levels of inhalative nicotine consumption can be found after 5–10 min and decline rapidly for 20 min after consumption due to tissue distribution [34]. Therefore, we paid special attention to the first 20 min when analyzing hemodynamic parameters. For clarity, the following abbreviations were used when describing the groups: IQOSTM—IQOS, gloTM—GLO; cigarette—Cig; e-cigarette without nicotine—E-Cig (-); and sham smoking—Sham. The measurement prior to the intervention (−1 min in hemodynamic parameters and −10 min in respiratory parameters) is used as a baseline value that the post-intervention measurements are compared to. In the following, p < 0.05 (*) is considered significant, p < 0.01 (#) is considered highly significant.



3.1. Baseline Characteristics


In this study, we included 17 healthy participants with a mean age of 24.2 ± 1.1 years. Test persons were healthy and normal weight. Test persons started to smoke occasionally. On average they smoked 1.12 ± 0.8 cigarettes per day; however, all participants scored 0 on the Fagerström Test for nicotine dependence. Gender-specific baseline characteristics are shown in Table 1. All 17 test subjects tested all devices (Cig, E-cig (-), IQOS, GLO), and Sham was tested in 7 test subjects.




3.2. Respiratory Parameters


Increased central and peripheral obstruction as well as reactance was detected in all groups but sham smoking. Central obstruction (Figure 2) was significantly increased 5 min after the intervention in all devices. (Cig, E-Cig (-), IQOS, and GLO). The maximum increase was reached after 5 min in Cig, IQOS, and GLO, after 15 min in the sham smoking group and after 60 min in the E-cig (-) group. The initial and total increase of IQOS (22%) and GLO (17.7%) was higher than in Cig (10.5%), E-Cig (-) (8.3%/11.7%), and sham smoking (5.6%/6%). Significant elevation lasted until 60 min post intervention (Cig and IQOS highly significant, E-Cig (-) and GLO significant). No significant changes were detected in the sham smoking group.



Peripheral obstruction (Figure 3) was highly significantly increased in Cig, IQOS, and GLO after intervention until 60 min post intervention. E-Cig (-) showed a significant increase for 30 min. The maximum increase was reached after 5 min in GLO, Cig, and E-cig (-) and after 15 min in IQOS and Sham. Again, increases in HTP products (IQOS 124.4%/144%) and GLO 226.6%) were higher than in Cig (93%) and Sham. With 136%, E-cig (-) increase was similar to IQOS. 5 min and 15 min after the intervention, IQOS and GLO differed significantly from Sham. GLO was also significantly different to Cig after 5 min. Sham smoking showed a highly significant increase at only 15 min post intervention, remaining significant until 60 min post intervention.



AX (reactance area) (Figure 4) was highly significantly increased in all devices, but no significant changes could be detected in Sham. The maximum increase was reached after 5 min in GLO, after 15 min in E-cig (-), IQOS, and Sham and after 60 min in Cig. The increase in Cig and E-cig (-) was similar with 20,4% (max 24.1%) (Cig) and 21.4% (max 24,8%) (E-cig (-)). In HTP products we could see higher increases of 43.8% (max 44.5%) (IQOS) and 55.2% (GLO). The difference was most prominent 5 min and 15 min post intervention. After 30 min the difference was significant between IQOS and Sham. The increase remained highly significant for 30 min in IQOS, GLO, and Cig and until the 60 min measurement in E-Cig (-).



Tidal volume (Figure 5) was significantly increased for 15 min after the intervention in all devices. The increase remained highly significant for 60 min in IQOS and GLO and significant in E-cig (-). The initial increase was highest in IQOS (21.1%) and E-cig (-) (18.2%/22.3% after 60 min), followed by GLO (15%/15.8% after 30 min), Cig (11.8%/12.2% after 15 min), and Sham (5.4%). No significant changes were seen in Sham.




3.3. Heart Rate, Peripheral, and Central Blood Pressure and Pulse Pressure


Both peripheral and central systolic blood pressure (Figure 6) were highly significantly increased after consumption of nicotine-containing devices (Cig, IQOS, and GLO). In peripheral systolic blood pressure, the increase stayed highly significant for 20 min in Cig and GLO and for 15 min in IQOS (significant after 20 min). An increase was also detected in E-Cig (-), which was highly significant for 5 min and significant for 15 min. In sham smoking a significant elevation occurred only 20 min after the intervention. In central systolic blood pressure, all groups but sham smoking were highly significantly increased for 15 min (E-cig (-)) and 20 min (Cig, IQOS, and GLO), respectively. Compared to peripheral, the central systolic blood pressure was lower (central: 103 to 119 mmHG, peripheral: 117 to 132 mmHG).



Central diastolic blood pressure (Figure 7A) was highly significantly increased in all nicotine-containing devices (Cig, IQOS, and GLO) directly after consumption. The increase stayed highly significant for more than 20 min. E-cig (-) also showed an initial highly significant increase that was significant after 5 min. No significant alterations were detected at later time points. Sham was also significantly increased after 5 and 15 min. Immediately before, until 10 min after the intervention, all groups differed significantly from each other.



Central pulse pressure (Figure 7B) was highly significantly increased directly after consumption of nicotine-containing devices (Cig, IQOS, and GLO) for more than 20 min. (After 10 min, the IQOS increase was significant). E-cig (-) was significantly increased 5 to 15 min after the intervention. Sham was significantly increased directly after the intervention and again significantly increased 20 min post intervention.



Heart rate (Figure 8) was highly significantly increased directly after the intervention in all devices. Highly significant elevation lasted for 15 min in Cig, IQOS, and GLO. In E-cig (-), heart rate was significantly increased after 5 min but returned to baseline after 10 min. An increase in IQOS (23.3%) and GLO (23.5%) was similar to Cig (19.6%). In E-cig (-), the increase was less distinct (5.8%). No significant changes could be detected in the sham smoking group. Right after the intervention all five groups differed significantly from each other and stayed significantly different until 30 min post intervention.




3.4. Parameters of Arterial Stiffness


The augmentation index adjusted at HR 75 bpm (Figure 9A) shows a highly significant increase directly after the intervention in all nicotine-containing devices (Cig, IQOS, GLO) and is also highly significantly increased after the consumption of nicotine-free e-cigarettes. The increase stays highly significant for 20 min in Cig, GLO, and E-Cig (-) and 15 min in IQOS. In sham smoking, no significant change in the augmentation index was detected. Directly before and after the intervention, as well as 5 and 15 min post intervention, all groups differed significantly from each other.



Total peripheral resistance (Figure 9B) is highly significantly increased after consumption of nicotine-containing devices (Cig, IQOS, and GLO) for 20 min (Cig and IQOS) and 15 min (GLO), respectively. After consumption of E-cig (-) total peripheral resistance is also highly significantly increased after 5 min and significantly increased after 10 min. After 20 min another highly significant increase was detected. Sham was increased significantly only after 15 min.





4. Discussion


Heated tobacco products are currently heavily promoted by tobacco companies as a modern and less harmful alternative to cigarette smoking [35,36]. While shortly after the market launched, many studies about HTP were funded by the producing tobacco companies themselves [37], recently, more independent studies about heated tobacco products have been performed, which turned out to be more critical concerning their health impact [16,17,19]. We performed a crossover study, comparing acute effects on small airway function and arterial stiffness after consumption of HTP, cigarettes, nicotine-free e-cigarettes and sham smoking. Following HTP consumption we detected an increase in arterial stiffness as well as compromised small airways, which was similar to the effects measured after cigarette smoking.



Airwave oscillometry (AOS) of the lung showed impaired resistance and reactance immediately after the consumption of all devices except sham smoking. Resistance was increased at 5 Hz, a sign of central obstruction, and at 5–19 Hz, reflecting peripheral obstruction probably caused by acute bronchoconstriction [38]. The increased area of reactance reflects impaired lung elasticity and is a marker for a small airway disease [38]. Tobacco smoke is known to lead to both acute bronchoconstriction and chronic obstructive pulmonary disease (COPD), as well as emphysema and lung fibrosis [39]. Although HTP aerosols reportedly contain harmful substances in much smaller concentrations [17], in our study, the increase in resistance and, especially, in the reactance area was even more pronounced, albeit not significant, than after cigarette consumption. However, current data on this topic are heterogenous and in vivo studies in humans are still rare. Some studies reported similar effects of HTP and cigarettes on lung function in humans in vitro and in vivo [40,41]; another study showed similar damages to lung tissue in mice [22]. Other studies reported lower toxicity to bronchial epithelial cells after HTP exposition compared to cigarettes but higher than after e-cigarette exposure [42]. Nevertheless, despite lower concentrations of toxicants in HTP fumes, the majority of studies [19], including ours, found similar impairment of small airway function after heated tobacco products and cigarette consumption. These findings raise concerns about long-term lung damage of these products. In our study, not only did nicotine-containing devices show an increase in resistance and reactance but the nicotine-free e-cigarette also did. There is evidence that propylene glycol (PG) and vegetable glycerin in e-cigarettes lead to lung remodeling and impaired lung function [43,44]. Short-term effects on lung function were described after the consumption of nicotine-containing e-cigarettes [45]. However, other studies did not report any alterations [46], or only small alterations, in lung function after e-cigarette consumption [47]. A study investigating nicotine-free e-cigarettes found small but significant decreases in FEV1 and FEF25 [48]. Our study suggests the short-term effects of nicotine-free e-cigarettes on small airways, but quite possibly, this effect is smaller than after cigarette consumption. Since AOS provides more sensitive results concerning small airway function than spirometry, further studies on this matter using AOS could generate more insight on this topic.



As expected, hemodynamic parameters were increased after the consumption of the nicotine-containing devices cigarettes, IQOSTM and GLOTM. Central and peripheral blood pressure as well as heart rate, augmentation index, and total peripheral resistance were significantly elevated for the nicotine half-life of 20 min. Since nicotine is known to increase blood pressure and heart rate [49,50], as well as arterial stiffness parameters [51,52,53], nicotine-related effects could explain the findings in this respect. In our study, hemodynamic parameters were equally increased after the consumption of HTP and cigarettes. This aligns with [54], whereas Yaman et al. and a previous study of our group with a similar crossover design found a less distinct increase in blood pressure after HTP consumption [23,55]. Hypertension is associated with an abundance of morbidities, such as myocardial infarction, stroke, heart failure, renal disease and even dementia [56]. Increased arterial stiffness is considered an independent risk factor for cardiovascular mortality [57]. The augmentation index can hereby serve as an early warning sign of increased vascular stiffness in younger people [58]. Our study showed similar behavior in blood pressure and arterial stiffness shortly after HTP and cigarette consumption, indicating a similar cardiovascular hazard potential of both products.



Interestingly, elevated hemodynamic parameters also followed the consumption of nicotine-free e-cigarettes but not sham smoking. These effects were shorter and less pronounced than after consumption of cigarettes or HTP but suggest additional nicotine-independent alterations in hemodynamics. Similar findings were also reported in a study by Antoniewicz et al. [59] but not in the study of Gonzalez et al. [60]. Additionally, we found significantly elevated diastolic blood pressure levels not only during nicotine half-life but for at least 50 min after cigarette and HTP consumption. Possible explanations could be prolonged nicotine effects or effects of other ingredients contained in both products. Since elevated diastolic blood pressure levels are considered a separate cardiovascular risk factor [61], it might be interesting to check for repeatability in future studies.



The transferability of this study is clearly limited by the rather small sample size of 17 test subjects. However, with our crossover design and randomized testing order of the devices, we could strongly reduce selection bias. Also, as a control group we used both nicotine-free e-cigarettes and sham smoking. Since we could detect the effects of nicotine-free e-cigarettes on respiratory and hemodynamic parameters, we considered the sham smoking group the more suitable control group and recommended it for future studies. Still, single outliers influenced our results, especially in the sham smoking group, which consisted of only seven participants. Finally, our study was designed to only investigate the acute effects of heated tobacco products and does not provide evidence of the long-term consequences of HTP.



When speaking of the risks of heated tobacco product use, it is also relevant to consider its range of applications. It has become consensual, that HTP consumption is harmful and addictive [12]. Knowing the individual and societal consequences of cigarette smoking, HTP consumption can clearly not be recommended to a “nicotine naive” population. Tobacco harm reduction includes alternatives to cigarette smoking that need to be satisfying enough for their users to permanently switch to a health risk as low as possible. Nicotine replacement therapy is important in assisting smoking cessation. It provides users with consistent nicotine doses to relieve cravings [5]. These products do not have any adverse health effects except for the nicotine-caused effect and provide low addictive potential but raise long-term smoking cessation rates only by 50–60% [13]. Handling and nicotine kinetics in e-cigarettes and heated tobacco products are similar to cigarettes. This could explain why these products are considered more satisfying by their users [62]. However, e-cigarettes are addictive, and consumption is considered a health risk itself [62,63,64]. The consequences of heated tobacco products seem to be similar and have been discussed in detail above. Still, more evidence concerning short- and long-term health consequences is required. A recommendation for heated tobacco products as a substitute product for cigarette smoking should only follow a critical benefit-risk consideration. However, our study suggests that the risks may outweigh the benefits.




5. Conclusions


Satisfying substitute devices could be a useful tool in smoking cessation. However, it is important that these devices cause as little harm as possible. Seemingly containing a lot fewer harmful substances than cigarettes, heated tobacco products (HTP) have been promoted as a promising device in this field. Investigating their acute impact on small airway function and arterial stiffness, in our study, we could not find any evidence for a harm reduction in HTP compared to cigarettes and nicotine-free e-cigarettes. Hemodynamic parameters were elevated in a nicotine-related manner that was equivalent to cigarettes, leading to the conclusion that HTP cause short-term elevated arterial stiffness and acute cardiovascular stress, associating these products with increased cardiovascular risk. Furthermore, when investigating small airway function, we even detected an increase in resistance and reactance in IQOSTM and GLOTM exceeding the acute effects of cigarettes and nicotine-free e-cigarettes, which, although not significant, could be an interesting subject for further investigations. To conclude, our findings support that consumption of heated tobacco products is associated with acute worsening of arterial stiffness and increased stiffness of small airways. Whether these findings also apply to regular smokers needs to be determined, as detected changes might be different in a possibly pre-damaged respiratory and cardiovascular system. Still, to further understand the health impact of these products, more independent studies that investigate short- and long-term effects are needed.
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Figure 1. Flowchart and study design for each test person. Study design for each test person. Randomization is performed on day 1, determining the order of the test devices. Every device is tested once. 
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Figure 2. R5 (Central obstruction): R5 as a marker of central obstruction is displayed over time. Values are normally distributed. t-tests were performed, comparing each value to the baseline value (−10 min) of the respective group. 
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Figure 3. R5–R19 (Peripheral obstruction): R5–R19 as a marker of peripheral obstruction is displayed over time. Values are normally distributed. t-tests were performed, comparing each value to the baseline value (−10 min) of the respective group. 
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Figure 4. AX (Reactance area): Reactance area is displayed over time. Values are normally distributed. t-tests were performed, comparing each value to the baseline value (−10 min) of the respective group. 
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Figure 5. Tidal volume: Tidal volume is displayed over time. Values are normally distributed. t-tests were performed, comparing each value to the baseline value (−10 min) of the respective group. 
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Figure 6. (A) Peripheral and (B) central systolic blood pressure. Peripheral and central systolic blood pressure are displayed over time. Values are normally distributed. t-tests were performed, comparing each value to the baseline value (−10 min) of the respective group. One-way ANOVA was performed to detect significant differences between groups at the respective time. 
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Figure 7. (A) Central diastolic blood pressure (B) central pulse pressure. Central diastolic blood pressure and pulse pressure are displayed over time. Values are normally distributed. t-tests were performed, comparing each value to the baseline value (−10 min) of the respective group. One-way ANOVA was performed to detect significant differences between groups at the respective time. 
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Figure 8. Heart rate: Heart rate is displayed over time. Values are normally distributed. t-tests were performed, comparing each value to the baseline value (−10 min) of the respective group. One-way ANOVA was performed to detect significant differences between groups at the respective time. 
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Figure 9. (A) Augmentation index adjusted at heart rate of 75 bpm and (B) total peripheral resistance. Augmentation index and total peripheral resistance are displayed over time. Values are normally distributed. t-tests were performed, comparing each value to the baseline value (−10 min) of the respective group. One-way ANOVA was performed to detect significant differences between groups at the respective time. 
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Table 1. Specifies baseline characteristics for all subjects.
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	Sex
	All (n = 17)
	Male (n = 9)
	Female (n = 8)
	p-Value





	Age [years]
	24.2 ± 1.1
	25.2 ± 4.6
	23 ± 4.4
	0.329



	Weight [kg]
	71.3 ± 3.8
	82.9 ± 11.5
	58.3 ± 5.6
	<0.01



	Height [cm]
	177 ± 2.7
	184.8 ± 9.0
	168.4 ± 5.7
	<0.01



	BMI [kg/m2]
	22.5 ± 0.6
	24.2 ± 1.9
	20.5 ± 1.6
	0.01



	Waist [cm]
	77.5 ± 2.7
	86.1 ± 5.5
	67.9 ± 7.0
	<0.01



	Hip [cm]
	91.2 ± 2.1
	96.7 ± 5.5
	85.1 ± 7.1
	0.02



	Cigarettes per day
	1.12 ± 0.8
	1.2 ± 0.7
	1.0 ± 1.0
	0.687



	Fagerström Test for Nicotine Dependence [points]
	0.0 ± 0.0
	0.0 ± 0.0
	0.0 ± 0.0
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