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1 Take-home message
2 Changes in satiety / appetite hormones occur during a 4-days hypoxic trek, not necessarily linked to 
3 body mass changes and dietary modifications
4
5 Highlights
6 • Short term exposure to hypobaric hypoxia has led to a weight loss non attributable to water 
7 losses;
8 • No changes in bioimpedance parameters were observed, but the trend in improvement of 
9 phase angle;

10 • Dietary intake in the target range and indication for water intake could minimize weight and 
11 water losses;
12 • Leptin levels increased, while those of ghrelin decreased, in response to a 4-day high-
13 altitude trek; 
14 • Interindividual variation in sweat dynamics were observed from two case studies
15
16 Abstract
17
18 Exposure to high altitude might cause the body to adapt with negative energy and fluid balance that 

19 compromise body composition and physical performance. In this field study involving 12 healthy 

20 adults, sex-balanced, aged 29±4 years with a body mass index 21.6±1.8 kg/m2, we investigated the 

21 effects fo a 4-day trekking up to 4556 m a.s.l. on Monte Rosa (Alps, Italy). The food intake was 

22 recorded using food diaries and nutrients averages were calculated. The bio-impedance analysis was 

23 performed at low and high altitude, and a wearable biosensor (Swemax) was used to track hydro-

24 saline losses in 2 participants. Daily total energy intake was 3348±386 kcal for males and 2804±415 

25 kcal for females (13-14% protein, 35% fat, 44-46% carbohydrates). Although there was a significant 

26 body weight loss (65.0±9.3 vs 64.2±9.10 kg, p<0.001, d=1.398), no significant changes in body 

27 composition parameter were found but a trend in the increase of the bioelectrical phase angle in males 

28 (p=0.059, d=–0.991). Body water percentage significantly changed (p=0.026, η2
p=0.440), but the 

29 absolute water did not, suggesting that the weight loss was not due to water loss. Salivary and urinary 

30 osmolality did not change. A reduction in sweat rate at higher altitudes was observed in both 

31 participants. Interestingly, salivary leptin increased (p=0.014, η2
p=0.510), and salivary ghrelin 

32 decreased (p=0.036, η2
p =0.403). Therefore, the 4-day trek under altitude hypoxia exposure induced 

33 changes in satiety and appetite hormones. High altitude expeditions require more specific nutritional 

34 guidance, and using multiplex analysis could help in monitoring fluid balance and body composition.

35

36 Keywords

37 Hypoxia; altitude; bioimpedance; anthropometrics; ghrelin; leptin; sweat; wearable device. 

38
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39 Introduction

40 The reduced partial pressure of oxygen causes the body to activate a set of compensatory processes, 

41 which collectively alter human physiology when exposed to altitude hypoxia. Among several 

42 adaptive pathways, there is evidence of severe effects on the endocrine systems, energy intake, resting 

43 metabolic rate and body mass (Stellingwerff et al., 2019). Weight loss - both fat and fat-free mass - 

44 and water loss are well-known impacts of high altitude (Hamad & Travis, 2006; Westerterp, 2001). 

45 Remarkable effects occur over ≈5,000 m of altitude (Westerterp, 2001), despite some effects, such as 

46 the increase in basal metabolic rate, manifest to a lesser extent at lower to moderate altitudes 

47 (Stellingwerff et al., 2019). Total daily energy expenditure has been recorded as quite large (e.g., 

48 about 5000 Kcal) in some studies below 4000 m of altitude, and expenditure reduces with rising 

49 altitude, according to economizing of oxygen consumption for metabolism (Viscor et al., 2023). The 

50 increased energy expenditure caused by the intensity and duration of physical effort contributes to 

51 the negative energy balance, concomitantly with the reduced appetite and lack of palatable food at 

52 altitude, which is influenced by the degree and duration of hypoxia exposure as well as individual 

53 adaptations (Dünnwald et al., 2019). Acute hypoxia has been shown to lower appetite via hormonal 

54 modulation; nevertheless, gaps in depicting the differential responses of various hormones in either 

55 acute or sustained exposure remain (Debevec, 2017).

56 Given the increased metabolic demand and the heterogeneity of physiological responses causde by a 

57 variety of factors, accurately deciding the dietary needs of expeditioners and athletes at altitude is 

58 challenging.  Dietary needs in terms of solid foods and beverages, supplements and water, need to be 

59 deepened; within this context, dietary records, i.e. multiple-day food diaries supported by appropriate 

60 software and a related nutritional database (Turrini, D’Addezio, et al., 2022), represent an effective 

61 tool to quantify and detail dietary intakes, thus providing extensive nutritional data (Ortega, 2015). 

62 Monitoring water intake and fluid losses is fundamental for maintaining homeostasis, which 

63 represents a critical goal for preventing hydration status that can affect physical performance and 

64 endurance capacity (Castellani et al., 2010). Water requirements increase at high altitude due to 

65 increased water losses from increased ventilation and urinary excretion, which is due to the 

66 downregulation of the renin-angiotensin-aldosterone system at altitude and the dry air environment 

67 favoring perspiration (Mawson et al., 2000). Several studies have focused on body water balance and 

68 hypoxia since fluid loss was reported as an acute bodily measure preventing from acute mountain 

69 sickness (AMS) symptoms (Gatterer et al., 2013), although no associations of AMS with salt and 

70 water retention were found in humans passively exposed to hypoxia at 4,559 of altitude (Biollaz et 
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71 al., 2021). Recent studies have highlighted that loss of bodily fluids occurs during prolonged altitude 

72 exposure, despite particular advice for limiting dehydration (Bondi et al., 2021). 

73 Currently, Bioelectrical Impedance Analysis (BIA) represents an effective, rapid, and non-invasive 

74 tool to evaluate hydration status and body composition (Böhm & Heitmann, 2013). The estimated 

75 hydration parameters resulting from BIA measurements may occupy a valuable role in muscle 

76 performance assessment (Hetherington-Rauth et al., 2020). The method relies on body tissues’ 

77 electrical properties consisting of resistances (R) and capacitive reactance (Xc) - respectively related 

78 to total body water (TBW), and membrane integrity and tissue interfaces - that determine the 

79 impedance (Z) of an electric current passing through the body (Kyle, 2004). Furthermore, the use of 

80 wearable sensors in the last years has allowed researchers to obtain relevant functionality on real-

81 time monitoring in athletes even during high-altitude sports, thereby leading to better performance 

82 (Sbrollini et al., 2022). Among the physiological monitoring through wearable devices sweat and its 

83 chemical composition could be greatly useful in medicine and fitness, e.g. to keep athletes’ 

84 dehydration under control (Angelucci et al., 2021). Current and emerging technologies to detect sweat 

85 rate and sweat-based biometrics and analytes, despite the advantages of easily accessible continuous 

86 monitoring, are challenged by several factors such as skin contamination and weather conditions 

87 (Seshadri et al., 2019). 

88 Despite the existence of literature on high altitude, nutritional physiology, and body composition 

89 changes, there are still gaps in understanding of the effects during short-term hypoxic treks using an 

90 ecological approach, i.e., from a field study in which investigators do not modify contextual factors. 

91 Furthermore, the fieldwork of portable technologies and non-invasive approaches to assess bodily 

92 adaptations while taking into account valid protocols for monitoring dietary intakes in special 

93 environments merits implementations. Finally, sex differences in short-term nutritional physiology 

94 and body composition responses have not been elucidated. Within this background, the purpose of 

95 this study was to fill some of the current gaps in our comprehension of nutritional physiology and 

96 body composition changes during active exposure to altitude hypoxia by: 1) monitoring dietary intake 

97 during an altitude expedition up to highest European lodge, 2) verifying different adaptive 

98 physiological responses to a 4-days high altitude trekking in body composition and appetite/satiety 

99 signaling, 3) whether there were any sex differences in responses, and 3) providing perspectives on 

100 the use of novel wearable technologies to monitor salt and water balance.

101

102 Methods

103 Study design and participants
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104 The project “Monte Rosa Exploration & Physiology” was carried out from August 29 to September 

105 2, 2021, in Western Alps, Italy. A group of 15 healthy expeditioners (8 males and 7 females, age 

106 range: 24-to-63 years) performed a trek from Alagna Valsesia up to the highest European mountain 

107 lodge, i.e. Capanna Regina Margherita. Figure 1 shows the travel map. Participants were tested at 

108 low altitude (1,164 m, Alagna Valsesia) and at high altitude (4,556 m, Capanna Margherita). Climate 

109 conditions were evaluated and elsewhere reported, along with other results (Bondi et al., 2023). All 

110 participants signed an informed consent; the study was an ancillary project of wider studies approved 

111 by the local ethics committee (Comitato Etico delle Province di Chieti e Pescara, protocol n. 18, 29 

112 July 2021).

113 AMS was verified with the Lake Louise AMS score, diagnosing AMS with ≥3 points in the total 

114 score and headache ≥1 point, at least 6 h after the ascent (Roach et al., 2018). All participants took 

115 once daily half a pill of acetazolamide (125 mg) at 2,370 m and one pill (250 mg) at 3,647 and 4,556 

116 m. 

117
118 Figure 1. Travelling map of the “Monte Rosa Exploration & Physiology” project. The black line 

119 represents the effective trek. The plain data points represent the reached altitude at each day of 

120 walking and the name of the mountain lodge. The full biggest circular data points represent the start 

121 point (1191 m) at Alagna Valsesia (IT) and the highest altitude (4554 m) reached by participants at 

122 the end of the trek. Credits: Paolo Belnudo for the map and Antonello Vespoli for the logo (both 

123 agreed to publication). UTM coordinates of Capanna Regina Margherita: 5086575 412925 32T. 

124

125 Procedures
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126 Dietary assessment

127 The dietary plan was not established before the expedition because the study was conducted with an 

128 ecological field design in order to observe the natural relationship between the individual and the 

129 environment. Participants were instructed to record their intake of all foods, drinks and supplements 

130 in paper diaries structured into three main meals and four snacks during the 3 days of peak ascent. 

131 They recorded the time and place of consumption, exact description and quantity of each food and 

132 recipes, storage, and cooking methods. The quantities were specified referring to a dedicated picture 

133 atlas. In particular, the atlas included a picture series, whose participants pointed to the one that 

134 corresponded to the food portion actually consumed, for the determination of portion size (Turrini, 

135 Le Donne, et al., 2022). All food diaries were checked by the expert field worker who entered the 

136 data after the expedition into an ad hoc web-based software database, Food Consumption Database 

137 (FOODCONS). This software allows to code and process the data, transforming each recorded food 

138 and recipes into: total amount of food in grams, nutritional profile in terms of energy intake (EI), 

139 water, macronutrients (proteins, fat, saturated (SFA), monounsaturated (MUFA) and polyunsaturated 

140 fatty acids (PUFA), cholesterol, available and soluble carbohydrates (CHO)), fibres, alcohol, 

141 micronutrients (calcium (Ca), phosphorus (P), magnesium (Mn), potassium (K), iron (Fe), zinc (Zn) 

142 and vitamins such as vitamin C (vit C), thiamine, riboflavin, niacin, vitamin B6 (vit B6), vitamin B12 

143 (vit B12), vitamin D (Vit D), vitamin E (Vit E), vitamin K (Vit K), retinol, vitamin A (expressed as 

144 retinol equivalents or REs)). The software allows clustering the intakes of 16 food categories and 90 

145 food sub-categories.

146 The software FOODCONS and all related instruments (food composition database, the hard-copy 

147 food diaries, the picture atlas) were provided by the “Research Center for Food and Nutrition of 

148 Council for Agricultural Research and Economics” (CREA—Food and Nutrition) (https: 

149 //www.crea.gov.it/en/web/alimenti-e-nutrizione),  developed for use in food consumption survey in 

150 Italy and adapted for this study. Energy, macronutrients and micronutrient intake were compared to 

151 the guidelines for specific physical activities of the “International Society of Sports Nutrition (ISSN)’ 

152 (Kerksick et al., 2018) and of the ‘Academy of Nutrition and Dietetics (Academy), Dietitians of 

153 Canada (DC), and the American College of Sports Medicine (ACSM)’ (Thomas et al., 2016), and to 

154 the Recommended Daily Allowances (RDA) of nutrient intake for the general population (SINU, 

155 2014).  

156 Total Daily Energy Expenditure (TDEE) prediction
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157 The Resting Energy Expenditure (REE) was calculated using the Harris-Benedict Equations (Harris 

158 & Benedict, 1918). The Total Daily Energy Expenditure (TDEE) was estimated considering the level 

159 of physical activity for pronounced muscle engagement (SINU, 2014), and was compared to the 

160 TDEE predicted using the Metabolic Equivalent for Task (MET), referred to hiking with a backpack 

161 (MET=7.8) as reported in the 2011 Compendium of Physical Activities (Ainsworth et al., 2011), for 

162 the duration of the activity in hours (minimum 2 hours, maximum 5 hours per day),  and to the resting 

163 condition of MET=1.1 for the non-trek hours. 

164 Body composition assessment - Anthropometry

165 Anthropometry was conducted by measuring the weight to the nearest 0.1 kg accuracy, using the 

166 Tanita BC-730 digital weighing scales (Tanita Corporation, Tokyo, Japan) properly calibrated, and 

167 the height was measured to the nearest 0.1 cm in an upright standing position using the Seca 206 

168 mechanical measuring tape (Seca GmBH & Co Kg, Hamburg, Germany). The waist circumference 

169 was measured to the nearest 0.1 cm at the end of normal expiration using the Seca S 201 

170 circumference measuring tape (Seca GmBH & Co Kg, Hamburg, Germany) following the standard 

171 procedures (WHO, 2008). Anthropometrics data were used to assess the Body Mass Index (BMI-

172 Kg/h2) and the Waist-to-Height Ratio (WtHR).

173 Body composition assessment - Bioelectrical Impedance Analysis (BIA)

174 Participants were tested for Bioelectrical Impedance Analysis (BIA) 2 times, before the expedition at 

175 low altitude (1164 m) and the day after reaching the summit (4556 m). BIA measures the resistance 

176 (Impedance – Z) of all tissues to a injected high-frequency (from 5 kHz to 250 kHz), low-amplitude 

177 alternating electric current (500 to 800 mA).  It is based on electrical properties for which in biological 

178 system total body water, thus intra and extra-cellular electrolytic solutions, contributes to the 

179 resistance (R), and the integrity of the cell membranes acting as a capacitors contributes to the 

180 capacitive resistance (reactance - Xc) (Khalil et al., 2014). The storage of electrical energy on healthy 

181 cell membranes causes a delay in the current flow and the lag creates a phase difference between the 

182 current and voltage, which is expressed as the Phase Angle (PhA),  specifically the arc- tangent value 

183 of the ratio of Xc to R, allowing this factor as an indicator of cellular health in terms of electrical 

184 integrity of vital cell membrane and cell function (Sardinha, 2018). PhA <5.95° and <5.02°, 

185 respectively for young males and females subjects, are useful cut-offs for muscle quality (Akamatsu 

186 et al., 2022), up to 9° in ideal physical conditions (Raschka et al., 2020). All these raw parameters, 

187 along with variables such as age, stature and weight, are included in the predictive equations provided 

188 by the BIA software that allows to estimate: Total Body Water (TBW), Intra and Extracellular Water 
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189 (ICW and ECW), Fat Mass (FM), Fat Free Mass (FFM), Fat Mass Index (FMI), Free Fat Mass Index 

190 (FFMI), Body Cellular Mass (BCM), Skeletal Muscle mass (SM), Skeletal Muscle mass Index (SMI). 

191 The predictive equation was chosen among those included in the software for each subject in each 

192 condition based on the bioelectrical values and on the software indication. These tasks were carried 

193 out by a specialist. In the current study, electrical parameters were used alternatively to derive raw 

194 variables to evaluate cell membrane function and water distribution; specifically, the ratio between Z 

195 at higher frequencies and Z at lower frequencies (extracellular water-ECW and intracellular water-

196 ICW), contributing to the Impedance Ratio (IR) (Rinninella et al., 2018) was calculated. To evaluate 

197 muscle mass, the Levi’s Muscle Index (LMI) (Levi Micheli et al., 2022) was used; the latter is an 

198 adjustment of the PhA for the subjects’ height by dividing it by the R ((PhA*Height cm)/R 50kHz)), 

199 associating the phase variation with the variations of the muscle component, independently from the 

200 hydration variations. It has a high relationship with the BCM, and higher values correspond to greater 

201 muscle mass.

202 BIA measurements involve injecting current through electrodes-patch placed on the anterior surface 

203 of the skin; the two injector electrodes were located in the metacarpophalangeal and 

204 metatarsophalangeal joints; the sensing electrodes were placed at the wrist and ankle. All the 

205 measurements were carried out by a specialist using the HUMAN IM TOUCH multi-frequency 

206 analyzer (DS MEDICA, Milan, Italy). BIA measurement on the whole body was conducted in a 

207 supine position maintained for 5 minutes before the test, with legs and arms slightly abducted 

208 (respectively ~ 45° and 30°) to avoid contact between body segments. Any of the standard conditions 

209 for the measurements were met (empty bladder, cleaned skin, last beverages consumption and 

210 exercise at least 12 h before the measurement, fasting state > 3h (Walter-Kroker et al., 2011). Raw 

211 BIA parameters at 50 kHz were considered for the statistical analysis. 

212 Wearable device

213 An innovative device called Swemax (Biometrica, Parma, Italy), was used to analyse the loss of 

214 liquids and salts during the ascent in two female participants. Swemax collects sweat drops during 

215 exercise. The technology is based on an electrical measurement, being the current proportional to the 

216 saline and liquid concentration. The patch, i.e. biosensor, represents the core of the technology as it 

217 collects liquids and salts in real time. The device must be kept in contact with the athlete's body: the 

218 bib and the bands have the function of pressing the patch on the skin without creating any disturbance. 

219 The device is implemented into a sleeveless garment or a thoracic band, and the biosensor remains in 

220 in the dorsal part. Through four pins the patch connects to the reference device, which transmits data 

221 into a customised smartphone app. The data are stored in a cloud and analysed through the reference 

Page 9 of 29

© The Author(s) or their Institution(s)

Applied Physiology, Nutrition, and Metabolism



Draft

Nutrition and physiology at Capanna Margherita

222 algorithm. The device was specifically used to monitor participants MR2 (female, 24 years, 18.1 

223 kg/m2, who did not develop AMS at high altitude) and MR5 (female, 25 years, 20.2 kg/m2, who 

224 developed AMS) in two consecutive days during the daily trek. Both participants wore the device 

225 before the start of the trekking, both on the third and fourth days of the expedition; the recording then 

226 began. The end of the recording was not figured out by the operator or the participants but by the 

227 device itself based on recording validity conditions. Valid time records were then analysed by the 

228 software associated.

229

230 Sample collection 

231 Saliva and urine samples were collected in the early morning in a fasting state before (1164 m) and 

232 after reaching the summit (4556 m). Saliva sample was obtained using Salivette collection devices 

233 (Sarstedt Nümbrecht); samples were centrifuged for 2 minutes at 1,000×g and stored at –80°C for 

234 further analyses. Enzyme-linked immunosorbent assay (ELISA) technique was performed to evaluate 

235 salivary leptin (kit cat. No. EH0216; FineTest, Wuhan, China, ghrelin (kit cat. No. EH0355; FineTest, 

236 Wuhan, China), and Insulin-like Growth Factor-1 (IGF-1) levels (kit cat. No.EH0165; FineTest, 

237 Wuhan, China). The determinations were assessed in duplicate and the concentrations were measured 

238 spectrophotometrically at a wavelength of 450 nm by comparing the samples' optical density to 

239 standard curves; all the samples and standards were read by a microplate reader spectrophotometer 

240 (Infinite M200, Tecan Group Ltd., Männedorf, Switzerland); the inter-assay coefficient of variation 

241 was in the range indicated by the manufacturer.

242 Whole saliva was also collected by passive method, allowing the drooling of saliva into 15 ml conical 

243 centrifuge tubes. Urines from participants were collected in sterile containers on the first morning; at 

244 low altitude samples were stored in a freezer, at high altitude they were transported in boxes with ice 

245 packs down to low altitude; once arrived after some hours at low altitude, all the samples where 

246 transported in boxes with ice packs to Chieti for isothermal transport; before the night all the samples 

247 were stored at –80°C. The pH of the urine and saliva samples was analysed with XS 8 PRO pHmeter 

248 coupled with XS Sensor Micro electrode; the osmolality of each urine and saliva sample has been 

249 checked by using a Micro-Osmometer model 3300 (Advanced Instrument Inc., Norwood, MA, US). 

250

251 Statistical analyses

252 Statistical comparisons were carried out with the R-based software Jamovi Version 2.3.21.0 

253 (https://www.jamovi.org) and Prism Version 9 (GraphPad Software, San Diego, USA), the latter also 

254 used for creating the graphs. Accounting for the homogeneity of participants (i.e., maintaining a 

255 narrow range for age), the comparisons were carried out on a total of 12 (6 males and 6 females of 
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256 age 29.25±4.16 years, within the range 24-to-36 years and similar age between groups, p=0.558) out 

257 of the whole sample of 15 participants. The assumptions were verified according to the Shapiro-Wilk 

258 test for the normality of the residuals, the evaluation of symmetry and kurtosis and the observation 

259 of the Q-Q graphs. To compare the whole sample in low vs high altitude, a paired sample t-test was 

260 carried out. To include sex as a dependent variable in some analyses, after verifying the assumption 

261 of homogeneity of the variances, comparisons with ANOVA for repeated measures were then 

262 applied, setting low vs high altitude as the within factor and sex as the between factor; alternatively, 

263 a linear mixed model analysis was carried out, setting altitude and sex as fixed factors and individuals 

264 as random factor. The level of significance was set for p<0.05 and the effect size (Cohen’s d: d and 

265 partial eta squared: η2
p) was calculated. 

266

267 Results

268 As reported elsewhere (Bondi et al., 2023) AMS was diagnosed in 4 of 12 volunteers at high altitude. 

269 Among the 12 volunteers, one female reported abnormal value on bioimpedance analysis at high 

270 altitude and was removed post-hoc from the report of body composition analysis. That participant 

271 was one out of four who developed AMS.

272 Dietary profile 

273 All participants completed a food diary and consumed their main meals (breakfast, lunch, and dinner) 

274 and snacks. The trained staff instructed all participants to pay attention to their water intake to avoid 

275 dehydration.

276 Table 1 reports the distribution as a percentage of EI, water and macronutrients intake according to 

277 the main meals and snacks. The highest energy intake was found at lunch and especially at dinner. 

278 Water was consumed especially at dinner and away from the main meals, during the trek (snacks). 

279 Protein was consumed similarly between lunch and dinner. Lipids were consumed mostly at dinner 

280 in the same percentage of carbohydrates. Carbohydrates were distributed similarly between the main 

281 meals, and were consumed in a small percentage during the snacks. Overall, the main meals were 

282 composed prevalently of carbohydrates and fats, inversely to the snacks. Alcohol beverages were 

283 drunk a little at dinner and even less during snack time as leisure time far from the trek. 

284 Processing of food consumption revealed a mean daily energy intake of 3348 ± 386 kcal in males, 

285 and 2804 ± 415 kcal in females, in both cases in the range of the nutritional guidelines for 

286 moderate/high intensity training (Tr GL). Water intake was most pronounced in males (3286 ± 409 

287 g/day), in both groups in line with general recommendation for the Italian population, but below the 

288 recommendation for training. Table 2 shows the aforementioned intake and the details in terms of 

289 grams of macro and micronutrients, in addition to the percentage contribution to the total energy 
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290 intake. Protein intake represented for male and female respectively 13 and 14% of the total energy 

291 intake, specifically 1.5 ± 0.1 g/kg bw and 1.8 ± 0.4 g/kg bw, which matches the nutrient requirement 

292 for training. Fat contribution to the total EI was similar in both groups and adequate for the train 

293 recommendation (up to 50% of total EI); SFA exceeded a few of the suggested dietary target (SDT) 

294 for the general population in both groups (12%) and PUFA intake was far below. Comparing the 

295 Available carbohydrates intake with the training guidelines, the intake was below the 

296 recommendation in both sexes (respectively 5.4 ± 0.5 g/kg bw and 6.3 ± 1.3 g/kg bw), contributing 

297 to 44% and 46% of mean daily EI. Cholesterol intake was lower than the SDT. Fibre intake was 

298 greater in females (7.8 ± 1.2 g/1000 kcal/day) than males (6.8 ± 0.4 g/1000 kcal/day) participants but 

299 in both cases far from the Reference Intake. The mean alcohol % contribution to the EI was 

300 respectively for males and females 8 and 5%. Regarding micronutrients, the intake was compared to 

301 the recommended daily allowances for the Italian population (SINU, 2014). A higher intake than the 

302 recommendation stood out for potassium, phosphorus, magnesium, iron and zinc in both sexes. Only 

303 calcium intake was below the recommendation (<1000 mg/day). From this comparison also emerged 

304 that the intake of some vitamins was very lower than the recommended levels, such as vitamin D, in 

305 both sexes. The other vitamins intake provided by the FOODCONS computation were plenty above 

306 the recommendation (except for Vitamin A that was slightly below the Population Reference Intake). 

307 Details about the food categories consumed are reported in the supplementary materials. Energy 

308 intake by participants was adequate even if compared with the predictive equations for TDEE (Table 

309 3), and considering the MET for trek. To support the TDEE predictions, we used the data registered 

310 from heart rate (HR) series during the trek in three female participants and reported elsewhere 

311 (Sbrollini et al., 2022) to obtain a prediction of EE from HR during submaximal exercise, as reported 

312 in (Keytel et al., 2005) for females:

313 EE (KJ/min) = –20.4022 + 0.4472 × HR + 0.1263 × weight + 0.074 × age

314 We compared this prediction with the calculation based on the value of MET=7.8, thus obtaining 

315 very similar results: the percent differences of the energy expenditure during the trek in the three 

316 participants were 5.83%, 3.74%, and 0.78%.

317

318 Table 1. Percentage of energy, water, macronutrient and alcohol intake between main meals and 
319 snacks in the trekkers group, as obtained by food diaries.

Breakfast Lunch Dinner Snacks
Energy Intake % 18 27 41 14

Water % 15 18 36 31

Proteins % 2 5 6 1

Lipids % 5 9 15 6
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Carbohydrates % 12 14 15 5

Alcohol% 0 0 5 1
320
321
322 Table 2. Data of the energy and nutrient intakes for male and female participants expressed as mean 
323 ± SD and percentage and as percentage contribution to the total energy intake, according to nutritional 
324 guidelines for moderate/high intensity training (Tr GL) and recommended daily intake for Italian 
325 population (It RDA).

Male (n=6) Female (n=6) Tr GL1,2,3 It RDA4

Mean SD* Mean SD*
Energy Intake_EI (MJ) 14 2 12 2

Energy Intake_EI (kcal) 3348 386 2804 415 2000–7000
Energy Intake (g/kg bw/day) 46 5 51 11 40-70(1)

Water (g/day) 3286 409 2760 546 4000-5000(2) 2500(AI)

Protein (g/day) 110 9 99 18 63/54(PRI)

Protein (g/kg bw/day) 1.5 0.1 1.8 0.4 1.2 – 2.0(1-2) 0.9(PRI)

Fat (g/day) 130 19 108 18
SFA (g/day) 43 7 39 9
MUFA(g/day) 51 8 44 7
PUFA (g/day) 23 6 16 2
Cholesterol (mg/day) 237 49 200 40 <300(SDT)

Available carbohydrate (g/day) 390 37 343 47
Available carbohydrate (g/kg 
bw/day)

5.4 0.5 6.3 1.3 8(1)–12(2)

Simple carbohydrate (g) 116 32 107 35
Dietary fibre (g/day) 23 3 22 3 >25(SDT)

Dietary fibre (g/1000 Kcal/day) 6.8 0.4 8.1 1.1 12.6-
16.7(RI)

Alcohol (g/day) 39 13 20 13

% Total energy from Male (n=6) Female (n=6) Tr GL1,2,3 It RDA4

Mean SD* Mean SD*
Protein (% EI) 13 0.5 14 0.7
Fat  (%EI) 35 2.2 35 2.3 up to 50(1) ≤30(RI)

SFA (%EI) 12 0.8 12 1.6 <10(SDT)

PUFA (%EI) 1 0 1 0 pRDA° 5-10(RI)

Available carbohydrate (%EI) 44 2.8 46 2.9 45-60(RI)

Simple carbohydrate (%EI) 13 2.8 14 3.0 <15(SDT)

Alcohol (%EI) 8 1.8 5 3.0
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Minerals Male (n=6) Female (n=6) Tr GL1,2,3 It RDA4

Mean SD* Mean SD*
Potassium (mg/day) 3920 573 4003 609 pRDA° 3900(AI)

Phosphorus (mg/day) 1490 307 1573 270 pRDA° 700(PRI)

Calcium (mg/day) 885 324 887 245 pRDA° 1000(PRI)

Magnesium (mg/day) 390 38 417 67 pRDA° 240(PRI)

Iron (mg/day) 14 3 16 3 Up to 70% of 
requirement

10(PRI)

Zinc (mg/day) 13 2 14 2 pRDA° 12(PRI)

Vitamins Male (n=6) Female (n=6) Tr GL1,2,3 It RDA4

Mean SD* Mean SD*
Thiamine (mg/day) 2 0 2 0 pRDA° 1.2(PRI)

Riboflavin (mg/day) 2 1 2 1 pRDA° 1.6(PRI)

Niacin (mg/day) 25 4 27 5 pRDA° 18(PRI)

Vitamin C (mg/day) 127 35 147 45 pRDA° 105(PRI)

Vitamin B6 (mg/day) 3 1 3 1 pRDA° 1.3(PRI)

Vitamin A (REs µg/day)§ 686 151 694 137 pRDA° 700(PRI)

β-carotene (µg/day) 2528 459 2495 563
Vitamin K (µg /day) 369 227 385 194 pRDA° 140(AI)

Vitamin E (mg/day) 14 3 16 3 pRDA° 13(AI)

Vitamin D (µg/day) 1 0 1 0 pRDA° 15(AI)

Vitamin B12 (µg/day) 5 2 6 1 pRDA° 2.4(PRI)

SD: standard deviation; bw: body weight 
° Recommended daily allowances of nutrient intake for the general population (SINU, 2014)
§Vitamin A expressed as retinol equivalents (REs): 1 retinol equivalent (RE) = 1 µg retinol = 6 µg β-carotene
AI – Adequate Intake 
AR- Average Requirement
PRI - Population Recommended Intake  
RI- Reference intake range for nutrients
SDT- Suggested Dietary Targets
1 (Kerksick et al., 2018); 2 (Thomas et al., 2016); 3 (Carlsohn, 2016); 4 (SINU, 2014)

326
327
328 Table 3. Predicted energy expenditure and energy intake (EI) assessed by food diaries.
329

Code Sex REE TDEE 
Larn*

TDEE MET EI Mean EI/kg 
body weight

Min Max Min Max
MR1 M 1719 3455 2850 4290 2530 4015 43
MR2 F 1342 2322 2226 3350 2692 3546 60
MR3 M 1661 3338 2753 4145 3009 3890 48
MR4 M 1788 3593 2964 4461 2963 4386 46
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MR5 F 1424 2862 2217 3337 2611 4240 60
MR8 F 1421 2458 2356 3546 1932 2565 35
MR9 M 1740 3498 2886 4344 2926 4565 53
MR10 F 1308 2263 2169 3265 2427 3795 61
MR11 M 1867 3752 3096 4659 2897 3921 47
MR12 F 1324 2291 2196 3305 2501 3055 51
MR13 F 1392 2408 2308 3474 2052 2767 41
MR15 M 1766 3550 2929 4409 1814 4030 39

Data are expressed as Kcal. REE: Resting Energy Expenditure calculated using the Harris-Benedict 
equation (Harris & Benedict, 1918); TDEE: Total Daily Energy Expenditure; MET: Metabolic Equivalent 
of Task for trek hiking backpack; EI: Energy Intake. In the columns of TDEE MET, Min refers to 2 h/day of 
trek, and Max to 5h/day of trek, computing MET=1.1 for non-trek hours and MET=7.8 for hiking (Ainsworth 
et al. 2011).

*Larn: Livelli di Assunzione Raccomandata dei nutrienti per la popolazione italiana (translation: 
Recommended nutrient intake levels for the Italian population; SINU, 2014)

330
331 Body composition 

332 Table 4 shows the mean of anthropometrics data and indices in both sexes. Anthropometric 

333 assessment revealed statistically significant changes of body weight before and after the trekking 

334 (p=0.005, d=1.009). As shown in Figure 2, at high altitude BMI slightly decreased, on average from 

335 21.65±1.82 to 21.42±1.63 (p=0.005, η2
p=0.557), similarly in both females and males (p=0.312, 

336 η2
p=0.102). Parallelly, waist-to-height ratio decreased at high altitude, despite over the threshold for 

337 statistical significance, on average from 0.45±0.02 to 0.44±0.03 (p=0.059, η2
p=0.313), similarly in 

338 both females and males (p=0.573, η2
p=0.033).

339

340 Table 4. Comparison of mean values of the anthropometric measure and indices. The p-values in the 
341 last column refer to the comparison between low and high altitude through a series of paired-samples 
342 t-tests 
343

LA (1164 m) HA (4556 m)

M (n=6) F (n=6) M (n=6) F (n=6)
LA vs HA

Weight (kg) 72.5 ± 2.7 55.4 ± 4.5 71.5 ± 2.4 54.9 ± 4.2 p=0.005

Height (cm) 179 ± 4 164 ± 3

BMI (kg/m2) 22.6 ± 0.9 20.7 ± 2.1 22.3 ± 0.8 20.6 ± 2.0 p=0.005

Waist girth (cm) 84 ± 1 70 ± 2 83 ± 2 69 ± 4 p=0.029

WtHR 0.47 ± 0.01 0.43 ± 0.01 0.46 ± 0.02 0.42 ± 0.02 p=0.050

Data are expressed as mean ± standard deviation. LA: low altitude; HA: high altitude; M: 
male; F: female; BMI: body mass index; WtHR: waist-to-height ratio. 

344
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345
346 Figure 2. Box (quartiles) and whiskers (min to max) plots of weight loss, body mass index (BMI) 

347 and Waist-to-height ratio (WtHR) differences at low and high altitude. ***p<0.001

348

349 PhA value highlighted healthy muscle quality in both sexes, and a trend on increase in PhA (p=0.093, 

350 d=0.560), confirmed for male participants (p=0.059, d=0.991), was found. No differences of 

351 reactance and resistance normalized by height and an increase of LMI (p=0.032, d=0.753) were 

352 observed, but not confirmed after grouping by sex. Table 5 shows the mean value of raw BIA 

353 parameters (R, Xc, PhA) and derived variables (IR and LMI). 

354

355 Total body water did not change at high altitude, but the TBW% did (p=0.019, d=0.839). The absolute 

356 values of fat mass were slightly lower at high altitude (p=0.071, d=0.610), and a similar trend was 

357 found to a lower extent for fat free mass (p=0.093, d=0.559). Table 6 shows the mean value of body 

358 composition predicted by BIA equations. The two-way analysis revealed significant differences 

359 between low and high altitude were found for TBW/weight% (p=0.026, η2
p=0.440), not confirmed 

360 looking at liters of TBW (p=0.403, η2
p=0.079) and in terms of ECW% and ICW% on TBW 

361 (respectively p=0.170, η2
p=0.198 and p=0.296, η2

p=0.120), suggesting the dehydration process did 

362 not occur during acute exposure to high altitude (see also Figure 3). No statistically significant 

363 changes were found for FM/weight%, FFM (kg), FMI, FFMI, BCM/FFM%, SM/FFM%, and SMI.

364 Figure 4 shows the comparison of FFM and FM/Weight% before and after the expedition. 

365
366 Table 5. Raw Bioimpedance parameters and derived raw variables before and after the expedition in 
367 both group of participants. The p-values in the last column refer to the comparison between low and 
368 high altitude through a series of paired-samples t-tests
369

LA (1164 m) HA (4556 m)
M (n=6) F (n=5) M (n=6) F (n=5)

LA vs HA
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Xc/h (Ω) 36 ± 2 38 ± 2 38 ± 3 38± 2 p=0.308
R/h (Ω) 308 ± 15 386 ± 45 309 ± 11 379 ± 41 p=0.586
PhA (degree) 6.7 ± 0.4 5.7 ± 0.5 6.9 ± 0.5 5.8± 0.5 p=0.093
IR (kHz) 0.8 ± 0.02 0.8± 0.02 0.7 ± 0.04 0.8 ± 0.01 p=0.102
LMI (◦·cm·Ω −1) 2.2 ± 0.2 1.5 ± 0.3 2.2 ± 0.2 1.5 ± 0.3 p=0.032

Data are expressed as mean ± standard deviation. LA: low altitude; HA: high altitude; M: male; F: female; 
Xc/h: capacitive reactance/height; R/H: resistance/height; PhA: phase angle; IR: impedance ratio; LMI: 
Levi’s muscle index (Levi Micheli et al., 2022). 

370
371
372 Table 6. Results of body composition by predictive BIA equations. The p-values in the last column 
373 refer to the comparison between low and high altitude through a series of paired-samples t-tests
374

LA (1164 m) HA (4556 m)

M (n=6) F (n=5) M (n=6) F (n=5)
LA vs HA

Weight 72.5 ± 2.7 56.0 ± 4.8 71.5 ± 2.4 55.3 ± 4.5 p=0.001

TBW (L) 41.3 ± 1.9 30.5 ± 2.1 41.4 ± 1.2 30.8 ± 2.1 p=0.390

TBW/weight (%) 54.1 ± 1.5 52.3± 1.8 55.1 ± 2.0 53.6 ± 1.4 p=0.019

ECW/TBW (%) 37.8± 0.8 38.8 ± 1.0 36.9 ± 1.3 39.0 ± 1.4 p=0.172

ICW/TBW (%) 62.3 ± 0.8 61.3 ± 1.1 63.1 ± 1.3 61.1 ± 1.4 p=0.280

ECW/ICW (%) 60.6± 2.1 63.5 ± 1 58.5 ± 3.1 63.9 ± 3.7 p=0.576

FM/weight (%) 19.2± 1.1 23.7± 3.4 18.8± 1.6 23.4± 3.1 p=0.288

FM (kg) 13.9 ± 1.0 13.4 ± 3.1 13.4 ± 1.3 13.0 ± 2.7 p=0.071

FFM (kg) 58.6± 2.2 42.6± 1.8 58.1± 2.1 42.3± 2.2 p=0.093

FMI 4.4± 0.4 5.0± 1.3 4.2± 0.5 4.8± 1.1 p=0.047

FFMI 18.2± 0.5 15.8± 1.1 18.1± 0.3 15.7± 1.2 p=0.221

BCM/FFM (%) 55.5± 1.8 51.1± 2.5 56.7± 2 51.4± 2.4 p=0.106

SM/FFM (%) 51.6± 0.9 47.5± 2.6 51.7± 0.7 48.5± 1.9 p=0.120

SMI 9.4± 0.4 7.5± 0.9 9.4± 0.3 7.6± 0.8 p=0.818

LA: low altitude; HA: high altitude; M: male; F: female; TBW: total body water); ECW: extracellular 
water; ICW (intracellular water); FM: fat mass; FFM: fat free mass; FMI: fat mass index, FFMI: free fat 
mass index, BCM: body cellular mass; skeletal muscle mass (SM), skeletal muscle mass index (SMI). 

375
376
377

Page 17 of 29

© The Author(s) or their Institution(s)

Applied Physiology, Nutrition, and Metabolism



Draft

Nutrition and physiology at Capanna Margherita

378
379 Figure 3. Box (quartiles) and whiskers (min to max) plots of absolute liters of total body water 

380 (TBW), TBW/weight % and extracellular water (ECW)/TBW at low and high altitude, derived by 

381 Bioelectrical Impedance Analysis regression equations. Urinary and salivary osmolality are shown. 

382 ns: non-significant

383

384
385 Figure 4. Box (quartiles) and whiskers (min to max) plots of absolute Fat free mass (FFM) and % of 

386 Fat mass (FM)/weight data at low and high altitude, derived by Bioelectrical Impedance Analysis 

387 regression equations. 

388
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389
390 Figure 5. Sweat dynamics assessment of 2 female participants by wearable sensors in terms of 

391 response of water and saline signals, and sweat rate (U/min) and saline concentration. Mean water 

392 intake and % of meals and food water distribution.  Credits: "Biometrica" company for the original 

393 graphs of processed data (authors: MB, PLR, DS, RM, TB).

394

395 Fluid monitoring on two female participants revealed an increased sweat production followed by 

396 regular fluid and salts excretion, and a reduction in sweat rate was observed in both participants at 

397 higher altitude (Figure 5). The variability of saline concentration trend after ascent was noted. The 

398 fluid intake from liquid and solid sources and the distribution of water in meals obtained from the 

399 analysis of food diaries was also shown. The differences in the duration of time records were due to 

400 the challenging environmental conditions.

401

402 Hormonal salivary analysis - Leptin, ghrelin, Insulin-like Growth Factor-1

403

404 At high altitude salivary leptin increased (p=0.014, η2
p=0.510), with a greater, although non 

405 statistically significant, increase in males (time × sex, p=0.125, η2
p=0.241). Ghrelin decreased at high 

406 altitude (p=0.036, η2
p=0.403), similarly in both females and males were observed. No robust changes 

407 in IGF-1 were observed (p=0.198, η2
p=0.250) (Figure 6).
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408
409 Figure 6. Box (quartiles) and whiskers (min to max) plots of salivary hormones' data at low and 

410 high altitude in male and female participants.

411

412 Salivary pH remained similar when comparing low vs high altitude (p=0.709, η2
p=0.021). Salivary 

413 osmolality also did not change at high altitude (p=0.581, η2
p=0.046), although a slight tendency for a 

414 differential response in males could be observed (time × sex, p=0.171, η2
p=0.250). Data on urine 

415 samples confirmed no difference in biological fluid osmolality at high altitude (p=0.499, η2
p=0.052). 

416 Salivary and urinary osmolality results confirmed dehydration did not occur. Figure 7 shows the data 

417 distribution in male and female participants. 

418
419 Figure 7. Salivary and urinary pH and osmolality before and after the trekking assessed in male and 

420 female participants. 

421

422 Discussion

423

424 Mountaineering has become a popular exploration and sporting activity, with an increasing number 

425 of amateur mountaineers attempting ascents of the highest peaks. The degree and duration of altitude 

426 exposure have a strong influence on expeditions; thus, acclimatization is a current physiological 

427 challenge. Signals stimulating ventilation and sympathetic activation, as well as impairment of fuel 

428 substrate utilization occur during exposure to hypobaric hypoxia  (Kara et al., 2003). A metabolic 

429 shift seems to promote glycolysis and gluconeogenesis as an adaptive response to low oxygen 

430 availability, leading to increased lactate uptake and ATP wasting after glucose conversion, thus 
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431 resulting in inefficient energy production after prolonged exposure (Palmer & Clegg, 2014). The main 

432 driver of these adaptations at the molecular level is the Hypoxia-Inducible Factor (HIF) which 

433 transactivates genes thus triggering the adaptive response to limited oxygen availability. Specifically, 

434 the HIF acts at several levels, by 1) regulating key metabolic enzymes (pyruvate dehydrogenase 

435 kinase 1 (PDK1), lactate dehydrogenase A (LDHA), and glycogen phosphorylase L (PYGL)), and 2) 

436 playing a pivotal role in the hypothalamic nutrient and hormonal sensor function, regulating leptin 

437 gene expression and appetite (Gaspar & Velloso, 2018). The hypothalamic regulation of energy 

438 expenditure is a complex integrated process and the effect of hypoxia on leptin secretion is highly 

439 controversial (Sierra-Johnson et al., 2008). Leptin is an adipocyte secretory product, directly 

440 proportional to the amount of body fat (Perakakis et al., 2021), and possibly involved in triggering 

441 reduced appetite and food intake occurring at high altitudes. Previous studies showed leptin increase 

442 under acute exposure to hypoxia (24 h) independently of nutritional intake and induced higher leptin 

443 secretion after acclimatization to altitude independently from the body weight changes (Snyder et al., 

444 2008). Other studies reported decreased leptin levels regardless of weight changes (Lippl et al., 2010). 

445 In this study, analysis on salivary samples, a reliable alternative non-invasive tool for measuring 

446 blood biomarkers (Abdalla & Choo, 2018), confirmed a rise in leptin under acute high altitude 

447 hypoxia exposure. This increase was not due to a weight gain, as our participants lost significant 

448 amounts of weight. It was also unlikely to be due to physical exercise, as decreased or unchanged 

449 leptin concentrations have been reported in literature as affected by physical exercise (Azizi, 2012; 

450 Bouassida et al., 2006; Murawska-Ciałowicz et al., 2022). Indeed, the leptin gene contains HIF 

451 response elements providing a molecular mechanism for increased leptin gene expression under 

452 conditions of hypoxia (Rausch et al., 2018). Furthermore, anorectic effects and increasing 

453 thermogenesis and energy expenditure are provided by the HIF response elements located at POMC 

454 (proopiomelanocortin) gene (Gaspar & Velloso, 2018). In addition to leptin, the hypoxia-induced 

455 anorexia is possibly mediated by ghrelin, which has been observed to be reduced after 7 days of 

456 exposure at 4,300 m and 5,200 m (Benso et al., 2007; Shukla et al., 2005). Our results agree with this 

457 finding, confirming a reduction in salivary ghrelin after 4 days of high-altitude exposure. Based on 

458 other evidence reported in the literature, it is unlikely that physical activity during hypoxic exposure 

459 had an additive influence on hormonal markers of appetite (Debevec, 2017). Appetite dysregulation 

460 disrupts energy balance and may be a driver of body weight loss and related body composition 

461 changes observed during mountain travel. Our insights add to the body of knowledge about hormonal 

462 appetite regulation via ghrelin and leptin following altitude hypoxia exposure (Debevec, 2017).

463 A variety of studies have reported high-altitude-induced weight loss as a result of 1) negative energy 

464 balance (reduced energy intake and increased energy expenditure), 2) inadequate water intake with 
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465 exacerbated water losses (via expiration and skin perspiration), and 3) gastrointestinal distress and 

466 malabsorption (Dünnwald et al., 2019). Furthermore, due to expedition-related logistical challenges 

467 such as carried load and lack of palatable food, energy intake can be as low as 50–70% of the daily 

468 requirements; such a reduction does not correspond to either the increase in basal metabolic rate (10–

469 28% at 4000–6000 m) - secondary to the adaptation of breathing and thermoregulation - or the 

470 increase in energy expenditure (Viscor et al., 2023). High altitude sports require to produce effort in 

471 harsh environments and can be related to as high-volume training, whose intensity depends on the 

472 daily trek and the altitude (2–3/3–6 h per day performed 5–6 times per week). The caloric needs may 

473 range between 40–70 kcal/kg bw/day (2000–7000 kcal/day for a 50–100 kg athlete) (Kerksick et al., 

474 2018); carbohydrates requirement for athletes involved in high-volume training may approach 8–10 

475 g/kg bw/day (Kerksick et al., 2018), until 12 g/kg bw/day (Thomas et al., 2016). Optimal protein 

476 intake necessary to maintain muscle mass, supporting metabolic adaptation to training, repair and 

477 remodelling processes, and for protein turnover generally ranges from 1.2 to 2.0 g/kg/day up to 2 

478 g/kg bw/day (Thomas et al., 2016), to prevent loss of fat-free mass (FFM), also included in the ISSN 

479 guidelines which report a range of 1.7–2.2 g/kg bw/day (Kerksick et al., 2018). Regarding fat intake, 

480 it should be in line with public health guidelines (Kerksick et al., 2018; Thomas et al., 2016), up to 

481 50% of daily calories safely ingested by athletes during regular high-volume training (Kerksick et al., 

482 2018). Our results showed that the energy intake was adequate to training nutritional guidelines in 

483 both male and female participants (respectively, 3348 ± 386 kcal and 2804 ± 415 kcal), supporting 

484 the predicted TDEE. Furthermore, matched protein intake to the dietary guidelines was found in both 

485 sexes (respectively, 1.5 ± 0.1 g/bw/day and 1.8 ± 0.4 g/bw/day). Dietary macronutrient content is of 

486 particular importance for the maintenance of optimal body mass and composition. According to 

487 previous studies, the weight and body composition changes observed during expeditions are a mixture 

488 of water, fat and free fat mass losses (Wing-Gaia, 2014). In this context, the most affected is the FFM 

489 that represents even more than 60% of the weight lost, compromising the muscle performance and 

490 the adaptations to extreme environments (Wandrag et al., 2017). The weight loss observed in this 

491 study could not be attributed to a specific body compartment. In fact, differences in absolute body 

492 water were negligible and only minor changes in estimated mass were observed using BIA-specific 

493 equations. In fact, although a statistical trend in net fat mass and net fat-free mass loss was observed, 

494 the weight loss cannot be completely attributed to one compartment because: compartment-specific 

495 loss was not homogeneous among participants, and fat mass and lean mass obtained from BIA are 

496 based on estimates. However, the average estimated losses of fat-free mass (0.41 kg) and fat mass 

497 (0.46 kg) are not trivial for a 4-day expedition and deserves further study. Overall, the results suggest 

498 that participants may experience a reduction in fat mass and, to a lesser percent extent, lean mass 
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499 following a 4-day high-altitude trek. Previous research has found that muscle mass loss is related to 

500 low initial body fat percentages (Ocobock, 2017). In this study, both male and female participants 

501 had an initial body fat percentage in the good ranges (19.2± 1.1 and 23.7± 3.4), which may have a 

502 protective effect on lean body mass loss. Indeed, the minimum healthy required amount of fat is 

503 around 4–8% in males and 8–19% in females to meet physiological processes (Ocobock, 2017). It 

504 should be considered that fat and fat-free mass as estimated by BIA may result in changes when some 

505 assumptions are violated (hydration status, voided bladder, food intake, exercise). Although very 

506 small (Randhawa et al., 2021), these changes may have determined in our study, together with the 

507 inter-individual differences in the bodily response, the absence of notable changes in the different 

508 body compartments. Interestingly, looking at the PhA, which is independent of estimations unlike 

509 other BIA parameters, a value of 6.7 ± 0.4 degree in males and 5.7 ± 0.5 degree in females 

510 demonstrated a healthy quality of muscle mass; usually, PhA decreases when muscle atrophy occurs; 

511 PhA did not decrease at high altitude, thus suggesting the FFM loss did not occur in our study. 

512 Moreover, the PhA can be interpreted as an indicator of membrane integrity and intra- and 

513 extracellular water distribution (Marini et al., 2020). Further investigations on raw BIA parameters 

514 as indicators of mass changes at altitude should be considered. Carefully looking at estimated body 

515 water, differences were found in terms of % of TBW/Weight after the expedition, not confirmed in 

516 terms of absolute liters of water, and no significant differences in the water cellular distributions were 

517 observed. In our study, participants were informed about the risk of dehydration and consumed an 

518 amount of water adequate to the recommendation for a healthy population (SINU, 2014); however, 

519 water intake was below the specific recommendation for endurance training (Thomas et al., 2016). 

520 We hypothesize that the dehydration process was not pronounced as a result of short-term exposure, 

521 and unchanged salivary and urinary osmolality as hydration biomarkers supported these results. 

522 Hydrosaline dynamics were also observed through the wearable device SWEMAX. In the first place, 

523 the feasibility was successful in terms of comfort, anatomical location, and adhesion. The two case 

524 reports indicated a great and partially unexpected inter-individual difference, both in the absolute 

525 sweat rate and saline concentration, and in the longitudinal changes across two days of trekking. This 

526 opens new intriguing perspectives for monitoring expeditioners and athletes by means of wearable 

527 devices and detects early predictors, if any, of further health threats. Recommendations for sweat 

528 monitoring while doing physical activity and sports include controlling of background contamination, 

529 patch saturation and skin contamination (Seshadri et al., 2019). Longitudinal monitoring of 

530 participants’ sweating should be combined, whenever possible, with nutritional data, micturition 

531 analysis, and meteorological data, thus providing a comprehensive picture of integrated physiological 

532 systems and external factors. Sweat sensing prototypes are currently undergoing a transition to 
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533 smartphone-based data storage and real-time analysis, multiplexed biophysical and biochemical 

534 sensor arrays, engineered estimation techniques, and trace biomarker sensors (Saha et al., 2022). 

535 Furthermore, researchers and practitioners will benefit from developing algorithms to accurately 

536 estimate water and saline loss from raw electrical data collected during field studies, as well as 

537 validating sweat-borne biomarker levels and biophysical parameters with physiological state 

538 transition. 

539 Limitations

540 We cannot rule out the possibility that the diuresis caused by acetazolamide has biased the fluid 

541 balance results. Therefore, future studies evaluating body composition changes during high-altitude 

542 treks for may include a micturition diary to control for this variable. Considering the fact that we 

543 analysed data from 11 participants, of which only 3 who developed AMS at high altitude, we were 

544 unable to make robust statistical comparisons to evaluate the association of body water changes and 

545 AMS (Biollaz et al., 2021; Gatterer et al., 2013). Because the SWEMAX sensor has yet to be validated 

546 in comparison to a gold standard for sweating analysis during field studies, only speculations and 

547 perspectives could emerge from that study branch. Another limitation was the lack of a control group 

548 that performed the same physical activity and had the same food intake at low altitude, though such 

549 a design could produce different results depending on whether the external or internal load was 

550 mirrored. With the data from this study, it was not possible to precisely establish whether and to what 

551 extent food intake was reduced during the trek because of hormonal changes. Additionally, since a 

552 similar evaluation of participants' dietary habits during their regular life prior to the expedition was 

553 not conducted, it was not possible to determine any significant variations compared to their usual 

554 diet.

555 Conclusions

556 This is one of the few studies that investigated nutrition and body composition during a few days of 

557 trekking in high-altitude hypoxia. Our findings show that a 4-days trek in hypobaric hypoxia resulted 

558 in significant weight loss in both female and male participants that was not attributable to TBW 

559 losses; no changes in bioimpedance parameters were observed, but the trend in improvement of PhA 

560 can be interpreted as a surrogate for body composition changes at altitude. Despite increased leptin 

561 levels and decreased ghrelin levels, dietary intake was found to be within the target range for healthy 

562 people and sports activity; although speculatively, these hormones likely changed due to hypoxia. 

563 Furthermore, the water intake recommendation may have limited weight loss and dehydration, which 

564 are common at altitude. We demonstrated that changes in satiety / appetite hormones can occur at 

565 during a short-term (4 days) altitude expeditions; further studies may define whether these changes 

566 occur prior and independently to body mass changes.
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567 Feeding at high altitudes by following a pre-planned dietary plan based on recommendation for 

568 various sports or other physical activities may encourage body mass preservation, counteracting the 

569 possible detrimental effects of hypoxia. Finally, the two participants involved in the sweat study 

570 showed inter-individual differences in their sweating response. New analytical and instrumental tools 

571 that must be validated in field studies for continuous and thorough sweat assessments under 

572 physiologically relevant conditions could yield valuable insights into the physiological reactions of 

573 humans to both acute and long-term exposure to harsh environments.

574
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