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Abstract:
[bookmark: _GoBack]Purpose: Semi-supine and supine cardiopulmonary exercise testing (CPET) with concurrent cardiac imaging has emerged as a valuable tool for evaluating patients with cardiovascular disease. Yet, it is unclear how posture effects CPET measures. We aimed to discern the effect of posture on maximal oxygen uptake (VO2max) and its determinants using three clinically relevant cycle ergometers. 
[bookmark: _Hlk50996176][bookmark: _Hlk50996513]Methods: In random order, 10 healthy, active males (Age, 27±7yrs; BMI, 23±2kg.m2) underwent a ramp CPET and subsequent constant workload verification test performed at 105% peak ramp power to quantify VO2max on upright, semi-supine and supine cycle ergometers. Doppler echocardiography was conducted at peak exercise to measure stroke volume (SV) which was multiplied by heart rate (HR) to calculate cardiac output (CO). 
Results: Compared to upright (46.8±11.2ml/kg/min), VO2max was progressively reduced in semi-supine (43.8±10.6ml/kg/min) and supine (38.2±9.3ml/kg/min; upright vs. semi-supine vs. supine; all p≤0.005). Similarly, peak power was highest in upright (325±80W), followed by semi-supine (298±72W) and supine (200±51W; upright vs. semi-supine vs. supine; all p<0.01). Peak HR decreased progressively from upright to semi-supine to supine (186±11 vs. 176±13 vs. 169±12bpm; all p<0.05). Peak SV and CO were lower in supine relative to semi-supine and upright (82±22 vs. 92±26 vs. 91±24ml and 14±3 vs. 16±4 vs. 17±4L/min; all p<0.01), but not different between semi-supine and upright.
Conclusion: VO2max is progressively reduced in reclined postures. Thus, posture should be considered when comparing VO2max results between different testing modalities. 
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Abbreviations


	[La−]b
	Blood lactate concentration

	aVO2-diff
	Arteriovenous oxygen difference 

	CO
	Cardiac Output

	CPET
	Cardiopulmonary exercise testing

	DBP
	Diastolic blood pressure

	HR
	Heart rate

	MRI
	Magnetic resonance imaging

	RER
	Respiratory exchange ratio

	RR
	Respiratory rate

	SaO2
	Oxygen saturation

	SV
	Stoke volume

	SBP
	Systolic blood pressure

	VT
	Tidal volume

	VE
	Minute ventilation

	VO2
	Oxygen consumption

	VO2max
	Maximal oxygen uptake

	W
	Watts

	Wpeak
	Peak power output





Introduction:
[bookmark: _Hlk50997711]Since its conception in the early 19th century (Hill and Lupton 1922; Lindhard 1915), cardiopulmonary exercise testing (CPET) has evolved significantly in its technology and scope such that it now represents the gold standard for assessing the integrative functioning of the cardiovascular, pulmonary, haematopoietic and skeletal muscle systems (Albouaini et al. 2007; Guazzi et al. 2012). The key outcome, maximal oxygen uptake (VO2max), serves a versatile role in both clinical and non-clinical settings. In addition to its role in indicating general fitness (Wasserman et al. 1987) and informing exercise prescription (Guazzi et al. 2012; Pescatello et al. 2014), VO2max is a strong prognostic indicator and measure of disease severity in several clinical populations (Piepoli et al. 2006; Ferrazza et al. 2009; Howden et al. 2019; Wood et al. 2013; Leite et al. 2009). As such VO2max assessment plays a key role in clinical management (Myers 2005; Beniaminovitz and Mancini 1999) and evaluating the success of therapeutic interventions (Howden et al. 2019). In general, a CPET is conducted upright either on a treadmill or cycle ergometer; however, owing to the growing clinical application of CPET – particularly with simultaneous cardiac imaging for the comprehensive evaluation of exercise physiology and specifically cardiovascular disease (Lancellotti et al. 2017; La Gerche et al. 2013) – the use of semi-supine and supine cycle ergometry has become increasingly common. In this regard, it is important to understand the effect of posture on VO2max and its limiting determinants. 
Variations in body position are associated with profound physiological alterations that may influence exercise response, and thus results of a CPET. Indeed, as the body is moved from upright to semi-supine to supine, there is a progressive reduction in both arterial perfusion pressure (via a reduction in hydrostatic pressure) (Folkow et al. 1971) and pulmonary compliance (via cephalic displacement of the diaphragm and abdominal structures) (Katz et al. 2018). Reductions in arterial perfusion pressure have been linked to attenuated skeletal muscle blood flow (Egana and Green 2005; Folkow et al. 1971), likely contributing to an accelerated muscular fatigue and reduced endurance in reclined cycling positions. Postural related differences in VO2max have been investigated in healthy individuals (Forton et al. 2016; Scott et al. 2006; Poliner et al. 1980; Lopes et al. 2014; Leyk et al. 1994; Forbregd et al. 2019; Cotsamire et al. 1987; Hughson et al. 1991; Åstrand and Saltin 1961), and in individuals with various forms of cardiovascular disease (Walsh-Riddle and Blumenthal 1989; Shen et al. 1985; Quinn et al. 1995; Kramer et al. 1982; Bonzheim et al. 1992). However, the results pertaining to the effect of posture on VO2max in the current literature remain inconclusive. 
Of particular interest, most studies that have examined the effect of posture on VO2max in adults have compared upright and supine cycle ergometry, while a paucity of studies have compared VO2max between upright and semi-supine cycle ergometry which, as stated above, is a useful modality for cardiovascular disease assessment (Forton et al. 2016; Quinn et al. 1995; Scott et al. 2006; Walsh-Riddle and Blumenthal 1989). Due to the scarcity of studies comparing upright and semi-supine VO2max, and the varying effects reported within, the degree to which VO2max is altered in semi-supine cycle ergometry compared to upright cycle ergometry warrants further investigation. Additionally, to our knowledge, no studies have compared VO2max assessed on the magnetic resonance imaging (MRI) compatible supine cycle ergometer with VO2max assessed on the conventional upright cycle ergometer or semi-supine echocardiography cycle ergometer. Exercise cardiac MRI, performed on the supine MRI-compatible supine cycle ergometer, has become a gold standard method of assessing cardiac haemodynamics during exercise (La Gerche et al. 2013). Indeed, this rapidly emerging technique of cardiac assessment has unrivalled capability in non-invasively distinguishing normal from pathological changes in cardiac function during exercise, and has been increasingly employed to discern the central contribution to exercise intolerance in a broad range of populations (La Gerche et al. 2013; Howden et al. 2019; Barber et al. 2016). However, in contrast to previously studied supine cycle ergometers, the MRI-compatible ergometer has significantly shorter cranks, altering lower extremity biomechanics, power output, and potentially VO2max. Thus, discerning the degree to which posture alters VO2max using clinically relevant cycle ergometers is of great importance.
The primary aim of this study was to investigate the effect of posture on VO2max using three clinically relevant cycling positions: upright, semi-supine and supine. Specifically, we aimed to elucidate the degree to which VO2max is altered during semi-supine cycle ergometry compared to conventional upright cycle ergometry. We also sought to update the literature by including a comparison with the MRI-compatible supine cycle ergometer (which has shorter cranks) utilised in the rapidly emerging technique of exercise cardiac MRI. Owing to the above-mentioned postural mediated physiological changes, we hypothesised that VO2max would be highest in upright, followed by semi-supine and then supine. A secondary aim was to investigate the effect of posture on peak cardiovascular, ventilatory, and metabolic parameters to gain an understanding of the potential physiological mechanisms governing the hypothesised variance in VO2max between postures. 
Methodology: 
Participant Population 
[bookmark: _Hlk51000317]Ten healthy, active males (age, 28 ± 7 years; height, 177 ± 8 cm; weight, 72.4 ± 9.7 kg; BMI, 23 ± 2 kg.m2; physical activity sessions/week, 4.7 ± 2.2; average session duration, 83.5 ± 31.5 minutes) participated in this study. After obtaining informed written consent, participants were screened for eligibility and excluded if they were aged <18 or >64 years or had known contraindications to exercise testing as per the American College of Sports Medicine guidelines (Pescatello et al. 2014). All experimental procedures were performed in accordance with the ethical standards of the institutional review boards of the Alfred Health Research Ethics committee and with the 1964 Helsinki Declaration. 
Study Design
Participants performed a ramp protocol CPET with constant load supramaximal verification phase in three clinically relevant cycling positions: upright, semi-supine and supine (Fig. 1). Upright tests were performed on a conventional electronically braked cycle ergometer (Lode Excalibur Sport, Groningen, The Netherlands) with a 170mm crank arm and seat positioned at 90º to the floor. Participants rested their arms on handlebars positioned at their front. Semi-supine tests were performed on an electronically braked reclining cycle ergometer (Ergoselect 1200 EL, Ergoline GmbH, Bitz, Germany) with the seat positioned 45º to the floor. Semi-supine ergometer crank length was 170mm and participants gripped one handle adjacent to their left ear, while their right arm was supported adjacent to their right hip. Supine tests were performed on the specialised electronically braked MRI compatible ergometer (Lode MR, Groningen, The Netherlands) positioned 0º to the floor. Supine cranks ranged between 55-65mm, depending on foot size, and participants gripped handles adjacent to their body for torso stabilisation. Each test was performed at least 48 hours apart within three weeks, at the same time of day, and in a randomised order as determined by Latin Square randomisation. Participants refrained from moderate to vigorous physical activity, caffeine, and alcohol for 24 hours before each testing visit and fasted for 2 hours before each test.
Exercise Testing Protocol
The ramp protocol CPET (Fig. 2), began with a 1-minute warm-up at 30-50 W and increased at a rate of 20-30 W per minute until volitional exhaustion. At the end of the test, participants were asked to report the reason for exercise cessation (leg fatigue or breathlessness). After a 15-minute rest in the tested position, participants performed a constant load verification phase at 105% of the peak power output (Wpeak) achieved in the ramp test to validate the previously attained ‘VO2max’(Rossiter et al. 2006; Poole and Jones 2017). Specifically, participants completed a 2-minute warm-up at a workload corresponding to 30% of their ramp test VO2max, after which, the workload quickly incremented (over 20 seconds) to 105% ramp Wpeak (Fig. 2). Participants received verbal encouragement and were instructed to cycle to exhaustion. 
Cardiopulmonary Exercise Testing Measurements
[bookmark: _Hlk50998004]Expired gas analysis was performed continuously throughout testing using a calibrated metabolic cart (Vyntus CPX, Carefusion, San Diego, USA) for the measurement of ventilation (VE), tidal volume (VT), respiratory rate (RR), and flow rates of expired carbon dioxide and oxygen. Heart rate (HR) was measured continuously with a 12-lead ECG (Vyntus™ CPX, CareFusion, San Diego, CA) while systolic and diastolic blood pressure (SBP and DBP) were measured with an electrosphygmomanometer blood pressure cuff (Suntech, Tango, NC) at 2-minute intervals. Oxygen saturation (SaO2) was monitored continuously using an ear clip pulse oximeter sensor (Nonin Medical, Inc, Plymouth, MN). VO2max was defined as the average of the six consecutive highest VO2 values from 5 second averaged data (i.e. 30 second average). The number of participants who satisfied traditionally-used secondary criteria for VO2max attainment in upright, semi-supine and supine ramp test (two of: peak blood lactate ([La−]b) ≥ 8mmol/L, peak HR within 10 beats of age-predicted max, RER ≥1.10) was documented. But, VO2max was only considered verified  if the maximal VO2 achieved in the supramaximal test  was ≤3% higher than the maximal VO2 attained in the preceding ramp test (test-retest coefficient of variation)(Rowell 1962), consistent with other studies (Sedgeman et al. 2013; Astorino and White 2010). Peripheral muscle arteriovenous difference (avO2-diff) was estimated according to the Fick Principle, using VO2max and peak CO measured by exercise echocardiography (McMichael and Sharpey-Schafer 1944). 
Echocardiography Measurements
Echocardiography was conducted using the EPIQ 7G (Philips Medical Systems, Andover, MA) equipped with a X5-1 matrix-array transducer. Analysis was performed offline using GE EchoPAC PC (General Electric V 20.2) by a single experienced sonographer. Normal resting cardiac function was confirmed prior to exercise via image acquisition in the apical 4-, 2- and long-axis (three-chamber) views and parasternal long-axis. Pulsed wave Doppler of the LV outflow tract (LVOT) was also obtained from the apical 5-chamber view for the Velocity time integral (VTI cm). Exercise images were acquired using multi-beat ECG gating at two stages: final minute of the ramp (ramp peak) and supramaximal tests (supramaximal peak). During exercise (ramp peak and supramaximal peak), Pulsed wave Doppler of the LVOT VTI (cm) was used to calculate peak stroke volume (SV) (LVOT VTI × Cross-Sectional Area (CSA) of the LVOT) and cardiac output (CO) (product of SV and HR (bpm)). The 3-beat averages were used for all Doppler measures. The LVOT CSA derived in the rest setting was used consistently across all stages to calculate SV. Two participants were excluded from Doppler SV and CO analysis due to poor image quality.
Biochemistry Measurements
Peak [La−]b was measured from an ear lobe capillary sample using the Lactate Pro 2 Analyser (Arkray, Japan). Measurements were taken 2 minutes after exercise cessation in the ramp test (ramp peak) and constant load supramaximal test (supra peak).  
Statistical Analysis:
All statistical analyses were performed in GraphPad (Version 8) statistics software. Continuous variables were checked for normal distribution via the Kolmogorov–Smirnov test and are expressed as mean ± standard deviation and categorical variables are expressed as n (%). A one-way, repeated measures analysis of variance was conducted to assess difference in continuous variables between supine, semi-supine and upright cycling positions. Tukey’s post-hoc testing was applied when ANOVA met significance (p<0.05). Two-tailed paired t-tests were performed to investigate differences in peak exercise parameters between the ramp and supramaximal tests. 
Results:
Exercise Capacity Measurements
The effect of posture on VO2max (gross) is presented in Fig. 3a. Compared to upright, VO2max (ml/kg/min) in semi-supine and supine ramp tests was 6% and 18% lower, respectively (upright vs. semi-supine, p=0.003; upright vs. supine, p<0.001; semi-supine vs. supine, p=0.005). Localised muscular fatigue was reported as the sole reason for CPET cessation in semi-supine and supine, while breathlessness accounted for 60% of test cessation in upright. 
The proportion of participants who satisfied traditionally-used secondary criteria for VO2max attainment in the ramp test was 100%, 90% and 70% for upright, semi-supine and supine, respectively (Table 2). With respect to VO2max verification, the peak VO2 values recorded in the ramp and supramaximal constant workload verification cycle tests are summarised in Table 1. The incidence of a true VO2max (as determined by supramaximal peak VO2 ≤3% higher than ramp peak VO2) was high for upright (70%) and semi-supine (80%) positions, but a true VO2max was only achieved by one participant (10%) in the supine position. There was no statistical difference between peak VO2 obtained from the ramp and supramaximal verification tests for upright. Similarly, there was no statistical difference between peak VO2 obtained from the ramp and supramaximal verification test for semi-supine, though a trend toward an increased peak VO2 in supramaximal compared to ramp test was observed in supine. 
Peak Power, Haemodynamic and Metabolic Measurements
The effect of posture on peak power, haemodynamic, and metabolic variables are summarised in Table 3. Compared to upright, the Wpeak achieved in semi-supine and supine posture were 8% and 38% lower, respectively (upright vs. semi-supine, p=0.002; upright vs. supine, p<0.001; semi-supine vs. supine, P<0.001). Peak avO2 diff in semi-supine and supine were 19% and 32% lower than upright (upright vs. semi-supine: p<0.001; upright vs. supine, p<0.001; semi-supine vs. supine, p=0.01). Peak [La−]b was significantly higher in upright compared to supine (p=0.03), with a trend towards higher peak [La−]b in semi-supine relative to supine (p=0.07). There were no statistical differences in peak [La−]b between upright and semi-supine (p=0.27). Peak RER was significantly lower in semi-supine compared to supine (p=0.04), but no differences were observed between upright and supine (p=0.89) or semi-supine and supine (p=0.93). No statistical differences were observed in peak SBP (upright vs. semi-supine vs. supine, p=0.06) or DBP (upright vs. semi-supine vs. supine, p=0.38) between any position.
Ventilation Measurements
The effect of posture on peak ventilatory variables are summarised in Table 3. Peak VE in supine was 25% and 14% lower than upright and semi-supine, respectively (p<0.001 and p=0.02), while peak VE in semi-supine was 13% lower than upright (p=0.01). Peak VT was significantly higher in upright relative to semi-supine and supine (p=0.02 and p<0.001), but not different between semi-supine and supine (p=0.10). No statistical differences were observed in RR (upright vs. semi-supine vs. supine, p=0.29) or SaO2 (upright vs. semi-supine vs. supine, p=0.67) between positions. 
Cardiac Measurements
[bookmark: _Hlk51001188][bookmark: _Hlk51001376][bookmark: _Hlk34237476]The effect of posture on peak cardiac parameters during exercise are shown in Fig. 3. Consistent with VO2max and Wpeak, peak HR was highest in upright, followed by semi-supine and supine positions (upright vs. semi-supine, p<0.001; upright vs. supine, p<0.001; semi-supine vs. supine, p=0.05; Fig. 3b). Peak SV was reduced in supine relative to semi-supine and upright (upright vs. supine, p=0.01; semi-supine vs. supine, p=0.003; Fig. 3c). Consequent to both a reduction in HR and SV, peak CO in supine was 13% and 17% lower than semi-supine and upright, respectively (upright vs. supine, p<0.001; semi-supine vs. supine, p=0.002; Fig. 3d). There was no statistical difference in peak CO and SV between upright and semi-supine. 
Discussion: 
The results of this study demonstrate that posture markedly alters VO2max and several of its determining parameters during CPET. Indeed, compared to the conventional upright position, CPET evaluation in the semi-supine and supine positions were associated with progressive reductions in VO2max, peak W, HR, VE, and aVO2-diff. Peak [La−]b, SV and CO were unaffected in semi-supine, but reduced in supine compared to semi-supine and upright. Importantly, this is the first study to quantify the haemodynamic and oxygen transport changes in supine posture using the clinically used supine MRI-compatible ergometer.
The Effect of Posture on VO2max
[bookmark: _Hlk51000563]The present study demonstrates that VO2max is progressively reduced as the body is moved from upright to semi-supine to supine. Our results support several studies that have reported reductions in VO2max ranging from 4-5% (Scott et al. 2006; Walsh-Riddle and Blumenthal 1989) and 2-19% (Kramer et al. 1982; Åstrand and Saltin 1961; Forbregd et al. 2019; Hughson et al. 1991; Stenberg et al. 1967) for semi-supine and supine (relative to upright), respectively. But, this has not been a consistent observation with other groups finding no postural effect on VO2max (Bonzheim et al. 1992; Leyk et al. 1994; Mizumi et al. 2018; Quinn et al. 1995). The variability in VO2max results could be attributed to different study populations, leg positioning, and the criteria used to define VO2max. Specifically, most studies investigating the effect of posture on VO2max have reported ‘peak VO2’(Åstrand and Saltin 1961; Egaña et al. 2010; Forbregd et al. 2019; Kramer et al. 1982; Leyk et al. 1994; Mizumi et al. 2018; Walsh-Riddle and Blumenthal 1989; Hughson et al. 1991), defined as the highest VO2 value achieved in the test. However, peak VO2 does not distinguish between participants who achieve VO2max and participants who cease exercise prematurely due to low motivation toward exertion (Rowell 1974; Poole et al. 2008). Thus, the varying VO2 results in the literature might reflect inconsistencies in participant exertion across positions. Some studies reported ‘VO2max’ (Bonzheim et al. 1992; Quinn et al. 1995; Scott et al. 2006), validated by a VO2 plateau and/or achievement of secondary criterion (peak HR within 10 beats of age-predicted maximum, RER >1.10). While these ‘objective’ criteria represent the most common method of validating VO2max (Howley et al. 1995; Midgley et al. 2007), the validity of these criteria have come under scrutiny in recent years (Poole et al. 2008; Poole and Jones 2017). Specifically, many individuals do not elicit a discernible VO2 plateau, and there is large inter-individual variability in maximal HR, RER, and [La−]b (Poole et al. 2008; Poole and Jones 2017). Thus, laboratories have moved to abandon traditional VO2max criteria over concerns they can significantly underestimate VO2max, or falsely reject a valid VO2max (Poole et al. 2008; Poole and Jones 2017).
To circumvent these concerns, we incorporated a subsequent supramaximal bout to verify true VO2max attainment (Poole and Jones 2017; Poole et al. 2008). Taking this rigorous approach, we confirmed that most subjects (70-80%) achieved true VO2max in upright and semi-supine (supramaximal VO2max ≤3% higher); though, the achievement of true VO2max appears to be impaired in supine (10%), despite 70% of participants satisfying traditional secondary VO2max criteria. One may argue that the lower supine VO2max is due to tests being ‘less maximal’; however, our inclusion of the supramaximal test wherein supine VO2max remained lower than semi-supine and upright, validates that the differences in VO2max are posturally-mediated. Consistent with Poole and Jones (2017), our data support the assertion that secondary criterion can lead to false conclusions regarding the attainment of true VO2max. In this regard, we caution against the use of traditional secondary criteria for VO2max confirmation in future practice and advocate for further research into the incorporation of a subsequent, constant  supramaximal workload test in different populations. To date, the utility and feasibility of this novel VO2max verification protocol has been validated during conventional upright cycling in healthy children (Barker et al. 2011), sedentary (Astorino et al. 2009), obese (Sawyer et al. 2015; Wood et al. 2010) and athletic (Weatherwax et al. 2016) adults, and patients with cystic fibrosis (Saynor et al. 2013), and we extend this utility to semi-supine and supine testing modalities in healthy active individuals. However, the safety and feasibility of this verification protocol should be established in diverse clinical populations (i.e. cardiac, cancer). Ultimately, consistent implementation of this robust VO2max verification protocol, which is not meaningfully impacted by day-to-day variances in physiological responses (Poole and Jones 2017), will ensure direct comparisons can be made between tests.
The Effect of Posture on the Determinants Limiting VO2max 
VO2max is limited by the cardiovascular systems' ability to deliver oxygen to working muscle and the ability of exercising muscle to extract and oxidise metabolic substrates (Bassett Jr and Howley 2000). Given VO2max was lower in semi-supine and supine, we sought to explore the effect of posture on the determinants limiting VO2max to elucidate the mechanisms governing the reduced VO2max observed in semi-supine and supine.
[bookmark: _Hlk50999961]Studies investigating the effect of posture on central parameters of VO2max generally report no effect on peak CO (Cotsamire et al. 1987; Forbregd et al. 2019; Forton et al. 2016; Kramer et al. 1982; Mizumi et al. 2018; Poliner et al. 1980; Quinn et al. 1995; Shen et al. 1985). However, our data does not entirely support these findings. We observed comparable peak CO between upright and semi-supine but a marked reduction in peak CO in supine, owing to a lower peak HR and SV. The lower peak HR in supine is consistent with previous research (Åstrand and Saltin 1961; Cotsamire et al. 1987; Forbregd et al. 2019; Forton et al. 2016; Kramer et al. 1982; Mizumi et al. 2018; Poliner et al. 1980; Shen et al. 1985; Terkelsen et al. 1999; Walsh-Riddle and Blumenthal 1989), however, most studies report unchanged (Forbregd et al. 2019; Kramer et al. 1982; Shen et al. 1985) or augmented SV (Cotsamire et al. 1987; Poliner et al. 1980) in reclined postures. It is difficult to reconcile the varying SV results, but differing patient populations, methodologies used to measure SV, and cycle ergometers may play a role. We hypothesise that the skeletal muscle pump is less efficient in augmenting venous return in supine, owing to the smaller muscle mass utilised on the MRI-compatible ergometer. Indeed, previous studies utilised alternative supine ergometers which have markedly longer cranks (170mm vs. 55-65mm), and thus, involve the recruitment of larger muscle groups (Martin and Spirduso 2001; Too 1990). It is conceivable that this would translate into augmented preload, explaining the contrasting SV results. Another possible mechanism limiting SV in supine may be related to cephalic displacement of the diaphragm and abdominal organs which may increase intrathoracic pressure and counteract the gravity dependent increase in preload (Katz et al. 2018). Finally, previous studies report reduced sympathetic activation in supine (Takahashi et al. 1995; Shen et al. 1985), which could explain the attenuated peak HR, and SV (via a reduction in sympathetic venoconstriction) (Rothe 1986). However, our use of the Doppler method to calculate SV limits our ability to confirm these hypotheses. Thus, this study should be repeated with comprehensive assessment of cardiac haemodynamics to elucidate the postural-mediated mechanisms governing the reduced SV in supine. Taken together, our findings indicate that the attenuated VO2max in supine is at least partially mediated by a blunted CO. Though, given VO2max is attenuated in semi-supine, postural differences in VO2max cannot be solely explained by CO.
The pulmonary system does not typically affect whether there is a ventilator limitation to  VO2max (Rowell 1974; Bassett Jr and Howley 2000), but it is unclear how postural changes may affect the ventilatory determinants of VO2max. We observed a progressive reduction in peak VE as the body was tilted from upright to semi-supine to supine, with reductions driven by an attenuated VT. These findings contrast some studies (Bonzheim et al. 1992; Forbregd et al. 2019; Mizumi et al. 2018; Quinn et al. 1995), but support others (Forton et al. 2016; Hughson et al. 1991; Scott et al. 2006; Takahashi et al. 1995; Terkelsen et al. 1999). Our results may be explained by cephalic displacement of the diaphragm and abdominal organs in reclined positions, which reduces the space in the thoracic cavity, and thus diaphragmatic motion and inspiratory capacity (Katz et al. 2018). In addition, participants gripped handles adjacent to their body in supine, which may have limited thoracic expansion and the contribution of accessory inspiratory muscles (Katz et al. 2018). However, this did not appear to compromise pulmonary diffusion, and thus VO2max, given SaO2 remained constant across positions. Therefore, given peak [La−]b was lower in supine, it is plausible that the heightened peak VE in semi-supine and upright was metabolically mediated, owing to greater muscular involvement and substrate metabolism (Takahashi et al. 1995). Indeed, metabolic acidosis, resulting from insufficient bicarbonate buffering, is an important stimulus for the onset of hyperventilation, or ‘respiratory compensation’(Meyer et al. 2004). In this context, the elevated VE in upright and semi-supine postures might reflect respiratory compensation, and thus the body’s attempt to accelerate the removal of carbon dioxide an normalise metabolic acidosis (Meyer et al. 2004).
Postural differences in VO2max may be ascribed to alterations in skeletal muscle blood flow. Folkow et al (1971) and Egana & Green (2005) have demonstrated a reduction in leg blood flow when the legs are raised toward or above heart level. This has been attributed to a progressive reduction in muscle perfusion pressure, which is particularly evident in supine where the gravity-induced hydrostatic pressure component is absent (Egana and Green 2005; Folkow et al. 1971). Additionally, reductions in skeletal muscle blood flow during exercise can quickly augment muscular fatigue (Egana and Green 2005; Lancellotti et al. 2017). Consistently, we observed a progressive reduction in Wpeak and estimated aVO2-diff from upright to semi-supine to supine, These findings, combined with the fact that all participants reported leg fatigue as the limiting factor to exercise continuation in semi-supine and supine, indicates that VO2max may be reduced in reclined positions due to an accelerated muscular fatigue caused by inadequate skeletal muscle perfusion. However, this should be validated with direct assessments of skeletal muscle perfusion.
Finally, differences in the proportion of active muscle mass might contribute to the postural variance in VO2max. The general consensus surrounding VO2max, is that the greater the working muscle mass, the higher the VO2max (Reybrouck et al. 1975; Larsen et al. 2016), due to a proportional increase in muscle oxidative activity and endurance. Electromyography analysis demonstrates that lower limb muscular activity is not different between upright and semi-supine (Lopes et al. 2014), but the additional activation of postural muscles likely contributed to the higher upright VO2max. Moreover, the MRI-compatible supine ergometer utilised in the present study has significantly shorter cranks (relative to our upright and semi-supine ergometers). Whilst we did not measure active muscular involvement on our three cycling ergometers, previous studies demonstrate shorter cranks reduce hip and knee flexion (Schwartz et al. 1991) which negatively alters the length-tension relationship and reduces the proportion of active musculature (Too 1990). Therefore, the accelerated muscular exhaustion and markedly reduced VO2max observed in supine could be ascribed to a profound reduction in the recruited lower extremity musculature. In addition, there is some evidence that body position and crank size can affect the metabolic cost of cycling, and therefore, Wpeak (Gnehm et al. 1997; Too and Landwer 2000; Morris and Londeree 1997). Translated in this study, mechanical efficiency of the maximal exercise was significantly lower in supine (~20%) comparative to semi-supine and upright (~25% and 26%, respectively), likely reflecting the supine position and shorter cranks (and thus, smaller muscle mass) utilised on the MRI-compatible ergometer. This reduction in working muscle mass and associated reduction in mechanical efficiency likely explains the significantly greater reduction in Wpeak that we observed in supine CPET (relative to semi-supine and upright) compared to previous studies who utilised a supine echocardiography table ergometer with standard cranks (33-39% vs. 7-13%)(Currie et al. 1983; Kramer et al. 1982; Leyk et al. 1994; Quinn et al. 1995). Thus, technicians should consider both body positioning and the specific cycle ergometer when implementing these results into practice.
Practical Implications:
Our results have important practical implications. The use of semi-supine and supine CPET with simultaneous cardiac imaging provides a non-invasive method of comprehensively evaluating exercise physiology (CO, VO2, estimated avO2-diff), and has emerged as a useful tool for evaluating patients with cardiovascular disease. Our data quantifying the degree to which peak exercise parameters are altered during CPET in three clinically relevant cycle postures will enable practitioners to interpret exercise test results in the context of posture, required for sound clinical management. Indeed, our results show that exercise testing on the recumbent echocardiography table and the supine MRI-compatible cycle ergometer is expected to reduce Wpeak by, on average, 8% and 38%, respectively, and VO2max by, on average, 6% and 18%, respectively. These data further highlight that posture should be considered when determining the most optimal testing protocol for patients. Extending upon this statement, our data could have important implications for future exercise training prescription. Indeed, as we are moving toward more individualised and tailored exercise training prescription in both clinical and non-clinical settings, accurate exercise capacity data is of great importance. Given the clear effect of posture on peak exercise parameters shown in our study, our data support that peak data (HR, W, VO2) obtained from CPET testing in one cycling position cannot be directly utilised to prescribe exercise training in another cycling position (i.e. semi-supine or supine to upright).  Therefore, when conducting exercise testing with the intention of utilising the data to prescribe an individualised exercise training program, the testing modality (i.e. upright, semi-supine, supine cycling) should, where possible, reflect the training modality. Finally, while our study was performed in young, healthy subjects and extrapolation to clinical populations should be done cautiously, there is evidence to suggest that the reductions in VO2 associated with exercise modality and posture changes are similar in healthy controls and subjects with heart failure (Esposito et al. 2010). Though, it is important to anticipate the possibility that gravitational effects may have differing effects dependent upon the pathology. For example, patients with increased right atrial loading (eg. an atrial septal defect or pulmonary hypertension) may behave differently with gravitational challenges than patients with potential preload insufficiency (Oldham et al. 2016).   

Limitations:
There are a few limitations associated with our study. Supine testing was performed on the MRI-compatible cycle ergometer which has shorter cranks than the alternatively used echocardiography tilt-table. Given the impact of crank size on lower extremity biomechanics, muscular involvement, mechanical efficiency (Too 1990), and thus VO2max and Wpeak, the generalisability of our supine results may be limited to the MRI-compatible ergometer. Whilst it would have been better from a methodology standpoint to have used a supine ergometer with similar sized cranks, we specifically sought to discern the physiological changes that would be observed in the increasingly used MRI-compatible ergometer (comparative to upright and semi-supine ergometers) which is of increasing interest for the specific indication of exercise cardiac MRI Secondly, it is important to acknowledge that Doppler echocardiography can underestimate SV, and thus CO (Chin et al. 2014), which when utilised to estimate avO2 differences via the Fick equation, can result in overestimation. We experienced this in the present study; however, it is unlikely that the degree of CO underestimation, and therefore avO2 difference overestimation differed across the three cycling positions. Additionally, we did not measure lower extremity muscular involvement or blood flow in each position. Thus, this study should be repeated using more direct and invasive methods (electromyography, arterial and venous blood sampling, comprehensive cardiac haemodynamics, peripheral muscle Doppler Ultrasound, contrast-enhanced MRI) to validate the proposed postural-mediated mechanisms underpinning the observed difference in VO2max. Lastly, this study was not originally powered to detect postural effects on our exploratory measures (peak HR, SV, CO, VE, [La−]b, aVO2-diff, W). However, the magnitude of the detected effect lends support to the validity. 
Conclusion:
This study demonstrates that VO2max reduces progressively as the body is tilted from upright to semi-supine to supine in healthy, active individuals and such postural differences appear to be mediated by a reduction in skeletal muscle recruitment, and skeletal muscle oxygen delivery (via inefficient skeletal muscle perfusion and/or a blunted cardiac output) in more reclined positions. Thus, posture should be accounted for when interpreting and comparing VO2max results from different testing modalities. Future studies are now required to comprehensively assess cardiac haemodynamics, as well as skeletal muscle recruitment, blood flow and oxygen extraction during CPET on identical upright, semi-supine and supine ergometers to verify the proposed postural-mediated mechanisms that underpin the postural difference in VO2max.
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	Ramp
	Supramaximal
	P-value

	VO2max (ml/kg/min-1)
	
	
	

	Upright
	46.80 ± 11.17
	46.72 ± 10.38
	0.91

	Semi-supine
	43.83 ± 10.64
	44.19 ± 10.60
	0.52

	Supine
	38.24 ± 9.29
	40.74 ± 9.41
	0.06

	HR (bpm)
	
	
	

	Upright
	186 ± 11
	182 ± 11*
	0.02

	Semi-supine
	176 ± 13
	177 ± 12
	0.38

	Supine
	169 ± 12
	177 ± 14*
	0.02

	Lactate (mmol/L)
	
	
	

	Upright
	14.88 ± 3.08
	15.19 ± 2.67
	0.84

	Semi-supine
	12.67 ± 3.48
	16.41 ± 2.73*
	0.003

	Supine
	9.68 ± 3.41
	12.34 ± 3.67*
	0.01

	RER
	
	
	

	Upright
	1.33 ± 0.09
	1.20 ± 0.07*
	0.003

	Semi-supine
	1.29 ± 0.10
	1.21 ± 0.07*
	0.03

	Supine
	1.31 ± 0.16
	1.23 ± 0.11
	0.10

	SV (mL)
	
	
	

	Upright
	90.98 ± 24.47
	92.03 ± 26.37
	0.75

	Semi-supine
	91.92 ± 26.09
	89.63 ± 24.78
	0.49

	Supine
	82.06 ± 22.08
	82.18 ± 30.79
	0.98

	CO (L/min)
	
	
	

	Upright
	16.80 ± 3.74
	16.57 ± 4.19
	0.33

	Semi-supine
	15.99 ± 3.82
	15.72 ± 3.87
	0.60

	Supine
	13.91 ± 3.03
	14.16 ± 3.76
	0.61

	


Table 1: Comparison of peak exercise parameters in ramp and supramaximal exercise tests
Data are presented as mean ± SD values (n=10 for VO2max, HR, RER, lactate; n=8 for SV and CO); * denotes p<0.05 compared to ramp; VO2max: maximal oxygen consumption (gross); HR: heart rate; RER: respiratory exchange ratio; SV: stroke volume; CO: cardiac output.

Table 2: Proportion of subjects who satisfied secondary criteria for VO2max attainment in each cycling position
	Criteria
	Upright
	Semi-supine
	Supine

	Peak HR within ±10 bpm of Age-predicted HR max
	8/10
(-6 ± 8bpm)
	4/10
(-16 ± 11bpm)
	0/10
(-23 ± 8bpm)

	Peak RER ≥1.10
	10/10
	10/10
	10/10

	Peak [La−]b ≥8.0 mmol/L
	10/10
	9/10
	7/10

	Participants meeting ≥ 2 criteria
	10/10
	9/10
	7/10


Data presented in parentheses are mean ± SD peak HR as it relates to age-predicted HR max

Table 3: Impact of posture on peak exercise characteristics
	
	Upright
	Semi-supine
	Supine

	Power Output (W)
	325 ± 80
	298 ± 72*
	200 ± 51*†

	VO2max (L/min)
	3.36 ± 0.85
	3.15 ± 0.81*
	2.73 ± 0.70*†

	RER
	1.33 ± 0.09
	1.29 ± 0.10*
	1.31 ± 0.16

	VE (L/min)
	132 ± 25
	115 ± 24*
	99 ± 26*†

	VT (L/min)
	2.83 ± 0.45
	2.52 ± 0.55*
	2.27 ± 0.34*

	RR (Breaths/Min)
	47 ± 8
	47 ± 10
	44 ± 9

	SaO2 (%)
	97 ± 5
	96 ± 5
	97 ± 4

	SBP (mmHg)
	213 ± 24
	223 ± 28
	207 ± 28

	DBP (mmHg)
	83 ± 13
	82 ± 9
	78 ± 12

	Lactate (mmol/L)
	14.88 ± 3.08
	12.67 ± 3.48
	9.68 ± 3.41*


Data are mean ± SD values (n=10 per position); * denotes p<0.05 compared to upright; † denotes p<0.05 compared to semi-supine VO2max: maximal oxygen consumption (gross); RER: respiratory exchange ratio; VE: minute ventilation; VT: tidal volume; SaO2: oxygen saturation; RR: respiratory rate; SBP: systolic blood pressure; DBP: diastolic blood pressure
List of Figures:
[bookmark: OLE_LINK2]Fig. 1 Visual depiction of the a) upright, b) semi-supine, c) supine cycling ergometers utilised for cardio-pulmonary exercise testing and subsequent constant supramaximal workload verification tests
[bookmark: _Hlk35261388]Fig. 2 Schematic of the ramp exercise test and subsequent constant supramaximal workload verification phase. Ramp protocol consisted of a 1-minute warm-up at 30-50W, increasing by 20-30W/Min. After a 15-minute rest, participants cycled at the workload corresponding to 30% of their ramp peak VO2 for 2 minutes before increasing to 105% ramp Wpeak
Fig. 3 Impact of posture on a) VO2max (n=10), b) peak HR (n=10), c) peak SV (n=8) and d) peak CO (n=8). * denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001.VO2max and peak HR were significantly higher in upright relative to semi-supine and supine positions, and significantly higher in semi-supine relative to supine. There was no difference in peak SV and CO between upright and semi-supine, but peak SV and CO in upright and semi-supine were increased relative to supine
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