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ABSTRACT

Background: Despite unique adaptations to chronic hypoxic exposure, Andeans highlanders frequently develop a maladaptive syndrome, termed chronic mountain sickness (CMS), characterised by a combination of hypoxaemia, excessive erythrocytosis and various nonspecific symptoms. The aim of this study was to evaluate cardiac remodelling and pulmonary circulation at rest and during exercise in healthy lowlanders and highlanders, and in CMS patients living in the highest city in the world (La Rinconada, 5,100 m, Peru).

Methods: 98 males were evaluated: 18 healthy lowlanders, 23 healthy highlanders living at 3,800 m, and 55 highlanders living at 5,100 m, among which 17 were asymptomatic (no CMS), 14 reported mild CMS and 24 reported moderate-severe CMS. Cardiac remodelling was quantified by rest echocardiography. Pulmonary artery pressure (PAP) and pulmonary vascular resistance (TVR) were measured at rest and during submaximal cycling exercise. Total blood volume and haemoglobin mass were determined using the carbon monoxide rebreathing technique.

Results: Heart remodelling, predominantly of the right heart, together with an elevation of resting PAP and an impairment in systolic function progressively occurred with the increase in altitude of residency. The left heart exhibited a progressive concentric remodelling with diastolic dysfunction but without systolic dysfunction. Those modifications were emphasised in moderatesevere CMS patients at 5,100 m. Mean PAP was higher both at rest and during exercise in healthy highlanders at 5,100 m albeit without significant difference in TVR. On another hand, the moderate-severe CMS subjects had a higher TVR at rest and a larger increase in mPAP during exercise. The right heart remodelling was significantly correlated with resting and exercise mPAP, total blood volume and arterial oxygenation. 

INTRODUCTION

The populations in the Andes in South America live at various altitudes ranging from sea level (e.g. Lima, the capital of Peru) to >4,000 m. In Peru, about one third of the population lives at high-altitude (>3,500 m) and experiences low oxygenation secondary to hypobaric hypoxia, resulting in alveolar hypoxia and chronic hypoxaemia. La Rinconada, in Peru, is the highest city in the world (5,100 -5,300 m) [START_REF] West | Physiological Effects of Chronic Hypoxia[END_REF], where around 70,000 inhabitants (2016 census, INEI-Peru) are living. This is a unique population permanently exposed to severe hypoxia and extreme living conditions which has so far never been investigated from a pathophysiological point of view [START_REF] Hancco | Excessive Erythrocytosis and Chronic Mountain Sickness in Dwellers of the Highest City in the World[END_REF].

To optimize oxygen delivery to the tissues, adaptive mechanisms have been developed by several high-altitude populations around the world. For instance, Andeans dwellers tend to display polycythaemia with an increase in haemoglobin concentration ([Hb]) and secondary hypervolemia [START_REF] Oberholzer | Re-evaluation of excessive erythrocytosis in diagnosing chronic mountain sickness in men from the world's highest city[END_REF][START_REF] Stembridge | The overlooked significance of plasma volume for successful adaptation to high altitude in Sherpa and Andean natives[END_REF]. Tibetans, who have a longer history of high-altitude residence, show lower [Hb] and seem better adapted to chronic hypoxia than Andeans dwellers [START_REF] Moore | Human genetic adaptation to high altitude[END_REF][START_REF] Beall | Tibetan and Andean patterns of adaptation to high-altitude hypoxia[END_REF]. One significant difference between those two specific populations is that Andeans develop more frequently signs of maladaptation to chronic hypoxia, a syndrome known as chronic mountain sickness (CMS) [START_REF] Villafuerte | Chronic Mountain Sickness: Clinical Aspects, Etiology, Management, and Treatment[END_REF]. This syndrome is diagnosed in patients based on the presence of excessive erythrocytosis ([Hb] ≥21g•dL -1 for males and ≥19 g•dL -1 for females) associated with a range of nonspecific clinical symptoms [START_REF] Leon-Velarde | Consensus statement on chronic and subacute high altitude diseases[END_REF]. Relative hypoventilation as well as specific hormonal, cellular and genetic factors may promote CMS [START_REF] Villafuerte | Chronic Mountain Sickness: Clinical Aspects, Etiology, Management, and Treatment[END_REF][START_REF] Bermudez | Increased hypoxic proliferative response and gene expression in erythroid progenitor cells of Andean highlanders with chronic mountain sickness[END_REF][START_REF] Leon-Velarde | Respiratory control in residents at high altitude: physiology and pathophysiology[END_REF][START_REF] Zhou | Whole-genome sequencing uncovers the genetic basis of chronic mountain sickness in Andean highlanders[END_REF] but the exact mechanisms underlying the occurrence and the severity of CMS still remain to be elucidated.

The heart remodels at high-altitude, with important anatomical and functional changes, in response to a large variety of stimuli including mainly rest and exercise-induced variations in loading conditions [START_REF] Penaloza | The heart and pulmonary circulation at high altitudes: healthy highlanders and chronic mountain sickness[END_REF]. In highlanders permanently exposed to chronic hypoxia, this remodelling is probably a combination of different mechanisms including reduced blood oxygen level, pulmonary and systemic arterial pressure changes, haemorheological variations (i.e. increased haematocrit and blood viscosity) [START_REF] Stauffer | Blood viscosity and its determinants in the highest city in the world[END_REF] and increase in total blood volume. The respective role of these different mechanisms regarding heart anatomical and functional changes remains however to be clarified.

The most important modifications reported in highlanders concern the right ventricle (RV) with a combination of hypertrophy and dilatation in response to higher rest and exercise pulmonary artery pressure (PAP) and vascular resistance leading to a decrease in RV systolic function [START_REF] Penaloza | The heart and pulmonary circulation at high altitudes: healthy highlanders and chronic mountain sickness[END_REF][START_REF] Brito | Long-Term Intermittent Work at High Altitude: Right Heart Functional and Morphological Status and Associated Cardiometabolic Factors[END_REF][START_REF] Maignan | Pulmonary pressure and cardiac function in chronic mountain sickness patients[END_REF][START_REF] Pratali | RV contractility and exercise-induced pulmonary hypertension in chronic mountain sickness: a stress echocardiographic and tissue Doppler imaging study[END_REF]. The left heart remodelling is less pronounced in chronic hypoxia with normal rest and exercise systolic left ventricle (LV) function [START_REF] Maignan | Pulmonary pressure and cardiac function in chronic mountain sickness patients[END_REF][START_REF] Pratali | RV contractility and exercise-induced pulmonary hypertension in chronic mountain sickness: a stress echocardiographic and tissue Doppler imaging study[END_REF], but since most studies focused on the right heart, further evaluations of the left heart in highlanders are required. Furthermore, while the highest population of highlanders studied so far resides at 4,540 m (Morococha, Peru) [START_REF] Leon-Velarde | Chronic mountain sickness and the heart[END_REF], whether highlanders exposed to even more severe chronic hypoxia exhibit further cardiac remodelling remains to be explored. All these anatomic and functional modifications have been reported to be more marked in CMS patients compared to their healthy counterparts [START_REF] Maignan | Pulmonary pressure and cardiac function in chronic mountain sickness patients[END_REF][START_REF] Pratali | RV contractility and exercise-induced pulmonary hypertension in chronic mountain sickness: a stress echocardiographic and tissue Doppler imaging study[END_REF][START_REF] Naeije | Pulmonary hypertension and the right ventricle in hypoxia[END_REF][START_REF] Pratali | Exercise induces rapid interstitial lung water accumulation in patients with chronic mountain sickness[END_REF][START_REF] Groepenhoff | Exercise pathophysiology in patients with chronic mountain sickness[END_REF][START_REF] Dedobbeleer | Left ventricular adaptation to high altitude: speckle tracking echocardiography in lowlanders, healthy highlanders and highlanders with chronic mountain sickness[END_REF][START_REF] Soria | Pulmonary arterial pressure at rest and during exercise in chronic mountain sickness: a meta-analysis[END_REF]. While these studies mostly involved severe CMS patients, it needs to be clarified whether patients with the more frequent mild CMS phenotype also exhibit a significant heart remodelling.

Therefore, our study aimed to investigate the effect of the altitude of residency (from sea level up to 5,100 m in the city of La Rinconada) and CMS severity at 5,100 m, on both heart remodelling and pulmonary haemodynamic at rest and during exercise. We hypothesized that right and left heart remodelling and PAP will increase i) with the altitude of residency, reaching extreme values in La Rinconada and ii) with the severity of CMS in dwellers from La Rinconada.

MATERIALS AND METHODS

Study population

The study population consisted of 98 male Andeans: 18 healthy lowlanders living at sea level (Lima, Peru), 23 healthy highlanders permanently living at 3,800 m (Puno, Peru), and 55 highlanders permanently living at 5,100 -5,300 m (La Rinconada, Peru), among whom 17 were asymptomatic (CMS score ≤5; CMS-), 14 reported mild CMS (CMS score 6-10) and 24 reported moderate to severe CMS (CMS score >10) symptoms. All highlanders at 3,800 m had a CMS score ≤5. All the highlanders were Andean natives (mostly of Quechua ancestry) from high altitude (≥3,800 m). Based on clinical interviews and examinations, subjects with a medical history of diabetes, respiratory and cardiovascular diseases were excluded. None of the lowlanders at sea level were acclimatized to high-altitude at the time of the tests (i.e. no sojourn above 2,000 m over the past 3 months) and none of the highlanders reported a prolonged stay at low altitude (more than 5 days below 3,500 m) over the past 3 months. At 5,100 m, all highlanders were working in gold mine facilities. All participants were informed about the procedures and gave their written informed consent prior to participating in this study. The study was approved by the ethics committee of Universidad Nacional Mayor de San Marcos (CIEI-2019-002) and performed according to the Declaration of Helsinki.

Experimental protocol

This study is part of a larger research programme (Expedition 5300) investigating the pathophysiological consequences of living permanently in the highest city in the world [START_REF] Enserink | Hypoxia city[END_REF].

Measurements were made under identical experimental settings in the cities of Lima, Puno and La Rinconada.

Clinical measurements

An initial clinical examination was performed by a Peruvian doctor (IH). Medical history of current and past medical issues, cardiovascular diseases, tobacco, alcohol and drug uses was obtained. Diagnostic and severity of CMS were evaluated using the "Qinghai score" based on excessive erythrocytosis (EE) ([Hb] ≥ 21g•dL -1 ) and the following signs and symptoms [START_REF] Leon-Velarde | Consensus statement on chronic and subacute high altitude diseases[END_REF]: 

Rest echocardiography

Images were obtained by the same trained operator (SD) using a portable ultrasound system (Vivid-IQ Portable Cardiac Ultrasound, GE Healthcare, Little Chalfont, UK), with a 1 to 3-Mhz cardiac transducer. Recordings were stored for offline analysis (EchoPac system, GE Healthcare, Little Chalfont, UK). Reported values represent the mean of three cycles in the left lateral position. A complete evaluation of both right and left cavities dimensions was carried according to the guidelines of the European Association and American Society of Echocardiography [START_REF] Lang | Recommendations for cardiac chamber quantification by echocardiography in adults: an update from the American Society of Echocardiography and the European Association of Cardiovascular Imaging[END_REF][START_REF] Rudski | Guidelines for the echocardiographic assessment of the right heart in adults: a report from the American Society of Echocardiography endorsed by the European Association of Echocardiography, a registered branch of the European Society of Cardiology, and the Canadian Society of Echocardiography[END_REF] and indexed to the body surface area (BSA). The LV systolic function was assessed by LV ejection fraction (EF, Simpson's method) and LV global longitudinal strain (GLS), calculated in an 18-segments model from the apical 4-chamber view. LV mass was calculated using the linear method and indexed to BSA (g•m -2 ) and relative wall thickness (RWT) was used to describe the LV remodelling. To assess left diastolic function, peak velocities of transmitral early (E) and late (A) velocities were measured and the E/A ratio was calculated. The ratio of peak velocity of early mitral inflow to mitral annular early diastolic peak velocity (E/E') was used as an index of left ventricular filling. A LV diastolic dysfunction was defined as an abnormal E/A profile (Grade I to IV). Cardiac output (CO, L•min -1 ) was calculated by measuring the diameter of the LV outflow tract, the aortic time-velocity integral (TVIao) and the heart rate (HR).

The RV systolic function was assessed by measuring the RV fractional area change (RVFAC), the systolic tricuspid annular velocity (S') in Doppler tissue imaging and the RV strain of the free wall (3 segments), from an apical 4-chamber view [START_REF] Rudski | Guidelines for the echocardiographic assessment of the right heart in adults: a report from the American Society of Echocardiography endorsed by the European Association of Echocardiography, a registered branch of the European Society of Cardiology, and the Canadian Society of Echocardiography[END_REF]. To assess RV diastolic function, peak velocities of tricuspid early (Et) and late (At) velocities were measured using pulsed-wave Doppler at the end of a normal expiration; an Et/At ratio < 0.8 was used as an index of abnormal RV filling. Systolic PAP (sPAP) was estimated from the trans-tricuspid gradient calculated from the maximal velocity of tricuspid regurgitation (TR), using the simplified Bernoulli equation.

Mean PAP (mPAP) was also calculated as mPAP = 0.61 × sPAP + 2 (mmHg) [START_REF] Chemla | New formula for predicting mean pulmonary artery pressure using systolic pulmonary artery pressure[END_REF]. Total pulmonary vascular resistance (TVR) was estimated by the mPAP/CO ratio (in WU).

Left and right atrial end-diastolic volumes (LA and RA) were obtained using the biplane arealength formula from an apical 4-chamber view and indexed to the BSA (mL•m -2 ).

Exercise stress echocardiography

The exercise echocardiography was performed in an upright position on a cycle ergometer (SpeedBike BC 4620, Lima, Peru). HR and SpO2 were continuously recorded at rest and during two 5-min constant-load exercise stages. After 2 minutes of rest, the intensity was adjusted to reach 55% and 70% of the SL (HRmax pred SL) and HA (HRmax pred HA) predicted maximum HR, calculated as follows:

HRmax pred SL = 210 -0.65 × age HRmax pred HA = HRmax pred SL -0.0024 × altitude (m) + 0.73 [START_REF] Mourot | Limitation of Maximal Heart Rate in Hypoxia: Mechanisms and Clinical Importance[END_REF].

At rest and during the last minute of each stage, measurements of TVI aortic and TR velocity were performed for the calculation of CO and mPAP, respectively. The relationships between mPAP and CO were compared between groups. Since haematocrit and blood viscosity increase with altitude, measured TVR was converted to TVR at a haematocrit of 45% as follows: TVR45% = TVR/e (2(measured haematocrit -45%)) [START_REF] Vanderpool | Hematocrit-corrected Pulmonary Vascular Resistance[END_REF].

24h Holter ECG monitoring

All participants underwent 24-h Holter ECG monitoring (Vista, Novacor, Rueil-Malmaison, France). Holter ECG recordings were exported and manually scanned to remove artefacts before being analysed with the HolterSoft software (HolterSoft Ulitma, Novacor). The number of premature atrial and ventricular complexes (PAC and PVC, respectively) were quantified (number/hour) and a significant arrhythmia was defined as PAC or PVC > 30/h [START_REF] Bikkina | Prognostic implications of asymptomatic ventricular arrhythmias: the Framingham Heart Study[END_REF].

Haemoglobin mass and blood volume measurement

Total haemoglobin mass (Hbmass) and intravascular volumes were measured in a supine position, using the CO rebreathing technique [START_REF] Burge | Determination of hemoglobin mass and blood volume with CO: evaluation and application of a method[END_REF] with an automated system (OpCO; Detalo Health, Denmark) as previously published [START_REF] Oberholzer | Re-evaluation of excessive erythrocytosis in diagnosing chronic mountain sickness in men from the world's highest city[END_REF]. Two mL of whole blood from an antecubital vein was sampled and analysed immediately in quadruplicates for 1) percent carboxyhaemoglobin (%HbCO) and [Hb] (ABL80 OSM; Radiometer, Denmark) and 2) haematocrit (Ht) with the microcentrifuge method (1 min at 13,500 RPM). The participant was then connected to the OpCO system and breathed 100% O2 for 4 min, before being switched to the rebreathing circuit.

A bolus dose of 1.5 ml•kg -1 body weight of 99.997% chemically pure CO (Praxair, USA) was administered to the rebreathing circuit. O2 was supplied automatically into this circuit. The participant rebreathed the O2-CO gas mixture for 10 min before a second blood sample was obtained analysed in quadruplicates for %HbCO. The remaining CO volume in the rebreathing circuit was determined as previously specified and was subtracted from the applied CO dose. For the calculation of Hbmass, the absorbed CO dose and the changes in %HbCO from before to after rebreathing were used. Total blood volume, red blood cell volume and plasma volume were derived from Hbmass, [Hb], and Ht.

Statistical analysis

Variables were described by using means and standard deviation for quantitative variables and frequency and percentage for qualitative variables. After confirmation of the non-normality of the distributions using the Shapiro-Wilk test, comparison between groups were performed by using a non-parametric Kruskall Wallis test with Bonferroni correction for multiple tests. A multivariable linear regression was performed for each significant parameter with adjustment on age. Pearson correlations were used to assess correlations between CV parameters (RV end diastolic area, RA volume, SpO2, mPAP, Ht, Hbmass and the total blood volume). Finally, to assess the impact of altitude and CMS on pulmonary haemodynamics (mPAP and TVR) during exercise, mixed linear models for repeated measures with a patient random effect were used.

Statistical analyses were performed by using SAS V9.4 software (SAS Institute Inc., Cary, NC, USA). A p-value threshold of 0.05 was considered significant.

Table 1. Clinical and haematological characteristics in lowlanders and highlanders without or with chronic mountain sickness.

Data are mean ± SD. BMI, body mass index; [Hb], haemoglobin concentration; SpO2, pulse oxygen saturation; CMS, chronic mountain sickness; BP, blood pressure; Hbmass, haemoglobin mass; PAC and PVC: premature atrial and ventricular complexes. The first three columns represent the effect of altitude of residency in healthy subjects: *p<0.01 different from Lima; @ p<0.01 different from Puno. The three last columns represent the effect of CMS in dwellers from La Rinconada: # p<0.01 different from no CMS; £ p<0.01 different from Mild CMS. 

Lowlanders

Comparison in healthy individuals according to altitude of residency

As expected, mPAP and TVR were higher in highlanders compared to lowlanders (table 2), the difference disappearing when TVR was corrected for a Ht of 45%.

With the increase in altitude of residency, a progressive dilatation of the right heart occurred, the remodelling concerning mainly the RA volume, which was 54% larger in highlanders at 5,100 m than in lowlanders. The RV end diastolic area was larger in highlanders at 5,100 m. RA volume, but not RV end diastolic area, was significantly correlated with SpO2 (r=-0.33; p=0.02), mPAP (r=0.38; p=0.01), Ht (r=0.61; p<0.0001), Hbmass (r=0.65; p<0.001) and the total blood volume (r=0.54; p<0.001).

RV systolic function was modified in highlanders at 5,100 m, with a significant reduction in both the free wall longitudinal strain and S' velocity when compared to lowlanders, even when controlling for age. The RV strain value was significantly correlated with SpO2 (r=0.60; p<0.001), mPAP (r=-0.33; p=0.03), Ht (r=-0.52; p<0.001), Hbmass (r=-0.55; p<0.001) and the total blood volume (r=-0.52; p<0.001).

Although RV diastolic pattern remained normal without any sign of dysfunction in all subjects, the trans-tricuspid filling pattern decreased in highlanders at 5,100 m because of a lower Et velocity, but this difference was not significant anymore when controlling for age. The Et/At ratio was significantly correlated with SpO2 (r=0.60; p<0.001), Ht (r=-0.34; p=0.006), Hbmass (r=-0.52; p<0.001) and the total blood volume (r=-0.56; p<0.001).

Comparison in highlanders at 5,100 m according to CMS severity

No significant difference was found between CMS groups among highlanders at 5,100 m for mPAP and TVR. Moderate-severe CMS subjects showed a larger dilatation of both the RV end diastolic area and the RA volume (+12% and +53%, respectively) when compared to subjects without CMS. Both parameters were significantly correlated with mPAP (r=0.50 and r=0.47, respectively; both p<0.001). RV systolic and diastolic functions were similar between CMS groups. 

Left heart remodelling and function (table 3)

Comparison in healthy individuals according to altitude of residency

With the increase in altitude of residency, a progressive concentric remodelling of the left ventricle was observed, together with an increase in wall thickness and a parallel decrease in the LV diameter and volume, resulting in a significant increase in the RWT in highlanders at 5,100 m. RWT was not correlated with mean systemic arterial pressure (p>0.05), but was significantly correlated with SpO2 (r=-0.39; p=0.006), Ht (r=0.46; p=0.004), Hbmass (r=0.44; p=0.002) and the total blood volume (r=0.32; p=0.002).

All parameters of systolic LV function (EF and global LV longitudinal strain) did not differ significantly between altitudes, but a modification of the LV diastolic pattern was observed in highlanders at 5,100 m with a significant decrease in the mitral E/A ratio. The prevalence of LV diastolic dysfunction, with a grade I mitral pattern, was higher in highlanders at 5,100 m, even when controlling for age. E/A ratio was significantly correlated with SpO2 (r=0.50; p<0.001), Hbmass (r=-0.65; p<0.001) and the total blood volume (r=-0.58; p<0.001).

Comparison in highlanders at 5,100 m according to CMS severity

The remodelling of the LV in highlanders at 5,100 m was more pronounced in moderate-severe CMS subjects with a higher RWT. The RWT was significantly correlated with SpO2 only (r=-0.44; p=0.001). Both LV systolic function and LV filling pattern did not differ between highlanders with or without CMS.

The resting CO, systemic vascular resistance and the LV filling pressure were within the normal range without any effect of the altitude of residency and the CMS status. 

E/A ratio 1.6 ± 0.3 1.5 ± 0.4 1.1 ± 0.3 @ 1.1 ± 0.4 1.1 ± 0.3 Diastolic dysfunction, n (%) 0 (0) 2 (10) 6 (35.3)* 5 (35.7) 8 (33.3) 
E/E' ratio 5.1 ± 1 4.9 ± 0.9 4.8 ± 0.9 5.2 ± 1.1 5 ± 1

SVR (WU)

15.1 ± 3.8 18.9 ± 5.4 17.5 ± 4.9 17.4 ± 4.3 17 ± 3.8

Pulmonary haemodynamic during exercise (table 4 and figures 1 and 2)

All subjects performed the exercise test without any complication. SpO2 decreased significantly during exercise in highlanders (-5% to -7% from rest to load 2 at 3,800 m and 5,100 m, respectively). Tricuspid regurgitation during exercise could be analysed in 8 lowlanders, 10 highlanders at 3,800 m, 10, 6, and 13 highlanders at 5,100 m without CMS, with mild CMS and with moderate-severe CMS, respectively.

Comparison in healthy individuals according to altitude of residency

Figure 1 shows the evolution of both mPAP and TVR during exercise. Mean PAP increased significantly from rest to 70% of the maximal theoretical heart rate at all altitudes. The mPAP was systematically higher in highlanders at 5,100 m compared to lowlanders (figure 1A). When considering the pressure-flow relationship using the mPAP/CO ratio (figure 2), all data points except one from the highlanders during exercise were above the upper limits of either mPAP (30 mmHg) or TVR (3 UW) (figure 2A).

Comparison in highlanders at 5,100 m according to CMS severity

Mean PAP values did not differ between CMS groups at rest but the moderate-severe CMS subjects had a significant higher increase in mPAP throughout the exercise (figure 1C). TVR decreased significantly with exercise and no significant difference was seen between highlanders at 5,100 m, except for the resting values (figure 1D). The correction of TVR for a haematocrit of 45% normalised the mean TVR value below 3 WU during exercise in all CMS groups. Both RA volume and RV EDA were significantly correlated with resting and exercise mPAP values (r=0.4 and 0.43 for RA volume and r=0.47 and r=0.48 for the RV EDA at 55% and 70% of the maximal theoretical heart rate, respectively; p<0.001).

The mPAP/CO relationship (figure 2B) showed that TVR and mPAP values are always above the value of 3 WU or the limit of 30 mmHg, respectively. In comparison to lowlanders and healthy highlanders, a large dispersion of the individual points was observed in highlanders at 5,100 m with CMS (figure 2). In the present study lowlanders and highlanders showed similar patterns of exercise-induced changes in pulmonary haemodynamics but mPAP was higher in highlanders at 5,100 m. The values of mPAP in our study are higher (45±8 mmHg) than those reported in a recent metaanalysis (32 mmHg) [START_REF] Soria | Pulmonary arterial pressure at rest and during exercise in chronic mountain sickness: a meta-analysis[END_REF]. However, the latter analyse only included measurements performed at a lower altitude (3,600 m) and during a lighter exercise intensity (50 W). In an invasive study conducted at 4,540 m in young subjects [START_REF] Banchero | Pulmonary pressure, cardiac output, and arterial oxygen saturation during exercise at high altitude and at sea level[END_REF], the mean mPAP value at the end of a supine bicycle exercise was 60±3 mmHg and the TVR was 5.1±0.3 WU. The difference with our results could be explained by a lighter exercise in our study, as attested by lower heart rate and cardiac output, and possibly by the lack of precision in echocardiographic measurements. Since there is a relationship between blood viscosity and haematocrit, we investigated this effect by correcting the TVR with a normal haematocrit of 45% [START_REF] Vanderpool | Hematocrit-corrected Pulmonary Vascular Resistance[END_REF]. We found that the corrected TVR values were similar between groups, regardless the altitude or the CMS status, at rest and during exercise.

This suggests that high haematocrit plays an important role in the upward shift of the mPAP/CO relationship with altitude (figure 2A). We can also hypothesise that in Andeans permanently living in a hypoxic environment, the higher mPAP/CO relationships is explained not only by vascular remodelling and smaller vascular distensibility [START_REF] Penaloza | The heart and pulmonary circulation at high altitudes: healthy highlanders and chronic mountain sickness[END_REF][START_REF] Grimminger | Thin Air Resulting in High Pressure: Mountain Sickness and Hypoxia-Induced Pulmonary Hypertension[END_REF] but also by the large increase in haematocrit and blood viscosity as recently reported [START_REF] Stauffer | Blood viscosity and its determinants in the highest city in the world[END_REF].

Pulmonary haemodynamic at rest and during exercise in CMS patients

Moderate-severe CMS patients in La Rinconada had a similar mPAP and a slightly higher TVR value at rest than healthy individuals. During exercise, moderate-severe CMS patients showed a larger increase in mPAP and no significant difference in TVR. This is contrasting with several previous studies reporting an exaggerated response to chronic hypoxia in highlanders with CMS both at rest [START_REF] Soria | Pulmonary arterial pressure at rest and during exercise in chronic mountain sickness: a meta-analysis[END_REF][START_REF] Naeije | Pulmonary hypertension and chronic mountain sickness[END_REF][START_REF] Penaloza | Chronic cor pulmonale due to loss of altitude acclimatization (chronic mountain sickness)[END_REF] and during exercise [START_REF] Pratali | RV contractility and exercise-induced pulmonary hypertension in chronic mountain sickness: a stress echocardiographic and tissue Doppler imaging study[END_REF][START_REF] Pratali | Exercise induces rapid interstitial lung water accumulation in patients with chronic mountain sickness[END_REF][START_REF] Groepenhoff | Exercise pathophysiology in patients with chronic mountain sickness[END_REF][START_REF] Stuber | Exaggerated pulmonary hypertension during mild exercise in chronic mountain sickness[END_REF], with higher mean mPAP and pulmonary vascular resistance when compared to their healthy counterparts. However, most of the studies compared only moderate to severe CMS patients living at a maximal altitude of 4,540 m to healthy highlanders and the results of these studies are often heterogeneous. For example, in a small invasive study conducted in 10 CMS patients in Morococha (4,540 m), the resting mean mPAP was 47 mmHg but with a range from 31 to 85 mmHg and the mean TVR was 7.8 WU ranging from 3.8 to 13 WU [START_REF] Penaloza | Chronic cor pulmonale due to loss of altitude acclimatization (chronic mountain sickness)[END_REF]. Such heterogeneity was also evident in the present study when considering the mPAP/CO relationships with a more important dispersion of the points in CMS subjects than in healthy highlanders (figure 2). This important variability in the individual responses of highlanders with CMS already observed in previous studies [START_REF] Groepenhoff | Exercise pathophysiology in patients with chronic mountain sickness[END_REF][START_REF] Soria | Pulmonary arterial pressure at rest and during exercise in chronic mountain sickness: a meta-analysis[END_REF] underlines the wide spectrum of pulmonary haemodynamic responses among those patients, and suggests that the CMS diagnostic may encompass various patient phenotypes.

Prevalence of pulmonary hypertension

Because of the parabolic relationship between altitude and PAP, the definition of high-altitude pulmonary hypertension (HAPH) is difficult and still debated [START_REF] Simonneau | Haemodynamic definitions and updated clinical classification of pulmonary hypertension[END_REF][START_REF] Naeije | Pulmonary hypertension at high altitude[END_REF]. The seal-level maximal value of 25 mmHg is probably not suitable at very high altitude [START_REF] Simonneau | Haemodynamic definitions and updated clinical classification of pulmonary hypertension[END_REF] explaining that the proposed cut-off value for HAPH is higher, with mPAP >30 mmHg in highlanders without EE [START_REF] Leon-Velarde | Consensus statement on chronic and subacute high altitude diseases[END_REF]. In our study, by using the maximal value of 30 mmHg for normal mPAP and adding the criteria of pulmonary vascular resistance ≥3 WU as suggested in the updated haemodynamic definition of pulmonary hypertension [START_REF] Simonneau | Haemodynamic definitions and updated clinical classification of pulmonary hypertension[END_REF], the prevalence of HAPH was 22.2% and 30.7% at 3,800 m and 5,100 m, respectively. Because the consensus definition of HAPH explicitly states that excessive erythrocytosis should be absent, while all highlanders at 5,100 m except 4, had an [Hb] >21g•dL - 1 , we intentionally omitted this notion which is obviously questionable as a mandatory criterion for HAPH. Altogether, even if the studied population is quite small and the mPAP measured indirectly by echocardiography, these prevalence are in line with others [START_REF] Naeije | Pulmonary hypertension at high altitude[END_REF][START_REF] Soria | Pulmonary artery pressure and arterial oxygen saturation in people living at high or low altitude: systematic review and meta-analysis[END_REF]. Our results highlight that PH prevalence is low even at extremely high altitude but also underlines that the definition should be reconsidered to include the impact of the altitude of residency.

Cardiac remodelling with chronic hypoxia

Right heart (altitude effect)

With increasing altitude of residency, we found a progressive increase in RV area and in RA volume and this remodelling was associated with resting and exercise mPAP levels but also with total blood volume and Hbmass, two major responses to chronic hypoxic exposure to 5,100 m.

The histological pulmonary vascular remodelling, together with a higher haematocrit, explains the higher PAP level and consequently the higher stress on the thin-wall of the RV [START_REF] Gerche | Disproportionate exercise load and remodeling of the athlete's right ventricle[END_REF] and in turn the higher resting and exercise myocardial work [START_REF] Banchero | Pulmonary pressure, cardiac output, and arterial oxygen saturation during exercise at high altitude and at sea level[END_REF], two of the main factors explaining the changes in right heart dimension [START_REF] Naeije | Pulmonary hypertension and the right ventricle in hypoxia[END_REF]. During daily life, the repetitive increase in RV afterload (pulmonary artery pressures) and preload (blood volume expansion) likely leads to RV remodelling. The lack of RV dilatation in Sherpas living above 3,000 m [START_REF] Stembridge | Ventricular structure, function, and mechanics at high altitude: chronic remodeling in Sherpa vs. short-term lowlander adaptation[END_REF] together with the minimal hypoxic pulmonary hypertension at rest and during exercise in this specific population [START_REF] Groves | Minimal hypoxic pulmonary hypertension in normal Tibetans at 3,658 m[END_REF] support this hypothesis. RA volume was more impacted than RV in our study. To our knowledge, such a specific dilatation has never been described but some studies previously reported larger RA in healthy miners working between 4,400 and 4,800 m [START_REF] Brito | Long-Term Intermittent Work at High Altitude: Right Heart Functional and Morphological Status and Associated Cardiometabolic Factors[END_REF] and in highlanders living permanently at 4,000 m (La Paz, Bolivia) [START_REF] Huez | Echocardiographic and tissue Doppler imaging of cardiac adaptation to high altitude in native highlanders versus acclimatized lowlanders[END_REF]. As for the RV, those changes were likely related to both haemodynamic and hemorheological changes induced by altitude.

This anatomical remodelling was accompanied by significant modifications in RV function.

First, we found a decrease in resting RV systolic function. While RVFAC were normal, we observed decreases in the systolic annular tricuspid velocity (S' wave) and in the free wall RV strain in highlanders at 5,100 m. This is in line with other studies reporting a preserved RV function in acute hypoxia [START_REF] Huez | Right and left ventricular adaptation to hypoxia: a tissue Doppler imaging study[END_REF] but a decrease of RV systolic function parameters (S' wave and strain) in healthy highlanders [START_REF] Dedobbeleer | Left ventricular adaptation to high altitude: speckle tracking echocardiography in lowlanders, healthy highlanders and highlanders with chronic mountain sickness[END_REF][START_REF] Stembridge | Ventricular structure, function, and mechanics at high altitude: chronic remodeling in Sherpa vs. short-term lowlander adaptation[END_REF][START_REF] Stembridge | Short-term adaptation and chronic cardiac remodelling to high altitude in lowlander natives and Himalayan Sherpa[END_REF]. We also found a RV decrease in E/A ratio with altitude as already reported both in acute and chronic hypoxia [START_REF] Huez | Echocardiographic and tissue Doppler imaging of cardiac adaptation to high altitude in native highlanders versus acclimatized lowlanders[END_REF] without any resting diastolic dysfunction.

Right heart (CMS effect)

The moderate-severe CMS highlanders at 5,100 m had the most important dilatation of the right cavities. This extreme remodelling can probably be induced by the higher exercise-induced increase in PAP and the higher haematocrit and blood viscosity. The modifications in systolic and diastolic functions were similar in healthy and CMS highlanders and similar to previous observations [START_REF] Pratali | RV contractility and exercise-induced pulmonary hypertension in chronic mountain sickness: a stress echocardiographic and tissue Doppler imaging study[END_REF]. We did not explore the RV systolic function during exercise but in moderatesevere CMS highlanders, the RV cardiac reserve is known to be reduced compared to healthy highlanders [START_REF] Pratali | RV contractility and exercise-induced pulmonary hypertension in chronic mountain sickness: a stress echocardiographic and tissue Doppler imaging study[END_REF]. Moreover, there was no difference in the E/A ratio between the CMS patients, while RA progressively dilated, strengthening the idea that the RA remodelling is not due to diastolic dysfunction. While we did not find any relationship with the duration of stay in La Rinconada (results not shown), the important dilatation of the right ventricle and atria in the more severe CMS patients, together with the observed exercise RV systolic dysfunction, could represent a long-term response to a chronic increase in right afterload [START_REF] Naeije | Pulmonary hypertension and the right ventricle in hypoxia[END_REF] in some individuals living permanently at extreme altitude and could probably precede the progression towards right heart failure.

Left heart (altitude effect)

The anatomic left heart remodelling was less important than the modifications of the right side.

LV diameter and volume decreased with altitude while the thickness of the wall increased, resulting in a significant increase in the RWT ratio. LV ejection fraction, global LV longitudinal strain and cardiac output were normal, confirming preserved LV contractility in people living permanently at the extreme altitude of La Rinconada. These results are similar to those published in highlanders of similar age living permanently at 4,350 m (Cerro de Pasco, Peru) with a smaller LV volume, and a normal systolic function as determined by EF and GLS [START_REF] Dedobbeleer | Left ventricular adaptation to high altitude: speckle tracking echocardiography in lowlanders, healthy highlanders and highlanders with chronic mountain sickness[END_REF]. However, the authors reported a normal LV diastolic function whereas we found a significant decrease in E/A ratio, exclusively because of lower E velocities (early filling), suggesting a modification in the LV filling. When precisely characterising the mitral pattern, we found an abnormal relaxation (grade I) in 6 healthy highlanders (35.3 %) at 5,100 m. This suggests that in relatively young healthy people living at very high-altitude, a diastolic dysfunction could appear. The reasons for such abnormalities are not clear. Although these highlanders were significantly older in our study when compared to the 11 people with a normal mitral pattern (50±1 and 36±2 years, respectively; p<0.001), this is a relatively intriguing observation in middle-aged people with the same normal mean systemic arterial pressure (90±6 and 87±3 mmHg, respectively; p>0.05) and without known cardiovascular diseases. A recent study in mice suggested that an increase in RV afterload could result in biomechanical and transcriptional changes in both the RV and the LV, with LV fibrosis [START_REF] Kheyfets | The left ventricle undergoes biomechanical and gene expression changes in response to increased right ventricular pressure overload[END_REF]. The chronic elevation of the RV afterload in highlanders residing at 5,100 m could possibly explain the LV diastolic dysfunction but this mechanism has to be confirmed in humans.

Left heart (CMS effect)

In moderate-severe CMS patients we found a more important change in LV geometry with a thicker LV, resulting in a higher RWT ratio without significant differences in both systolic and diastolic functions and without any increase in the prevalence of diastolic dysfunction. This LV phenotype was similar to previous data in highlanders with the same severity of CMS [START_REF] Maignan | Pulmonary pressure and cardiac function in chronic mountain sickness patients[END_REF][START_REF] Dedobbeleer | Left ventricular adaptation to high altitude: speckle tracking echocardiography in lowlanders, healthy highlanders and highlanders with chronic mountain sickness[END_REF].

The origin of this LV phenotype in the more severe CMS patients is not clear. It could be associated with higher haematocrit and blood viscosity [START_REF] Stauffer | Blood viscosity and its determinants in the highest city in the world[END_REF]. Similarly to others [START_REF] Maignan | Pulmonary pressure and cardiac function in chronic mountain sickness patients[END_REF][START_REF] Dedobbeleer | Left ventricular adaptation to high altitude: speckle tracking echocardiography in lowlanders, healthy highlanders and highlanders with chronic mountain sickness[END_REF], we did not find any changes in LA volume, neither with altitude, nor with CMS. As for the right cavities and despite the absence of relationship with the duration of stay in La Rinconada, we suggest that in chronic severe hypoxia, a progressive thickening of the LV with abnormal relaxation occurs, possibly reflecting a long-term evolution of a chronic modification in myocardial histology with a more fibrotic pattern.

Interestingly, and despite the progressive remodelling of the heart, no significant auricular or ventricular arrhythmia were recorded, confirming that highlanders, with or without CMS, are not overexposed to arrhythmias [START_REF] Busch | Global REACH: Assessment of Brady-Arrhythmias in Andeans and Lowlanders During Apnea at 4330 m[END_REF].
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Conclusions:

  In the highest city in the world, healthy dwellers exhibit right heart dilatation in response to a chronically increased afterload and a left ventricle concentric remodelling with diastolic dysfunction. Those modifications are accentuated in moderate-severe CMS subjects and may enhance the risk of heart failure.

  breathlessness and palpitations, sleep disturbance, cyanosis, veins dilatation, paraesthesia, headache, and tinnitus. A score between 0 and 3 was attributed for each item, 0 indicating the absence of the symptom, 1 indicating mild symptoms, 2 moderate symptoms and 3 severe symptoms. The [Hb] was also scored by 0 or 3 points, 0 if the [Hb] was < 21 g•dL -1 and 3 if the [Hb] was ≥ 21g•dL -1 . Haemoglobin concentration was measured in situ with a HemoCue system (HemoCue®Hb201+, HemoCue AB, Ängelholm, Sweden) and haematocrit (Ht) by microcentrifugation (Hemata STAT -II, Separation Technology Inc., Sandford, USA). Pulsed oxygen saturation (SpO2) (OxiMax N65, Medtronic, Dublin, Ireland) and blood pressure (Digital Blood Pressure Monitor, A&D Medical, Sydney, Australia) were measured after at least 5 min of sitting. A 12-lead electrocardiogram (ECG) was performed in supine position (ECG Colson Cardi-12, Limay, France).

Figure 1 .

 1 Figure 1. Mean pulmonary artery pressure (mPAP, panels A and C) and total pulmonary resistance (TVR, panels B and D) at rest and during exercise (55 and 70% of the maximal theoretical heart rate value). Panels A and B provide comparisons in healthy individuals according to altitude of residency (lowlanders in black, highlanders at 3,800 m in grey and highlanders at 5,100 m in white). Panels C and D provide comparisons in highlanders at 5,100 m according to CMS severity (no CMS in white, mild CMS in hatched black and moderate-severe CMS in hatched grey). All parameters were significantly modified with the exercise intensity. * Different from lowlanders (p<0.01), £ different from no CMS (p<0.01); # different from mild CMS (p<0.01). Error bars are SEM.

Figure 2 .

 2 Figure 2. Relationship between cardiac output and mean pulmonary artery pressure during moderate to intense exercise (70%predicted maximum heart rate). Panel A: altitude effect between lowlanders (black points), highlanders at 3,800 m (grey points) and highlanders at 5,100 m (white points). Panel B: CMS effect in highlanders at 5,100 m between subjects with no CMS (white points), with mild CMS (black points) and with moderate-severe CMS (grey points). mPAP, mean pulmonary artery pressure; CO, cardiac output; TVR, total vascular resistance. The plain line represents the upper limit of 3 UW of TVR and the dotted line the upper limit of 30 mmHg of mPAP.

  

table 2 )

 2 Mean PAP could not be assessed (no recordable tricuspid insufficiency) in 12 out of 98 subjects (12%), i.e. in 3 lowlanders, 2 highlanders at 3,800 m and 7 highlanders at 5,100 m.

					Highlanders		Highlanders	
				Lima	Puno (3 800 m)	La Rinconada (5 100 m)
					Altitude effect			
							CMS effect	
				No CMS	No CMS	No CMS	Mild CMS	Moderate-severe CMS
	Age (yrs)			31 ± 10	32 ± 12	41 ± 9*	42 ± 9	43 ± 7
	CMS score			1.6 ± 1.9	1.6 ± 2.3	3.9 ± 1.4 @ *	7.9 ± 1.5 #	12.5 ± 1.9 £#
	Duration (years)	of	stay	-	-	13 ± 8	14 ± 10	19 ± 8
	BMI (kg•m -2 )			25.2 ± 4.6	24.5 ± 3.5	25.5 ± 2.1	26.6 ± 3.8	26.2 ± 2.9
	Systolic BP (mmHg)	115 ± 9	115 ± 9	115 ± 12	116 ± 11	118 ± 17
	Diastolic BP (mmHg)	70 ± 9	77 ± 7	79 ± 11	80 ± 8	75 ± 9
	Mean BP (mmHg)		85 ± 8	90 ± 6	88 ± 11	93 ± 7	90 ± 8
	Heart rate (bpm)		71 ± 16	68 ± 8	68 ± 9	65 ± 8	68 ± 10
	SpO2 (%)			98 ± 1	93 ± 3*	84 ± 5 @ *	83 ± 4	81 ± 6
	[Hb] (g•dL -1 )			13.8 ± 1.4	18.7 ± 1.7*	22.1 ± 2.3 @ *	22.2 ± 1.4	23.9 ± 1.5 £#
	Haematocrit (%)		43 ± 5	57 ± 5*	69 ± 7 @ *	70 ± 5	75 ± 5 £#
	Hbmass (g)			744 ± 218	932 ± 246*	1673 ± 440 @ *	1494 ± 419	1823 ± 459
	Blood volume (mL)		5401 ± 1319	4974 ± 1035	7421 ± 1385 @ *	6612 ± 1644	7647 ± 1705

Table 2 .

 2 Echocardiographic data of the right heart in lowlanders and highlanders without or with chronic mountain sickness.

	Data are mean ± SD. RVEDA, right ventricle end diastolic area; RA, right atria; BSA, body surface area; RVFAC, right
	ventricle fractional area change; Et and At, tricuspid early (Et) and late (At) velocities; AT, acceleration time; sPAP and
	mPAP, systolic and mean pulmonary artery pressure, TVR, total pulmonary vascular resistance; TVR45%, total pulmonary

vascular resistance corrected for an haematocrit of 45 %; CMS, chronic mountain sickness. The first three columns represent the effect of altitude of residency in healthy subjects: *p<0.01 different from Lima; @ p<0.01 different from Puno. The three last columns represent the effect of CMS in dwellers from La Rinconada: # p<0.01 different from no CMS; £ p<0.01 different from Mild CMS. All significant differences persist when taking into account age in a multivariate model, both for altitude effect and CMS effect analysis, except for the Et/At ratio.

Table 3 .

 3 Echocardiographic data of the left heart in lowlanders and highlanders without or with chronic mountain sickness.Data are mean ± SD. S, interventricular septum; LV EDD, left ventricle end diastolic diameter; P, left ventricle posterior wall; RWT: relative wall thickness; vol, volume; BSA, body surface area; EF, ejection fraction; CO, cardiac output; CI, cardiac index; SV, stroke volume; E and A, early and late mitral inflow velocities; E', mitral annular early diastolic peak velocity; SVR, systemic vascular resistance; CMS, chronic mountain sickness. The first three columns represent the effect of altitude in healthy subjects: *p<0.01 different from Lima; @ p<0.01 different from Puno. The three last columns represent the effect of CMS in dwellers from La Rinconada: # p<0.01 different from no CMS; £ p<0.01 different from Mild CMS. Significant differences for LV ED diameter and volume and diastolic parameters persist when taking into account age in a multivariate model, both for altitude effect and CMS effect analysis.

		Lowlanders	Highlanders		Highlanders	
		Lima (SL)	Puno (3 800m)		La Rinconada (5 100m)
			Altitude effect			
					CMS effect	
		No CMS	No CMS	No CMS	Mild CMS	Moderate-severe CMS
	S thickness (mm)	10 ± 1	10 ± 2	11 ± 1 @ *	11 ± 1 #	12 ± 1 #£
	LV EDD (mm)	48 ± 4	44 ± 4*	45 ± 3*	47 ± 3	45 ± 4
	P thickness (mm)	10 ± 1	9 ± 1	10 ± 1	10 ± 2	10 ± 1
	RWT	0.40 ± 0.06	0.43 ± 0.07	0.46 ± 0.06*	0.44 ± 0.05	0.50 ± 0.07 #
	LV vol/BSA (mL•m -2 )	60 ± 10	49 ± 8*	53 ± 8*	57 ± 9	52 ± 11
	LA vol/BSA (mL•m -2 )	30 ± 9	26 ± 7	29 ± 5	30 ± 6	31 ± 8
	LV mass/BSA (g•m -2 )	89 ± 13	76 ± 21*	93 ± 26 @	97 ± 21	100 ± 23
	EF (%)	69 ± 7	66 ± 6	65 ± 7	62 ± 5	63 ± 7
	CO (L•min -1 )	5.9 ± 1.3	5 ± 1.1	5.3 ± 1.3	5.4 ± 1.1	5.5 ± 1.1
	SV (mL)	85 ± 17	73 ± 17	78 ± 12	86 ± 16	81 ± 13
	LV longitudinal strain (%)	19.5 ± 1.5	19.4 ± 2	18.4 ± 2.8	17.7 ± 1.8	17.5 ± 1.8
	Peak E (cm•s -1 )	80 ± 14	67 ± 15*	55 ± 10 @ *	54 ± 12	56 ± 12
	Peak A (cm•s -1 )	50 ± 8	46 ± 9	54 ± 15	51 ± 11	51 ± 11

Table 4 .

 4 Exercise responses in lowlanders and highlanders without or with chronic mountain sickness.Data are mean ± SD. HR, heart rate; mPAP, mean pulmonary artery pressure; CO, cardiac output; TVR45%, total pulmonary vascular resistance at a haematocrit of 45%; load 1 and 2, intensities corresponding to 55 and 70% of the theoretical maximal heart rate, respectively (see Materials and Methods section); CMS, chronic mountain sickness. The first three columns represent the effect of altitude in healthy subjects: *p<0.01 different from Lima; @ p<0.01 different from Puno. The three last columns represent the effect of CMS in dwellers from La Rinconada.

		Lowlanders	Highlanders		Highlanders	
		Lima	Puno (3 800m)		La Rinconada (5 100m)
			Altitude effect			
					CMS effect	
		No CMS	No CMS	No CMS	Mild CMS	Moderate-severe CMS
	Rest HR (b•min -1 )	67 ± 7	73 ± 9	70 ± 9	67 ± 9	74 ± 11
	HR load 1 (b•min -1 )	104 ± 7	104 ± 8	98 ± 9	100 ± 6	99 ± 9
	HR load 2 (b•min -1 )	133 ± 7	130 ± 7	122 ± 11* @	122 ± 8	120 ± 10
	Rest SpO2 (%)	98 ± 1	93 ± 3*	84 ± 5* @	83 ± 4	81 ± 6
	SpO2 load 1 (%)	98 ± 1	89 ± 5*	79 ± 5* @	78 ± 7	77 ± 5
	SpO2 load 2 (%)	97 ± 1	88 ± 4*	77 ± 5* @	76 ± 6	74 ± 4
	TVR45% rest (WU)	4.7 ± 1.3	3.6 ± 0.8	3.4 ± 1.1	2.9 ± 0.9	3.7 ± 1.3
	TVR45% load 1 (WU)	3.3 ± 0.8	2.8 ± 0.5	2.6 ± 0.8	2.5 ± 0.5	3.0 ± 1.3
	TVR45% load 2 (WU)	3.0 ± 0.8	2.5 ± 0.5	2.4 ± 0.5	2.3 ± 0.5	2.7 ± 1
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RESULTS

Clinical and haematological characteristics (table 1)

Comparison in healthy individuals according to altitude of residency

Highlanders at 5,100 m were older compared to lowlanders but body mass index, arterial blood pressure and HR were similar between groups. As expected, SpO2 decreased significantly with altitude while [Hb], Ht, Hbmass and total blood volume significantly increased. SpO2 showed strong (all p<0.001) negative correlations with Ht (r=-0.81), Hbmass (r=-0.77) and total blood volume (r=-0.58).

Comparison in highlanders at 5,100 m according to CMS severity

In highlanders at 5,100 m, there was no effect of CMS, except for [Hb] and Ht which were significantly higher in the moderate-severe CMS group. The moderate-severe CMS subjects tended to reside in La Rinconada for a longer time (p=0.06).

All resting ECG were normal without sign of pathologic state. Despite PAC and PVC in all lowlanders and highlanders, no significant arrhythmia was detected on the 24-hour Holter ECG recordings whatever the altitude and the CMS status.

DISCUSSION

This study described, for the first time, the pulmonary haemodynamic during exercise and the remodelling of both the right and the left heart in highlanders living permanently at 5,100 m above sea level with or without CMS. The main results are that i) mPAP at rest and during exercise increased with the altitude of residency but did not differ between highlanders with or without CMS, ii) the dilatation and functional remodelling of the right heart was correlated to resting and exercise pulmonary artery pressures, total blood volume and SpO2 while the left heart showed a progressive concentric remodelling pattern with associated diastolic dysfunction, and iii) highlanders at 5,100 m with moderate-severe CMS patients showed the most extensive heart remodelling.

Pulmonary haemodynamic at rest and during exercise in healthy highlanders

In highlanders living permanently at 5,100 m, both mPAP and TVR were higher at rest and during exercise. The resting mean mPAP level of 28±5 mmHg in La Rinconada was similar to the values measured in Morococha (Peru, 4,540 m) [START_REF] Penaloza | Pulmonary hypertension in helathy men born and living at high altitudes[END_REF], the highest altitude where PAP has been invasively determined (about 30 mmHg) [START_REF] Penaloza | Pulmonary hypertension in helathy men born and living at high altitudes[END_REF][START_REF] Banchero | Pulmonary pressure, cardiac output, and arterial oxygen saturation during exercise at high altitude and at sea level[END_REF], but higher than the echocardiographic values measured in Cerro de Pasco (4,350 m; 23-26 mmHg) [START_REF] Groepenhoff | Exercise pathophysiology in patients with chronic mountain sickness[END_REF][START_REF] Dedobbeleer | Left ventricular adaptation to high altitude: speckle tracking echocardiography in lowlanders, healthy highlanders and highlanders with chronic mountain sickness[END_REF]. The parabolic relationship between mPAP and altitude predicts a higher level of about 32-33 mmHg [START_REF] Penaloza | The heart and pulmonary circulation at high altitudes: healthy highlanders and chronic mountain sickness[END_REF] in La Rinconada (5,100 m) but such a difference could probably be explained by the indirect determination and lack of precision of echocardiographic measurements [START_REF] Doutreleau | Pulmonary Vascular Resistance in Patients With Pulmonary Hypertension: Importance of the Quadratic Velocity-Pressure Relationship-Reply[END_REF][START_REF] Naeije | Exercise-induced pulmonary hypertension: physiological basis and methodological concerns[END_REF]. We also found an increase in TVR with altitude with resting values at 5,100 m of 5.5±1.9 WU. Those values are higher than published data determined either by right heart catheterization (4.7 WU; 4,540 m) [START_REF] Banchero | Pulmonary pressure, cardiac output, and arterial oxygen saturation during exercise at high altitude and at sea level[END_REF] or echocardiography (4.9 WU; 4,350 m) [START_REF] Groepenhoff | Exercise pathophysiology in patients with chronic mountain sickness[END_REF]. The higher altitude and the lower oxygenation level in La Rinconada can probably explain this difference.

CONCLUSION