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Abstract

Female physiological responses to hypoxia remain underexplored, despite growing

participation in mountaineering expeditions. Pulmonary interstitial oedema described

during acute hypobaric hypoxia can be exacerbated by prolonged physical exercise.

It is unclear whether these factors alter the mechanical properties of the respiratory

system. We tested the hypothesis that prolonged exercise at terrestrial high altitude

would result in interstitial oedema, quantified as B-lines by lung ultrasound, decreased

respiratory reactance (Xrs) and lower respiratory resistance (Rrs), probably owing to

reduced air density. Seven women, participating in the 2024 K2 female expedition,

underwent respiratory oscillometry at Skardu (2228m), Goro II (4319m) and K2 Base

Camp (5100 m) at 6 h post-arrival (K2BC1), after 24 h (K2BC2) and post-descent

from camp I–II (K2BCPC; 6060 and 6654 m). The B-lines and systolic pulmonary

artery pressure were assessed at Skardu, K2BC2 and K2BCPC. The inspiratory

component of Xrs became more negative with increasing altitude (e.g., Skardu vs.

K2BC1, −1.42 ± 0.25 vs. −1.62 ± 0.27 cmH2O⋅s/L; P = 0.003), indicating reduced lung

compliance. Both B-lines (1.0 ± 1.4 vs. 11.9 ± 9.3; P = 0.039) and systolic pulmonary

artery pressure (21.9 ± 6.7 vs. 33.0 ± 2.7 mmHg; P < 0.001) increased significantly

from Skardu to K2BCPC. The inspiratory component of Rrs decreased from Skardu

to K2BC2 (2.88 ± 0.69 vs. 2.34 ± 0.82 cmH2O⋅s/L; P = 0.003). In women, prolonged

exercise at high altitude promotes the development of interstitial oedema (shown

by the increase in B-lines), which is accompanied by a reduction in inspiratory Xrs,

indicative of increased lung stiffness.
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1 INTRODUCTION

At high altitude, reduced oxygen availability triggers protective

responses among unacclimatized lowlanders, including increased

ventilation, heart rate (HR) and cardiac output, in addition to

pulmonary vasoconstriction to maintain adequate oxygen delivery

and tissue perfusion (Mallet et al., 2023). A rise in pulmonary artery

pressure has also been observed during exposure to hypobaric hypoxia

(Bouzat et al., 2013;Maggiorini et al., 2001; Pratali et al., 2010).

Accumulating evidence suggests that hypoxia can lead to the

development of subclinical pulmonary interstitial oedema (IO),

probably attributable to enhanced endothelial permeability and

impaired extravascular fluid clearance, with a potential contribution

of increased capillary pressure (Bouzat et al., 2013; Cremona et al.,

2002; Miserocchi, 2025; Pratali et al., 2010). The accumulation of

extravascular fluid in the lungs is reflected by an increase in lung

ultrasound B-lines (Bouzat et al., 2013; Pratali et al., 2010; Strapazzon

et al., 2015) and can impair lungmechanics (Cogo &Miserocchi, 2011).

Another factor that can promote IO formation even at sea level is

intense or prolonged physical exercise (Miserocchi & Beretta, 2023),

potentially further affecting lungmechanics.

Regarding the effects of high altitude on lung compliance, some

investigations have reported a reduction in respiratory reactance

(Xrs) measured at 5 Hz, and in static and dynamic lung compliances

after 2 days at 4559 m (Pellegrino et al., 2010). Conversely, other

studies observed no significant changes in lung compliance (Dehnert

et al., 2010), with a decrease only in lung elastic recoil at 3457 m

(Gautier et al., 1982). Overall, and based on the reported studies,

the results remain mixed, probably reflecting differences in altitude,

acclimatization status, exercise intensity andmeasurement techniques

used.

Furthermore, the lower temperature and humidity of mountain

climates cause hyperventilation of cold and dry air, particularly during

exercise, which can trigger airway inflammation, epithelial injury, air-

way hyper-responsiveness and asthma attacks (Cogo, 2011; Hanstock

et al., 2020). Although cold, dry air and increased ventilatory drive tend

to raise airway resistance (Rrs), reduced air density at high altitude

exerts an opposite effect, lowering Rrs and facilitating airflow (Cogo

et al., 1997; Gautier et al., 1982).

Although an increasing number of women reach high altitude for

leisure, sport, professional tasks and participation in expeditions,

they continue to be underrepresented in research exploring adaptive

responses to hypoxia (Horakova et al., 2023). However, anatomical

and physiological differences between the sexes make the results

obtained in men not directly applicable to women (Burtscher et al.,

2024; Raberin et al., 2024). Investigations on IO at high altitude

have also predominantly involved male participants; only one study

provided evidence for an effect of biological sex on extravascular fluid

accumulation (Strapazzon et al., 2015). Nevertheless, the study did not

simultaneously assess lung mechanics. As a result, it remains unclear

whether the development of IO is accompanied by impairments in

lung mechanics among women. Experimental work lends support

to this hypothesis. Findings from a rat model indicate that Xrs,

measured by respiratory oscillometry, decreases in the presence of

experimentally induced IO by intravenous saline infusion, suggesting

that its monitoring could serve as a potential early marker for

development of pulmonary oedema in clinical practice (Dellacà et al.,

2008). To the best of our knowledge, no studies have explored the

combined effect of high and very high altitude and prolonged physical

exercise on pulmonary mechanics, using respiratory oscillometry,

togetherwith lung ultrasoundB-line scores, inwomen on theway up to

an 8000 m peak. The appearance of portable respiratory oscillometry

devices, together with the possibility of performing lung ultrasound

using hand-held echography systems, provides a reliable approach

to address this gap (Kaminsky et al., 2022; Picano & Pellikka, 2016;

Veneroni et al., 2024;Wooten et al., 2019).

The aim of this investigation was to assess the impact of

participating in an expedition to K2 on lung mechanics in women,

using a within-subject study design. We hypothesized that prolonged

exposure to hypoxia and the exercise carried out during ascent

could lead to the development of IO, with consequent alterations of

respiratorymechanics.

2 MATERIALS AND METHODS

2.1 Participants

Eight female climbers (four Italians and four Pakistani) participating

in the K2-70 women expedition during the summer of 2024 were

enrolled in this study. In the group, three Italians and two Pakistani

were mountain guides, and the other climbers either lived at ∼2200 m

or were frequently exposed to very high altitudes. Inclusion criteria

required participants to be≥18 years old and in good health.

Antropometric characteristics were as follows: age range, 18–52

years; average height, 162±7 cm; bodymass, 57±4 kg; and bodymass

index, 21.7± 2.6 kg/m2.

Ethical approval was obtained from the Ethics Committee for

Clinical Trials of the Autonomous Province of Bolzano no. 5–2024.

All participants provided written informed consent prior to their

voluntary involvement. The study was conducted in accordance with

the latest guidelines of theDeclaration of Helsinki.
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2.2 Study design

The ascent profile is detailed in Figure 1. In June 2024, the climbers

reached Skardu (2228 m, Pakistan) by aeroplane and car, and they

underwent pulmonary and cardiovascular assessments at rest. Then,

climbers travelled (for 8 h) by jeep to Askole (2980m) and, after a 5 day

trek, reached Goro II (4319 m; total positive elevation gain 1339 m,

mean positive elevation gain/day 267.8 m), where lung mechanics and

other resting parameters [i.e., HR and peripheral oxygen saturation

(SpO2
)] were assessed ∼6 h after the arrival of the group (average

duration of the last day trek, 4 h 52 min ± 57 min). This standardized

time windowwas chosen to minimize acute confounding effects of the

trek and initial hypobaric hypoxic exposure, aligning with international

recommendations (Roach et al., 2018).

K2 Base Camp (K2BC 5100 m) was reached after a total of 7 days

of trekking. At this location, measurements were conducted ∼6 h after

the arrival of the group, following a final day of trekking that lasted an

average of 5 h 30min± 30min (K2BC1).

Measurements were repeated after an overnight stay at the same

altitude (K2BC2) and post-descent from higher camps (K2BCPC):

camp I (6060 m) and camp II (6654 m) for all climbers except one, who

reached the advanced base camp (5300 m) and returned to K2BC on

the same day without an overnight stay. For this reason, this climber

was excluded from the analyses, and results are based on data from

n= 7 climbers.

On average, participants ascended to camps I and II 7 ± 1 days

after K2BC1. The mean duration of exercise was 8 h 50 min ± 2 h

15 min during the ascent to higher camps and 4 h 50 min ± 1 h 50 min

for the descent to K2BC. Measurements at K2BCPC were performed

8± 1 days after K2BC1.

Ambient temperature in Skardu was 16◦C, at Goro II 0◦C, and at

K2BC it varied from−1◦C to−4◦C.
Data are reported according to the STAR protocol (Brodmann

Maeder et al., 2018), which outlines a set of key parameters essential

Highlights

∙ What is the central question of this study?

Many climbers can develop subclinical pulmonary

interstitial oedema at high altitude. However,

the effect of interstitial oedema on respiratory

mechanics is little studied and has never been

studied in women. Female physiological responses

to hypoxia continue to be underexplored.

∙ What is themain finding and its importance?

In an all-female expedition to K2, we found that

prolonged exercise at terrestrial high altitude

decreased respiratory reactance and increased

systolic pulmonary artery pressure and lung

ultrasound B-lines, reflecting formation of inter-

stitial oedema, which made the lung parenchyma

stiffer. These results help us to understand better

the pulmonary responses to severe hypoxia and

exercise in women.

for research in high-altitude medicine (i.e., study setting, individual

factors and high-altitude illnesses).

2.3 Respiratory oscillometry

Lung mechanics were assessed using respiratory oscillometry. By

applying small-amplitude pressure oscillations at the mouth, this

technique measures Rrs, which reflects the resistive properties of

F IGURE 1 Graphical representation of the ascent profile from Skardu to K2 base camp. Abbreviations: K2BC1 and K2BC2 represent the first
and second day at K2 base camp, respectively; K2BCPC indicates measurements performed at base camp post-descent from camp I and II. Red
text denotes locations where physiological assessments were conducted.
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the respiratory system, and Xrs, indicative of the elastic and inertial

characteristics of the airways (Veneroni et al., 2024). Measurements

were conducted in triplicate at rest during quiet breathing, at 5 Hz,

using a portable device (FIRST, RESTECH Italy), in accordance with

international standards (King et al., 2020). The device was calibrated

and accuracy verified on each measurement day using a mechanical

test object provided with the device to ensure quality of the results.

Additional tidal breathing parameters analysed included the within-

breath inspiratory (R5insp and X5insp) and expiratory (R5exp and X5exp)

components of Rrs and Xrs. Z-scores were computed according to

Oostveen et al. (2013). The difference between mean inspiratory and

expiratory Xrs (ΔX5) was also calculated. The same device was used to

collect the following breathing pattern parameters: respiratory duty

cycle (Tinsp/Ttot), respiratory rate, tidal volume, ventilation and mean

inspiratory and expiratory flows. For all oscillometric acquisitions, the

climbers were seated with the chin slightly elevated, wearing a nose

clip, and their cheeks were supported by the same investigator (G.T.)

to minimize upper airway shunt compliance. These procedures were

applied in the same way at all stations. Assessments were performed

inside a dedicated tent to ensure that atmospheric conditions did

not affect the acquisitions. Each acquisition (including three repeated

trials) required∼7min.

Measurements were performed at Skardu, Goro II, K2BC1, K2BC2

and K2BCPC.

2.4 Acute mountain sickness score

Acute mountain sickness (AMS) was assessed, after at least 6 h at the

same altitude, at Skardu, Goro II, K2BC1, K2BC2 and K2BCPC using

the Lake Louise AMS score (LLS) (Roach et al., 2018). A total score

of at least three in the presence of headache together with at least

one other symptom, i.e., gastrointestinal, fatigue and/or weakness and

dizziness/light-headedness, was considered diagnostic for AMS. The

prevalence of AMSwas calculated as the proportion of individualswith

AMS to the total number of subjects exposed to very high altitude and

expressed as a percentage.

2.5 Lung ultrasound B-lines

B-Lines reflect the development of IO, which might result from

increased capillary permeability and increased intravascular hydro-

static pressure (Bouhemad et al., 2015). The presence of B-lines was

assessed on lung ultrasound at Skardu, K2BC2 and K2BCPC using

a portable echography machine (Vivid I, General Electric Healthcare

Clinical System)with a linear probe (10MHz). TheB-lineswere defined

asdiscrete, vertical hyperechoic reverberationartefacts going fromthe

pleural line to the bottom of the screen and moving simultaneously

with lung sliding, as previously suggested (Volpicelli et al., 2012).

Lung ultrasound was performed as previously described on the

anterior, lateral and posterior hemithorax, on both the right and left

sides, relying on a previously validated score (Gargani et al., 2020). A

score of (i) zero was attributed when fewer than three separated B-

lines were observed, (ii) one when at least three B-lines or coalescent

B-lines occupying ≤50% of the screen without a clearly irregular

pleural line were detected, (iii) two when coalescent B-lines occupied

>50%of the screenwithout a clearly irregular pleural line and (iv) three

reflecting large consolidations (≥1 cm). The final score was obtained

by summing the scores of each of the 16 areas. Climbers were supine

during the anterolateral scanning and sitting during the posterior

scanning.

Measurements were performed at Skardu, K2BC2 and K2BCPC.

2.6 Transthoracic echocardiography

Echocardiography was performed using a portable echography

system (Vivid I, General Electric Healthcare Clinical System) with

a cardiac probe (3.5 MHz) and systolic pulmonary artery pressure

(PAPs) was assessed from the maximum velocity of tricuspid

regurgitation, according to the most recent American and European

Recommendations and Guidelines (Lang et al., 2015; Rudski et al.,

2010). The measurements were carried out at Skardu, K2BC2 and

K2BCPC.

Examinationswere performed in a dedicatedmedical tent to ensure

that atmospheric conditions did not influence the acquisitions. The

important feature of lung ultrasound is that it can be performed in any

setting and in a wide range of environmental conditions using even

small portable echocardiographs (Otto et al., 2009; Pratali et al., 2010).

2.7 Resting measurements

Brachial systolic blood pressure (SBP) and diastolic blood pressure

(DBP) were measured in a seated position at Skardu, K2BC2 and

K2BCPC using an automated device (OMRON-705IT; Omron, Kyoto,

Japan).HRand finger SpO2
were recordedwith a pulse oximet (Ohmeda

TuffSat; GE Healthcare, Helsinki, Finland) after warming the fingers

identically at all locations (i.e., Skardu, Goro II, K2BC1, K2BC2 and

K2BCPC).

All the reported values represent the average of three consecutive

measurements taken≥2min apart.

2.8 Statistical analysis

Post hoc comparisons with Bonferroni correction were used to explore

specific differences between altitude levels when a significant effect

(P < 0.05) was detected using repeated-measures ANOVA. When

residuals were not normally distributed, the Friedman test was used

instead, followed byConover’s post hoc testwith Bonferroni correction

when a significant effect was detected. Because one participant

stopped at the advanced base camp, these analyseswere performedon

data from seven climbers. After verifying the assumptions of normality,

linearity and homoscedasticity of residuals, a simple linear regression
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TABLE 1 Lungmechanics and ventilatory parameters at different altitude levels.

Parameter Skardu Goro II K2BC1 K2BC2 K2BCPC P-value

R5insp, cmH2O⋅s/L 2.88± 0.69 2.53± 0.60 2.56± 0.68 2.34± 0.82** 2.25± 0.54***† 0.003

R5exp, cmH2O⋅s/L 3.33± 1.11 2.97± 0.74 3.17± 0.97 2.79± 0.90** 2.85± 1.14* 0.012

R5tot, cmH2O⋅s/L 3.16± 0.95 2.81± 0.68 2.93± 0.84 2.62± 0.85* 2.61± 0.89* 0.012

R5tot, z-score 0.417± 1.120 0.400± 0.962 0.156± 1.110 −0.296± 1.280 −0.314± 1.270* 0.014

X5insp, cmH2O⋅s/L −1.42± 0.25 −1.60± 0.27** −1.62± 0.27** −1.56± 0.22 −1.49± 0.24 0.008

X5exp, cmH2O⋅s/L −1.01± 0.23 −1.11± 0.19 −1.23± 0.32 −1.13± 0.15 −1.03± 0.24 0.105

X5tot, cmH2O⋅s/L −1.17± 0.23 −1.30± 0.22 −1.39± 0.29* −1.29± 0.18 −1.21± 0.23 0.040

X5insp, z-score −0.949± 0.548 −1.380± 0.540*** −1.410± 0.627** −1.300± 0.537 −1.140± 0.463 <0.001

X5tot, z-score −0.379± 0.598 −0.701± 0.499 −0.900± 0.744* −0.704± 0.485 −0.503± 0.554 0.039

ΔX5, cmH2O⋅s/L −0.404± 0.126 −0.493± 0.136 −0.386± 0.131 −0.437± 0.101 −0.462± 0.141 0.216

Tinsp/Ttot 0.374± 0.029 0.384± 0.031 0.402± 0.032 0.384± 0.036 0.391± 0.025 0.070

Respiratory rate,

breaths/min

14.1± 4.6 15.5± 4.8 16.2± 3.9 16.0± 4.2 17.2± 3.7* 0.030

Tidal volume, L 0.73± 0.52 0.82± 0.51* 0.89± 0.61** 0.95± 0.66*** 0.83± 0.54** 0.001

Ventilation, L/min 8.8± 2.3 11.1± 2.8 12.8± 4.3*** 13.2± 3.6*** 12.9± 4.0*** 0.001

Mean inspiratory flow,

L/s

0.39± 0.10 0.49± 0.15 0.54± 0.21** 0.58± 0.18*** 0.54± 0.18* 0.003

Mean expiratory flow,

L/s

−0.24± 0.06 −0.30± 0.06 −0.36± 0.10***# −0.36± 0.09***# −0.35± 0.11***# <0.001

Note: Values are the mean ± SD. The z-scores were computed from Oostveen et al. (2013). n = 7. Abbreviations: K2BC1 and K2BC2, the first and second

day at K2 base camp, respectively; K2BCPC, post-descent from camp I and II to base camp; R5, respiratory resistance at 5 Hz; R5exp, within-breath

expiratory component of respiratory resistance at 5Hz;R5insp,within-breath inspiratory component of respiratory resistance at 5Hz;Tinsp/Ttot, ratio between
inspiratory time and total breath duration; X5, respiratory reactance at 5 Hz; X5exp, within-breath expiratory component of respiratory reactance at 5 Hz;

X5insp, within-breath inspiratory component of respiratory reactance at 5;ΔX5, the difference betweenmean inspiratory and expiratory reactance at 5 Hz.

Statistical significance from pairwise comparisons with Bonferroni correction is displayed in bold for clarity and indicated as follows: *P < 0.05, **P < 0.01

and ***P < 0.001, representing significant differences from Skardu; #P < 0.05, representing significant differences from Goro II; and †P < 0.05, representing

significant differences fromK2BC1.

was used to evaluate the relationship between X5insp and ultrasound

B-lines.

Furthermore, to determine whether there was a statistically

significant difference in AMS prevalence across multiple altitude

locations, Cochran’s Q test was applied to data from the same seven

subjects. Spearman’s correlationswereused toassess the relationships

between ΔX5, B-lines, PAPs, LLS and SpO2
. The significance level for all

tests was set at P < 0.05. All statistical analyses were performed in R

(v.4.4.2). Data are presented as the mean ± SD. Qualitative variables

are reported as n (%).

3 RESULTS

3.1 Respiratory oscillometry

Respiratory oscillometry was feasible in all subjects (feasibility 100%).

Respiratory resistance (R5) and reactance (X5), their within-breath

inspiratory and expiratory components and percentage predicted

values, measured at different altitudes, are displayed in Table 1.

Post hoc within-subject Bonferroni-corrected pairwise comparisons

revealed a significant decrease in R5insp from Skardu to K2BC2

(P = 0.003) and K2BCPC (P < 0.001). R5exp also showed a significant

reduction from Skardu to K2BC2 (P= 0.008) and K2BCPC (P= 0.023).

As a result, R5tot was significantly higher at Skardu than at K2BC2

and K2BCPC (P = 0.014 for both time points), indicating reduced

respiratory resistance with increasing altitude. Significant reductions

were also observed in X5insp from Skardu to Goro II (P = 0.006)

and K2BC1 (P = 0.003), indicating that peripheral lung tissue had

reduced compliance or was compressed at altitude. This decline in

the inspiratory component of the reactance contributed to an overall

decrease in X5tot fromSkardu toK2BC1 (P=0.018), whereas X5exp did

not differ significantly across conditions.

3.2 Ventilation and breathing pattern

Ventilation rose significantly from Skardu to K2BC1 (P < 0.001),

mainly due to a significantly greater tidal volume (P = 0.002), whereas

respiratory rate did not reach statistical significance (P = 0.064).

Expiratory time was longer at Skardu (3.05 ± 1.23 s) compared with

K2BC1 (2.41 ± 0.81 s; P = 0.016), K2BC2 (2.55 ± 0.95 s; P = 0.043)

and K2BCPC (2.25 ± 0.61 s; P = 0.009), whereas the duration of the

inspiratory phase did not exhibit significant changes (P = 0.126). Both
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TABLE 2 Lung ultrasound B-lines and peripheral oxygen saturation at different altitudes levels.

Parameter Skardu Goro II K2BC1 K2BC2 K2BCPC P-value

B-lines 1.0± 1.4 – – 7.9± 4.9* 11.9± 9.3* 0.013

Peripheral oxygen

saturation, %

95.0± 1.2 89.0± 3.3** 84.4± 4.3**## 85.9± 3.13***# 85.3± 3.5***# <0.001

Note: Values are themean± SD. Cells with dashes indicate that the respective measurements were not conducted at those time points. n= 7. Abbreviations:

K2BC1 and K2BC2, the first and second day at K2 base camp, respectively; K2BCPC, post-descent from camp I and II to base camp.

Statistical significance frompairwise comparisonswith Bonferroni correction is displayed in bold for clarity and indicated as follows: *P< 0.05, **P< 0.01 and

***P< 0.001, representing significant differences from Skardu; and #P< 0.05 and ##P< 0.01, representing significant differences fromGoro II.

F IGURE 2 Simple linear regression between B-lines and
inspiratory reactance (X5insp) at K2 base camp on day 2 (K2BC2). Each
dot represents a participant. The continuous line indicates the
best-fitting regression line, and the shaded area represents the 95%
confidence interval. n= 7.

the mean inspiratory and expiratory flows significantly increased with

altitude (e.g., maximal inspiratory flow at Skardu vs. K2BC1; P= 0.003;

other values are shown in Table 1).

3.3 Ultrasound B-lines and peripheral oxygen
saturation

The B-line scores showed a marked and progressive increase from

Skardu to K2BC2 (P = 0.039) and K2BCPC (P = 0.039), suggesting a

progressive accumulation of extravascular fluid in the lungs, consistent

withmild but evolving IO (Table 2).

The SpO2
decreased significantly from Skardu to K2BC1 (P= 0.002),

K2BC2 (P< 0.001) and K2BCPC (P< 0.001).

Linear regression analysis showed that B-line scores were

significantly associated with more negative X5insp at K2BC2

(β = −0.034; P = 0.046; R2 = 0.58; Figure 2), indicating a moderately

strong relationship between IO and lung compliance.

3.4 Haemodynamics

The PAPs was significantly higher at K2BC2 (P = 0.033) and K2BCPC

(P< 0.001) than at Skardu (Table 3).

As expected, HR rose from Skardu to Goro II (P = 0.003), K2BC1

(P < 0.001) and K2BC2 (P = 0.005). Both DBP (P = 0.004) and SBP

(P = 0.002) exhibited a significant increase from Skardu to K2BC2, as

indicated in Table 3.

3.5 Relationship between B-lines, ΔX5 and PAPs

At K2BC2, a significant negative correlation was observed between B-

line scores and theΔX5 (ρ=−0.847; P= 0.016; Figure 3a). A significant

positive correlation was found between changes in B-lines and in PAPs

from Skardu to K2BCPC (ρ = 0.847; P = 0.016; Figure 3b). These

associations suggest that greater extravascular fluid accumulation in

the lungs was linked to both a lowerΔX5 and larger increases in PAPs.

3.6 Lake Louise score

Up to K2BC, LLS was less than three in all climbers, whereas at

K2BCPC 57% of them developed symptoms of AMS, resulting in a

significant difference inAMSprevalence across timepoints (P=0.003).

Spearman’s correlations revealed a significant positive relationship

between theΔX5 at K2BC1 and LLS at K2BCPC (ρ= 0.891; P= 0.007).

As expected, at K2BCPC, lower SpO2
values were strongly associated

with higher LLS (ρ=−0.955; P< 0.001).

4 DISCUSSION

The main new finding of this study is that, during ascent to very high

altitude, X5insp became more negative in female climbers, indicating

reduced lung compliance, while lung ultrasound B lines, reflecting

the development of IO, and PAPs increased. Moreover, respiratory

oscillometry has been shown to be time efficient and feasible, even in

extreme environments beyond traditional indoor clinical or laboratory

settings.
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TABLE 3 Echocardiographic and haemodynamic measurements at different altitude levels.

Parameter Skardu Goro II K2BC1 K2BC2 K2BCPC P-value

PAPs, mmHg 21.9± 6.7 – – 29.4± 5.2* 33.0± 2.7*** 0.007

Peripheral oxygen

saturation, %

95.0± 1.2 89.0± 3.3** 84.4± 4.3**## 85.9± 3.13***# 85.3± 3.5***# <0.001

Heart rate, beats/min 63.4± 9.0 84.4± 10.5** 85.0± 10.6*** 83.4± 10.1** 85.9± 16.4 <0.001

Systolic blood pressure,

mmHg

107± 6 – – 123± 7** 118± 9 0.001

Diastolic blood

pressure, mmHg

66.1± 6.7 – – 80.3± 5.6** 79.6± 8.6* <0.001

Note: Values are themean± SD. Cells with dashes indicate that the respective measurements were not conducted at those time points. n= 7. Abbreviations:

K2BC1 andK2BC2, the first and second day at K2 base camp, respectively; K2BCPC, post-descent from camp I and II to base camp; PAPs, systolic pulmonary

artery pressure.

Statistical significance frompairwise comparisonswith Bonferroni correction is displayed in bold for clarity and indicated as follows: *P< 0.05, **P< 0.01 and

***P< 0.001, representing significant differences from Skardu; and #P< 0.05 and ##P< 0.01, representing significant differences fromGoro II.

F IGURE 3 Relationship between B-line scores and theΔX5 at K2 base camp on day 2 (K2BC2) (a) and between changes in B-line scores and
systolic pulmonary artery pressure (PAPs) from Skardu to post-descent from higher camps (K2BCPC) (b). n= 7.

Multiple studies have suggested that most climbers might

develop subclinical IO (Bouzat et al., 2013; Cogo & Miserocchi,

2011; Cremona et al., 2002; Pratali et al., 2010; Strapazzon et al.,

2015) during an ascent and a sojourn at high altitude, as indicated

both indirectly, through respiratory function tests, and directly,

through imaging. To our knowledge, this is the first study to analyse

respiratory mechanics, lung ultrasound data and PAPs simultaneously,

evaluated by echocardiography in an all-female expedition

to K2.

The first to report alterations in respiratory mechanics at altitude

were Jaeger et al. (1979). In a cohort of male soldiers, they observed

a significant decrease in transthoracic electrical impedance from low

to high altitude and a subsequent increase in closing capacity. These

findings were consistent with immediate changes in thoracic intra-

vascular fluid volume and a gradual rise in extravascular fluid volume

in the peribronchial spaces. However, no corresponding evidence of

pulmonary oedema was detected on chest radiographs, suggesting

that the latter method was not the most sensitive to detect IO. More

recently, lung ultrasound has been shown to be more sensitive in non-

invasive detection of an early accumulation of extravascular fluid in the

lungs (Wooten et al., 2019).

In line with previous findings, our results support the hypothesis

that ascent to and permanence at very high altitude induce an increase

in PAPs and IO formation (Bouzat et al., 2013; Pratali et al., 2010). The

increase in B-line scores measured by lung ultrasound, accompanied

by significant reversible alterations in Xrs, supports the hypothesis of

peripheral airway impairments and increased parenchymal stiffness.

In our study, within-breath analyses revealed that the decrease

was significant for X5insp, but not for X5exp, suggesting involvement

of the pulmonary interstitium and decreased compliance, probably

attributable to the development of IO. Notably, previous investigations

have observed that a distinguishable characteristic of interstitial lung

disease patients is that X5insp is more reduced than X5exp, likely

because the peripheral lung tissue has decreased lung compliance or

is compressed (Sugiyama et al., 2013). Therefore, monitoring within-

breath inspiratory and expiratory components of Xrs might potentially

serve as a specific indicator of developing IO, although confirmation in

larger studies is warranted.
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Regarding AMS, no symptoms were reported during the initial

ascent to base camp. However, following an acclimatization climb to

camp I (6060 m) and II (6654 m), more than half of the climbers

(57%) developed symptoms. Notably, ΔX5 measured upon arrival at

K2BC was strongly correlated with the severity of subsequent AMS

symptoms. Although these observations will need to be corroborated

by larger studies, they might suggest a possible role of oscillometry

in the early detection of a subsequent development of altitude

sickness.

Both mean inspiratory and expiratory flows increased at very high

altitudes, probably owing to the lower air density, which reduced air-

wayRrs, facilitating airflow inandoutof the lungs.Moreover, changes in

breathing patterns at altitude, particularly the increase in tidal volume

observed during hypobaric hypoxia, might also have contributed to

the enhanced inspiratory and expiratory flows. Gautier et al. (1982)

postulated that the reduction in Rrs observed at altitude might also

reflect the occurrence of bronchodilatation, mediated by heightened

β2-adrenergic activity secondary to higher catecholamine levels.

The physiological parameters and estimated pulmonary pressure

were in line with previously reported responses to high altitude

(Baggish et al., 2014;Mallet et al., 2023): SpO2
progressively decreased,

whereas HR, DBP, SBP and PAPs significantly increased.

4.1 Methodological considerations

The strengthof this study lies in itswithin-subject design in ecologically

valid, terrestrial high-altitude conditions, combining respiratory

oscillometry, lung ultrasound and echocardiographic PAPs estimates in

an exclusively female cohort, filling amajor gap in sex-specific research

on pulmonary response to very high altitude.

However, some limitations must be acknowledged. Firstly, the

sample size is small, due to the unique nature of an expedition-

based study and inclusion of only female mountaineers. Secondly,

the findings are specific to climbers. It is possible that different

changes might be observed in individuals who are less acclimatized

to high altitude or live permanently at sea level. Furthermore, in

line with the main aim of the present study, exploring physiological

and lung mechanical responses to an expedition to K2, baseline

assessments were performed in Skardu, where the team of climbers

met 2 days before the beginning of the trekking. Finally, ovarian

hormone concentrations were not measured owing to logistical

constraints. Nonetheless, growing evidence suggests that any physio-

logical differences between menstrual cycle phases, if present, are

minimal or negligible (D’Souza et al., 2023; Tagliapietra et al., 2024).

5 CONCLUSION

The growing involvement of women in high-altitude activities calls

for a more comprehensive understanding of their acclimatization

processes for developing tailored strategies to optimize their health

and performance in extreme conditions. To the best of our knowledge,

this is the first study to investigate the effects of very high altitude and

prolonged exercise on the complex and dynamic relationship between

cardiovascular changes and lungmechanics in an all-female expedition.

This result was also possible thanks to a recently developed portable

device that can be carried easily in a backpack when trekking and

allows rapid on-site measurements.

At terrestrial very high altitude, the reduced air density decreased

respiratory airway Rrs. Furthermore, the stress imposed by hypo-

baric hypoxia and prolonged exercise decreased lung compliance

and increased B-line scores, reflecting the development of IO,

and increased PAPs. These findings support the use of respiratory

oscillometry as a simple, reliable, non-invasive technique for the

assessment of lung mechanics in the field at terrestrial very high

altitude.

Nevertheless, further research is warranted to substantiate our

findingswith a larger sample size andexplorewhetherdifferentphysio-

logical responses exist betweenwomen andmen and between subjects

with different levels of training and acclimatization or subjects of

different ethnicities (i.e., Italian and Pakistani women).
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J., Kriemler, S., & Keyes, L. E. (2023). Women’s health at high altitude:

An introduction to a 7-part series by the International Climbing and

Mountaineering FederationMedical Commission. High Altitude Medicine
& Biology, 24(4), 243–246.

Jaeger, J. J., Sylvester, J. T., Cymerman, A., Berberich, J. J., Denniston, J.

C., & Maher, J. T. (1979). Evidence for increased intrathoracic fluid

volume in man at high altitude. Journal of Applied Physiology, 47(4),
670–676.

Kaminsky, D. A., Simpson, S. J., Berger, K. I., Calverley, P., de Melo, P. L.,

Dandurand, R., Dellacà, R. L., Farah, C. S., Farré, R., Hall, G. L., Ioan, I., Irvin,

C. G., Kaczka, D. W., King, G. G., Kurosawa, H., Lombardi, E., Maksym, G.

N., Marchal, F., Oostveen, E., . . . Thamrin, C. (2022). Clinical significance

and applications of oscillometry. European Respiratory Review, 31(163),
210208.

King, G. G., Bates, J., Berger, K. I., Calverley, P., de Melo, P. L., Dellacà, R. L.,

Farré, R., Hall, G. L., Ioan, I., Irvin, C. G., Kaczka, D. W., Kaminsky, D. A.,

Kurosawa, H., Lombardi, E., Maksym, G. N., Marchal, F., Oppenheimer,

B. W., Simpson, S. J., Thamrin, C., . . . Oostveen, E. (2020). Technical

standards for respiratory oscillometry. European Respiratory Journal,
55(2), 1900753.

Lang, R. M., Badano, L. P., Mor-Avi, V., Afilalo, J., Armstrong, A., Ernande, L.,

Flachskampf, F. A., Foster, E., Goldstein, S. A., Kuznetsova, T., Lancellotti,

P., Muraru, D., Picard, M. H., Rietzschel, E. R., Rudski, L., Spencer,

K. T., Tsang, W., & Voigt, J.-U. (2015). Recommendations for cardiac

chamber quantification by echocardiography in Adults: An update

from the American Society of Echocardiography and the European

Association of Cardiovascular Imaging. Journal of the American Society of
Echocardiography, 28(1), 1–39. e14.

Maggiorini, M., Mélot, C., Pierre, S., Pfeiffer, F., Greve, I., Sartori, C., Lepori,

M., Hauser,M., Scherrer, U., &Naeije, R. (2001). High-altitude pulmonary

edema is initially caused by an increase in capillary pressure. Circulation,
103(16), 2078–2083.

Mallet, R. T., Burtscher, J., Pialoux, V., Pasha, Q., Ahmad, Y., Millet, G.

P., & Burtscher, M. (2023). Molecular mechanisms of high-altitude

acclimatization. International Journal of Molecular Sciences, 24(2),
1698.

Miserocchi, G. (2025). Physiopathology of high-altitude pulmonary edema.

High AltitudeMedicine & Biology, 26(1), 1–12.
Miserocchi, G., & Beretta, E. (2023). A century of exercise physiology: Lung

fluid balance during and following exercise. European Journal of Applied
Physiology, 123(1), 1–24.

Oostveen, E., Boda, K., Grinten, C. P. M., van der, James, A. L., Young, S.,

Nieland, H., & Hantos, Z. (2013). Respiratory impedance in healthy sub-

jects: Baseline values and bronchodilator response. European Respiratory
Journal, 42(6), 1513–1523.

Otto,C.,Hamilton,D.R., Levine, B.D.,Hare,C., Sargsyan,A. E., Altshuler, P., &

Dulchavsky, S. A. (2009). Into thin air: ExtremeultrasoundonMtEverest.

Wilderness & Environmental Medicine, 20(3), 283–289.
Pellegrino, R., Pompilio, P., Quaranta, M., Aliverti, A., Kayser, B., Miserocchi,

G., Fasano, V., Cogo, A., Milanese, M., Cornara, G., Brusasco, V., &

Dellacà, R. (2010). Airway responses to methacholine and exercise at

high altitude in healthy lowlanders. Journal of Applied Physiology, 108(2),
256–265.

Picano, E., & Pellikka, P. A. (2016). Ultrasound of extravascular lungwater: A

new standard for pulmonary congestion. European Heart Journal, 37(27),
2097–2104.

Pratali, L., Cavana, M., Sicari, R., & Picano, E. (2010). Frequent sub-

clinical high-altitude pulmonary edema detected by chest sonography as

ultrasound lung comets in recreational climbers. Critical Care Medicine,
38(9), 1818–1823.

Raberin, A., Burtscher, J., Citherlet, T., Manferdelli, G., Krumm, B.,

Bourdillon, N., Antero, J., Rasica, L., Malatesta, D., Brocherie, F.,

Burtscher, M., & Millet, G. P. (2024). Women at altitude: Sex-related

physiological responses to exercise in hypoxia. Sports Medicine Auckland
Nz, 54(2), 271–287.

Roach, R. C., Hackett, P. H., Oelz, O., Bärtsch, P., Luks, A. M., MacInnis, M. J.,

Baillie, J. K., &TheLakeLouiseAMSScoreConsensusCommittee. (2018).

The 2018 lake Louise acute mountain sickness score. High Altitude
Medicine & Biology, 19(1), 4–6.

 1469445x, 2026, 4, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/E

P093452 by C
ochraneItalia, W

iley O
nline L

ibrary on [01/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/978-1-4614-8772-2


TAGLIAPIETRA ET AL. 2333

Rudski, L. G., Lai, W. W., Afilalo, J., Hua, L., Handschumacher, M. D.,

Chandrasekaran, K., Solomon, S. D., Louie, E. K., & Schiller, N. B. (2010).

Guidelines for the echocardiographic assessment of the right heart in

adults: A report from the American Society of Echocardiography: End-

orsed by the European Association of Echocardiography, a registered

branch of the European Society of Cardiology, and the Canadian Society

of Echocardiography. Journal of the American Society of Echocardiography,
23, 685–713.

Strapazzon,G., Vezzaro, R., Hofer, G., Dal Cappello, T., Procter, E., Balkenhol,

K., Platzgummer, S., & Brugger, H. (2015). Factors associated with B-

lines after exposure to hypobaric hypoxia. European Heart Journal -
Cardiovascular Imaging, 16(11), 1241–1246.

Sugiyama, A., Hattori, N., Haruta, Y., Nakamura, I., Nakagawa,M.,Miyamoto,

S., Onari, Y., Iwamoto, H., Ishikawa, N., Fujitaka, K., Murai, H., & Kohno,

N. (2013). Characteristics of inspiratory and expiratory reactance in

interstitial lung disease. Respiratory Medicine, 107(6), 875–882.
Tagliapietra, G., Citherlet, T., Raberin, A., Bourdillon, N., Krumm, B., Narang,

B. J., Giardini, G., Pialoux, V., Debevec, T., & Millet, G. P. (2024). Effect of

menstrual cycle phase on physiological responses in healthy women at

rest and during submaximal exercise at high altitude. Scientific Reports,
14(1), 27793.

Veneroni, C., Valach,C.,Wouters, E. F.M.,Gobbi, A.,Dellacà, R. L., Breyer,M.-

K., Hartl, S., Sunanta, O., Irvin, C. G., Schiffers, C., Pompilio, P. P., & Breyer-

Kohansal, R. (2024). Diagnostic potential of oscillometry: A population-

basedapproach.American Journal of Respiratory andCritical CareMedicine,
209(4), 444–453.

Volpicelli, G., Elbarbary, M., Blaivas, M., Lichtenstein, D. A., Mathis, G.,

Kirkpatrick, A. W., Melniker, L., Gargani, L., Noble, V. E., Via, G., Dean,

A., Tsung, J. W., Soldati, G., Copetti, R., Bouhemad, B., Reissig, A.,

Agricola, E., Rouby, J. J., Arbelot, C., . . . International Liaison Committee

on Lung Ultrasound (ILC-LUS) for International Consensus Conference

on Lung Ultrasound (ICC-LUS). (2012). International evidence-based

recommendations for point-of-care lung ultrasound. Intensive Care
Medicine, 38(4), 577–591.

Wooten, W. M., Shaffer, L. E. T., & Hamilton, L. A. (2019). Bedside

ultrasound versus chest radiography for detection of pulmonary edema:

A prospective cohort study. Journal of ultrasound in medicine : official
journal of the American Institute of Ultrasound inMedicine, 38, 967–973.

How to cite this article: Tagliapietra, G., Pompilio, P. P.,

Veneroni, C., Bizzotto, D., Dellacà, R., Strapazzon, G., Vinetti,

G., Pratali, L., Cogo, A., & the K2-70Operation Study Group.

(2026). Breathtaking heights: Lungmechanics and pulmonary

extravascular fluid accumulation in female climbers during the

K2 expedition. Experimental Physiology, 111, 2324–2333.

https://doi.org/10.1113/EP093452

 1469445x, 2026, 4, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/E

P093452 by C
ochraneItalia, W

iley O
nline L

ibrary on [01/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1113/EP093452

	Breathtaking heights: Lung mechanics and pulmonary extravascular fluid accumulation in female climbers during the K2 expedition
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Participants
	2.2 | Study design
	2.3 | Respiratory oscillometry
	2.4 | Acute mountain sickness score
	2.5 | Lung ultrasound B-lines
	2.6 | Transthoracic echocardiography
	2.7 | Resting measurements
	2.8 | Statistical analysis

	3 | RESULTS
	3.1 | Respiratory oscillometry
	3.2 | Ventilation and breathing pattern
	3.3 | Ultrasound B-lines and peripheral oxygen saturation
	3.4 | Haemodynamics
	3.5 | Relationship between B-lines, X5 and PAPs
	3.6 | Lake Louise score

	4 | DISCUSSION
	4.1 | Methodological considerations

	5 | CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES


