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Abstract

Objective: This study aims to assess the accuracy and stability of smartwatches in predicting acute mountain sickness (AMS).

Methods: In locations exceeding an altitude of 2500 m, a cohort of 42 subjects had their Lake Louise AMS self-assessment
score, blood oxygen saturation (Sp0,), heart rate, and perfusion index measured using smartwatches, with the data seam-
lessly conveyed to the Huawei Cloud.

Results: A significant decrease in SpO, was observed in individuals positive for AMS compared to those negative (p<0.05),
with the mild AMS group exhibiting significantly lower Sp0, levels than the non-AMS group (p<0.05). Furthermore, Sp0,
emerged as a significant, independent predictor of AMS [5=-0.086, p<0.01, OR (95% Cl) =0.92 (0.87-0.97)], indicating that
each unit increase in Sp0, decreases the probability of AMS occurrence by 8.6%.

Conclusion: The Huawei smartwatches have demonstrated efficacy in diagnosing and foretelling AMS at elevations exceeding
4000 m, showcasing significant reliability and high precision in Sp0O, measurement.
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Introduction associated with acute mountain sickness (AMS), manifest-
ing within 6 to 12 h post-ascension to altitudes surpassing
the 2500 m threshold® Neglecting AMS or persisting in
the ascent may exacerbate the condition, risking progres-
sion to perilous complications such as high-altitude cerebral
edema and high-altitude pulmonary edema.

Previous studies have used physiological and psycho-
logical indicators, such as blood oxygen saturation
(Sp0O,), heart rate (HR) variability, and baseline anxiety,‘g_5

The growing popularity of high-altitude activities, such as
tourism, outdoor pursuits, and scientific endeavors, has
exposed more non-acclimatized individuals to the chal-
lenges of elevated environments. Concurrently, the matur-
ation of transportation infrastructure has dramatically
amplified the ease with which these regions are accessed,
culminating in a swift surge of individuals toward lofty
locales. However, this augmented accessibility has inad-
vertently exposed a larger contingent of non-acclimatized
individuals to the formidable challenges inherent at ele-  'Department of Physical Education, Chengdu Technological University, Yibin,
vated altitudes. The unique environmental conditions, typi- ZS;Chua”' China . S .

fied by attenuated atmospheric pressure and curtailed cho.ol of Physical Education, China University of Geosciences (Wuhan),
oxygen levels, mandate a cascade of physiological stress :::Zpi::;g suthor:

reactions that ]are imperative for acclimatization to such Lun Li, School of Phys.ical Education, China University of Geosciences
environments.” An abrupt ascent to high altitudes without  (wunan), 388 Lumo Road, Hongshan District, Wuhan, Hubei, 430074, China.
adequate acclimatization can trigger a medley of symptoms  Email: lilun@cug.edu.cn
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for diagnosing and predicting AMS. SpO, serves as a direct
reflection of blood oxygen concentration,® rendering the
fingertip pulse oximeter a relevant tool for assessing and
anticipating AMS. However, the efficacy of pulse oximeters
may be affected by factors such as fingertip temperature,
measurement duration, device functionality, and the sur-
rounding environment,” potentially diminishing their accur-
acy and impeding the precise diagnosis and prediction of
AMS.*® The escalating demand for real-time exercise
tracking, health monitoring, and disease prediction has bol-
stered the popularity of smartwatches equipped with mon-
itoring capabilities.'” Research has substantiated the
accuracy of smartwatches in gauging physiological indica-
tors such as SpO, and HR.'"'? Smartwatches offer a
broader applications scope compared to fingertip pulse oxi-
meters, being more convenient, less prone to interference,
and offering an integrated suite of functionalities, thereby
enhancing user-friendliness."® In scenarios where pulse
oximeters are unavailable, smartwatches can be effectively
employed to measure SpO, levels for diagnosing and pre-
dicting AMS."*

While the accuracy of smartwatches in measuring
physiological indicators has been extensively documen-
ted,'"'>!5 studies have predominantly examined devices
from well-known brands such as Apple, Samsung, and
Garmin,'"'*'® with limited attention given to other smart-
watch models. The application of smartwatch-based
physiological measurements has been utilized in disease
diagnosis and prediction,'>'” including the use of
maximum oxygen consumption (VO, max) and SpO, for
diagnosing and predicting AMS.">'®'?  Smartwatches
research has primarily focused on the accuracy of their
SpO, measurement capabilities, with fewer studies explor-
ing their correlation with AMS. While the SpO, measure-
ment features of Apple and Garmin watches have
received independent validation,lz’20 there remains a
paucity of literature on the Apple Watch’s measurement
precision in high-altitude environments, and the reliability
of Garmin watch measurements in such conditions
remains uncertain. A study by Lauterbach et al.*® utilized
the Garmin fénix® 5X Plus watch to measure SpO, and
HR in normobaric hypoxic conditions simulating a range
of altitudes (12,000, 10,000, 8000, 6000, and 900 feet).
When compared to a standard medical-grade pulse oxim-
eter, the results indicated that at a simulated altitude of
12,000 feet (3657.6 m), the Garmin watch’s SpO2 readings
had a mean difference of 3.3%, with a range of —1.9% to
8.6%. For other simulated altitudes, the discrepancies in
SpO, measurements were comparatively minor, ranging
from 0.7% to 0.8%. Another study conducted at an altitude
of 4559 m reported that the watch’s SpO, measurements
were less effective for diagnosing AMS, indicating its lim-
itations in monitoring and preventing the condition.'®
Given the limited research on smartwatches’ ability to
measure SpO, for AMS prediction and the uncertain

diagnostic precision and reliability of these devices at ele-
vated altitudes, further in-depth investigation is imperative.

The limitations of traditional measuring tools underscore
the need for efficient, portable, and precise AMS diagnosis
to facilitate appropriate adjustments in treatment plans or
travel itineraries. Smartwatches provide an innovative
avenue for diagnosing and predicting AMS, yet their prac-
tical performance and data collection in extreme environ-
ments are as of now restricted. Moreover, no studies to
date have demonstrated that SpO, measured by smart-
watches can effectively diagnose or predict AMS, mandat-
ing further comprehensive research. The aim of this study is
to monitor SpO,, HR, and perfusion index (PI) in real high-
altitude environments using smartwatches to diagnose and
predict AMS, thereby further investigating the accuracy
and reliability of smartwatches in such scenarios.

Materials and methods

Participants

This was an observational and non-interventional study
conducted in July 2022. The study enrolled a cohort of 42
volunteers, including 36 males and six females. The partici-
pants consisted of 32 members of the expedition team, four
local residents, five individuals who had recently moved to
Yanshiping Town, and a single passerby. The demographic
profile of the participants had an average age of 34.1 +13.4
years, height of 170.4 +7 cm, and weight of 63.9 +9.2 kg,
with 12 individuals having prior experience at altitudes
exceeding 5000 m. Prior to their departure, the team
members engaged in a 12-week physical training program
on campus, situated at an altitude of 23 m, with each
week comprising five sessions of 1.5 to 2 h duration. The
exclusion criteria were stringent, ruling out participants
with a history of high-altitude exposure at >2500 m
within the preceding 3 months, those afflicted with acute
or chronic physical or mental illness, individuals with
SpO, levels below 95% at sea level, and those with habits
of smoking or alcohol abuse, or any physical impediments
in their upper extremities that could affect the measure-
ments. Participants were thoroughly informed about the
study’s objectives, methodology, and potential risks to the
research personnel prior to their voluntary consent. They
were all required to read and sign an informed consent
form.

Research design

This study was conducted on the Tibetan Plateau, involving
two groups of participants who stayed at high altitudes for 7
and 8 days, respectively. Other participants were selected
through a random process. Given the varied demands of
the field tasks, the expeditionary force was divided into
two groups. A schematic representation of the daily
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itineraries and the corresponding altitudes for each group is
delineated (Figure 1).

Data aggregation commenced on the participants’ third
day of the plateau sojourn for both groups. The measure-
ments were conducted 30 min post-prandially, with a
daily frequency of one to three sessions, in tranquil and
serene settings. The absence of mobile network signals in
select regions of the Tibetan Plateau precluded the auto-
mated transmission of data to the cloud, necessitating
manual data recording in the interim. This data was subse-
quently uploaded to the cloud upon the re-establishment of
network connectivity. Regrettably, the second group’s
foray to more elevated altitudes on fieldwork days 7 to 8,
where a pervasive lack of network signal prevailed, pre-
cluded the execution of the requisite measurements.

Assessment of oxygen saturation, HR, and Pl

The study utilized a Huawei WATCH GT3 smartwatch
(Shenzhen, China), which employs Huawei’s TruSeen™
5.0+ technology for vital signs monitoring. The smartwatch
was securely positioned on the radial aspect of the right
wrist, ensuring intimate contact with the skin without inter-
ference from movement or attire. Data on oxygen saturation
(SpO,), HR, and PI were captured at one-second intervals,
stored on the smartwatch, and subsequently transmitted to a
mobile device via Bluetooth, culminating in the automatic
data upload to Huawei Cloud Space through the mobile
network. For the analysis, the mode value was selected as
the representative figure for each parameter. The PI is an
indicator of peripheral blood perfusion status, denoting

the ratio of arterial to venous blood flow. It serves as an
important diagnostic tool for assessing pulse oximeter per-
formance, evaluating circulatory system health, and detect-
ing peripheral vascular diseases and other circulatory
system disorders, making it significant for clinical monitor-
ing and diagnosis.?' Smartwatches equipped with photo-
plethysmography technology can measure the PI by
emitting light onto the skin and detecting the changes in
the reflected light with a sensor. The PI is calculated from
the ratio of the pulse wave’s peaks to valleys, providing
an assessment of blood perfusion in local tissues. This
feature assists in monitoring the wearer’s blood circulation
and overall health status.”

Acute mountain sickness (AMS)

The study utilized the revised 2018 Lake Louise AMS
Score (LLS) for AMS screening. An AMS diagnosis is con-
firmed by an LLS score >3, including at least one headache
score.” The LLS encompasses headache, nausea/vomiting,
fatigue, and dizziness/light-headedness, each scored from
0 to 3, indicating the absence of symptoms to their severity.
The LLS categorizes AMS into mild (3-5 points), moderate
(6-9 points), and severe (10—12 points) based on the total
score. Integrated within the smartwatch, the LLS facilitates
the subsequent measurement of SpO,, HR, and PL In
instances where no communication signal is available
during LLS assessment, verbal interviews are employed
for data collection. The study focused on high-altitude
regions, defined as areas >2500 m, thus excluding measure-
ments in lower-altitude zones.
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Figure 1. Elevation gain profile.
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Statistical analysis

The statistical analysis was conducted utilizing G*Power
3.1 software, with a post hoc power analysis applied to
the mean for a single independent variable to ascertain
the effect size. Given an effect size of f=0.25, a set signifi-
cance level of a=0.05, and 162 data points arrayed across
three groups, the resultant statistical power was determined
to be 0.81, affirming that the study’s sample size was
adequate for robust analysis.

Participants were categorized into AMS positive (AMS
+) and AMS negative (AMS—) groups based on their
LLS scores. Descriptive statistics were used to analyze
the demographic information and the varying AMS inci-
dence rates at disparate altitudes within these groups. HR
was identified to be normally distributed, while SpO, and
PI, despite not displaying normal distribution, were consid-
ered acceptably approximated to normalcy with absolute
skewness and kurtosis values falling below the thresholds
of 3 and 10, respectively (Table 1).* Comparative analyses
between AMS+ and AMS— groups for SpO,, HR, and PI
were executed using independent samples #-tests, and
Welch’s analysis of variance (ANOVA) was selected to

Table 1. Descriptive statistics of K-S test.

Sp0, 162 79.7+7.6 —0.86 1.45 0.11*
HR 94.1+13 —0.11 —0.45 0.05
Pl 5.7+3.4 0.71 0.06 0.1*

K-S: Kolmogorov-Smirnov; SD: standard deviation; Sp0,: blood oxygen
saturation; HR: heart rate; Pl: perfusion index.
*p<0.05.

contrast these variables across varying degrees of AMS
severity. Binary logistic regression analysis was further
engaged to assess the independent predictive capacity of
SpO,, HR, and PI for AMS. The statistical computations
and graphical illustrations were accomplished using SPSS
26.0 (IBM, Chicago, IL, USA) and GraphPad Prism 8
(Dotmatics, Boston, MA, USA), with statistical signifi-
cance being denoted by a p-value <0.05.

Results

The assessment was confined to evaluating the LLS, SpO,,
HR, and PI within the elevated regions above 2500 m, as
the AMS observations were exclusively made at these alti-
tudes. The average duration for each individual’s measure-
ment session was 76.39 +12.54 s. Figure 2 depicts the
AMS incidence rates among the two groups across
various altitudes. The first group recorded a peak AMS
occurrence of 38.9% (n=18) on the fourth day at 4721
m, comprising four participants with mild symptoms and
three participants with moderate to severe symptoms. A
decline in AMS incidence was then noted on the fifth
day, followed by a resurgence to 33.3% (n=27) on the
sixth day, affecting eight individuals with mild symptoms
and one individual with moderate to severe symptoms. A
progressive decline in AMS incidence was observed as
the expedition continued. In contrast, the second group
experienced a rapid altitude gain leading to an AMS inci-
dence of 60% (n=5) on the third day at 5200 m, though
no participants were diagnosed with AMS on that particular
day. The incidence rates then rose to 20% (n=25) on the
fifth day and 33.3% (n=21) on the sixth day, with all
instances being mild.

Figure 3 illustrates the variations in physiological para-
meters across the two groups at different altitudes. Within
the range of 2670 and 4721 m, the first group demonstrated
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Figure 3. Changes in physiological indices at different altitudes (mean + SD).

a significant divergence in SpO; levels [84.9 (8.5) vs. 77.6
(7.6), p <0.05]. Similarly, the second group also presented a
marked variation in SpO, from 4721 to 5300 m [85.4 (3.5)
vs. 74.5 (9.7), p<0.05]. For the first group, HR at 2670 m
was significantly distinct from those recorded at the higher
altitudes on the fourth and fifth days, peaking at 4721 m [3
vs. 4: 83.2 (13.8) vs. 97.2 (14.7), 3 vs. 5: 83.2 (13.8) vs.
95.8 (14.6), all p<0.05]. Overall, an increase in altitude
was accompanied by a significant decline in SpO, levels
and a concurrent, significant upsurge in HR.

Table 2 delineates the physiological variable differences
between AMS+ and AMS— cohorts. T-tests conducted to
evaluate SpO,, HR, and PI among these groups revealed
a pronounced difference in SpO, levels, with the AMS—
group registering significantly higher levels than the AMS
+ group (p <0.01). While HR and PI levels were relatively
elevated in the AMS+ group, the difference between the
two groups was not statistically significant.

Table 3 illustrates the physiological variable differences
among different severity levels of AMS. Given the hetero-
geneity of variance for SpO,, Welch’s ANOVA was
employed, followed by post hoc pairwise comparisons
using the Games—Howell test to address heteroscedasti-
city.** This analysis indicates a notable variation in SpO,
across the different severity strata of AMS (p<0.05), in
contrast to HR and PI, which showed no significant differ-
ences. Specifically, significant differences in SpO2 were
observed between individuals exhibiting mild AMS symp-
toms and those who were asymptomatic.

Table 2. Physiological differences between AMS+ and AMS—
participants.

Sp0, AMS+ 37 75.8 £9.0. 3.7 0.00**
AMS— 125 80.8+6.8

HR AMS+ 37 97.7+£13.5 =19 0.06
AMS— 125 93.1+12.7

Pl AMS+ 37 6.2+3.6 —0.9 0.72
AMS— 125 5.6 +0.3

AMS+: acute mountain sickness positive; AMS—: acute mountain sickness
negative; SD: standard deviation; Sp0,: blood oxygen saturation; HR: heart
rate; Pl: perfusion index.

*%<0.01.

After conducting a binary logistic regression analysis
with SpO,, HR, and PI as independent variables, and the
AMS status (positive or negative) as the dependent vari-
ables, the model proved to be robust (y?=16.05, p=
0.001 <0.01), with an acceptable fit (y>=13.73, p=0.09
>0.05). SpO2 was identified as a significant predictor of
AMS (f=-0.086, OR=0.92, 95% CI: 0.87-0.97, p=
0.001 <0.01). This correlation suggests that an increase in




DIGITAL HEALTH

Table 3. Physiological differences across AMS severity levels.

Sp0, No 125 1 12.2 0.02*
Mild 31 —3.5*% 1
Moderate 6 —13.3 -9.9 1
HR No 125 1 12.3 0.06
Mild 31 6.4 1
Moderate 6 —4.7 —11.1 1
PI No 125 1 12.6 0.72
Mild 31 —0.6 1
Moderate 6 0.1 —0.5 1
AMS: acute mountain sickness; Sp0O,: blood oxygen saturation; HR: heart rate; Pl: perfusion index.
*p<0.05.
. OR(95%CI) P
Sp0,{ +—e— : 0.92(0.87~0.97)  0.001
HR- —— 1.03(1.00~1.06)  0.086
Pl- b 1.05(0.94~1.17)  0.391
i 1 1
0.8 1.0 1.2 1.4
OR

Figure &. Predictors of acute mountain sickness (AMS) from binary logistic regression.

SpO2 by one unit reduces the risk of AMS by 9%, under-
scoring its role as a protective factor (Figure 4).

Discussion

A key finding of our study is the capability of HUAWEI
smartwatch-derived SpO, measurements to precisely diag-
nose and predict the onset of AMS. Notably, a stark contrast
in SpO; readings was observed between individuals in the
AMS+ and AMS— cohorts, along with disparities across
varying degrees of AMS severity. Moreover, SpO,
emerged as a reliable prognostic indicator for AMS, with
a significant predictive correlation.

The onset and severity of AMS are subject to a multitude
of determinants, such as the rate of ascent, the peak altitude
attained, the duration of residency at high altitude, the mag-
nitude of physical exertion, and the inherent physiological
predisposition of individuals.>> The abrupt transition from
lower to higher terrains subjects the body to acute
hypoxia, precipitating a reduction in plasma volume, a
surge in hematocrit, and an increase in blood viscosity, all
of which culminate in an attenuated oxygen transport cap-
acity of the blood.”® Consequently, the surveillance of
SpO, provides critical insights into the hemoglobin’s
oxygen-transporting efficacy within the body, enabling
the diagnosis of AMS and the assessment of its severity.?’
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Additionally, exposure to high altitude triggers alterations
in cardiovascular dynamics, characterized by an initial
increase in cardiac output and the onset of physiological
symptoms such as tachycardia. Despite cardiac output nor-
malizing following a brief acclimatization period, the HR
tends to persist in its elevated state.® The advancement in
wearable technology has led to the proliferation of smart-
watches that offer an array of monitoring capabilities.
These devices, by capturing data on altitude, HR, SpO,,
and physical activity, offer substantial insights for diagnos-
ing and predicting AMS.

Pulse oximeters, as ubiquitous noninvasive tools, provide
real-time measurements of a patient’s SpO,. Nevertheless,
their accuracy can be compromised by several factors.
Cold temperatures, for instance, induce vasoconstriction—
a natural response to minimize heat loss—that reduces
blood flow to the extremities, thus impacting the precision
of pulse oximeter measurements. Furthermore, reduced per-
fusion at the measurement site not only skews the oximeter’s
output but may also slow the device’s response, leading to
lagging results.”® Such effects are exacerbated at high alti-
tudes, where the already hypoxic conditions are compounded
by the cold-induced reduction in peripheral blood flow.
Despite studies reporting the use of smartwatches for SpO,
measurement, the focus has predominantly been on their
accuracy,'**° with limited research exploring their correl-
ation with AMS. The scope of current smartwatch studies
is somewhat narrow, with a dearth of investigation into a
broader range of devices. To date, only Apple and Garmin
smartwatches have received independent validation for
SpO, measurement.’® However, the Apple Watch’s per-
formance at elevated altitudes remains undocumented.
Garmin watches, while effective in most settings,”® have
sparked some debate. In a rapid ascent scenario from 1130
to 4559 m, they overestimated SpO, by 7% relative to arterial
blood gas analysis.'® In a simulated high-altitude study
ranging from 3000 to 5000 m, significant discrepancies
were noted, with error rates surpassing 50% between alti-
tudes of 3000 to 4800 m and exceeding 80% at higher alti-
tudes.'” Such overestimation of SpO, could potentially
mislead individuals venturing into high-altitude areas. In
research employing maximum oxygen consumption as an
indicator for predicting AMS, smartwatch-based measure-
ments have typically deviated from those of cardiopulmon-
ary exercise tests by an average of 6%."> These findings
suggest that, despite the promising capability of smart-
watches to measure SpO,, further confirmation and refine-
ment of their accuracy and reliability at high-altitude
environments are essential.

The frigid climate and fickle weather of high-altitude
regions may markedly affect data acquisition and integ-
rity.?! Smartwatches necessitate optimal temperature and
humidity conditions for accurate functioning, and extreme
environments might result in unreliable readings and fluctu-
ating precision.”? Consequently, our study mandated that

all measurements be taken in indoor settings, such as
hotels or tents. Although the Huawei Watch is theoretically
designed for SpO, monitoring between 2500 and 4500 m,
our findings indicate its efficacy surpassing this range.
Our results are consistent with pulse oximeter data,
showing clear distinctions in SpO, levels between AMS+
and AMS— subjects.?” It should be highlighted that this
study set specific criteria for device fit, positioning, and
timing of measurements. While smartwatches offer valu-
able insights into personal physiological metrics, they are
not a substitute for medical diagnosis and should be supple-
mented with professional AMS diagnostic instruments for
precise assessment.

Limitations

The study, undertaken at elevated altitudes, encountered par-
ticipant recruitment challenges due to the distinctive environ-
mental context, leading to a modest sample size, with a
notable underrepresentation of female participants.
Moreover, the reliance on optical sensor technology in wear-
able devices to ascertain SpO, readings could encounter
interference from ambient light and participant movements,
risking potential bias in data collection. Considering the
physiological variance among individuals, it is advisable to
integrate SpO, measurements with LLS, taking into
account individual physiological differences for AMS diag-
nosis. Furthermore, this research utilized a single smartwatch
model for data gathering without cross-referencing its
measurements against medical-grade pulse oximeters.
Comparisons between smartwatches and medical-grade
level portable oximeters should be made at different altitudes
in the future. The infrequency of mild and moderate AMS
cases might restrict the definitiveness of our findings, impact-
ing a thorough evaluation of the smartwatch measurement
precision. Consequently, future research should expand the
participant pool and incorporate various smartwatch
models for validation to bolster the study’s reliability and
applicability.

Conclusion

The conclusions drawn from our study suggest that employ-
ing smartwatches for SpO, measurement in altitudes
exceeding 4000 m demonstrates commendable reliability
and notable accuracy in the diagnosis and anticipation of
AMS. However, further research is needed to validate the
performance of smartwatches across a broader range of
high-altitude environments and in comparison, with
medical-grade pulse oximeters.

Acknowledgments: The authors would like to express their

sincere gratitude to all the participants involved in this study.

Contributorship: ZZ conceptualized the study, collected the
original data, and drafted the initial manuscript. LL, LH, and




DIGITAL HEALTH

KW organized and analyzed the data. LL secured funding,
reviewed, and revised the manuscript. All authors read and
approved the final manuscript.

Declaration of conflicting interests: The authors declared no
potential conflicts of interest with respect to the research,
authorship, and/or publication of this article.

Ethics approval: This study was approved by the Academic
Integrity and Research Ethics Committee of China University of
Geosciences (Wuhan, China) and registered with the Chinese
Clinical Trial Registry (registration number: ChiCTR2400088099).

Funding: The authors disclosed receipt of the following financial
support for the research, authorship, and/or publication of this
article: This study was supported by the Open Fund of Hubei
Research Center for Leisure and Sports Development (grant
number 2023B010), the China University of Geosciences
(Wuhan) (grant numbers 2023016 and 2023FZB0S5), and the
Talent Development Professional Committee of the China
Society for Educational Development Strategies (grant number
RCZWH20230028).

Guarantor: LL

ORCID iD: Zhengyang Zeng
5625

https:/orcid.org/0000-0001-5684-

References

1. West JB. High altitude medicine and biology in Peru. High Alt
Med Biol 2010; 11: 173.

2. Roach RC, Hackett PH, Oelz O, et al. The 2018 Lake Louise
acute mountain sickness score. High Alt Med Biol 2018; 19:
4-6.

3. Roach RC, Greene ER, Schoene RB, et al. Arterial oxygen
saturation for prediction of acute mountain sickness. Aviat
Space Environ Med 1998; 69: 1182—1185.

4. Karinen HM, Uusitalo A, Vaha-Ypya H, et al. Heart rate vari-
ability changes at 2400 m altitude predicts acute mountain
sickness on further ascent at 30004300 m altitudes. Front
Physiol 2012; 3: 336.

5. Talks BJ, Campbell C, Larcombe SJ, et al. Baseline psy-
chological traits contribute to Lake Louise acute mountain
sickness score at high altitude. High Alt Med Biol 2022;23:
69-77.

6. Karinen HM, Peltonen JE, Kahonen M, et al. Prediction of
acute mountain sickness by monitoring arterial oxygen satur-
ation during ascent. High Alt Med Biol 2010; 11: 325-332.

7. Windsor JS and Rodway GW. Con: pulse oximetry is useful
in predicting acute mountain sickness. High Alt Med Biol
2014; 15: 442-443.

8. Wagner DR, Knott JR and Fry JP. Oximetry fails to predict
acute mountain sickness or summit success during a rapid
ascent to 5640 meters. Wilderness Environ Med 2012; 23:
114-121.

9. Chen H-C, Lin W-L, Wu J-Y, et al. Change in oxygen satur-
ation does not predict acute mountain sickness on Jade
Mountain. Wilderness Environ Med 2012; 23: 122-127.

10.

11.

14.

15.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

. Pipek LZ, Nascimento RFV, Acencio MMP,

Khan Y, Ostfeld AE, Lochner CM, et al. Monitoring of vital
signs with flexible and wearable medical devices. Adv Mater
2016; 28: 4373-4395.

Spaccarotella C, Polimeni A, Mancuso C, et al. Assessment of
non-invasive measurements of oxygen saturation and heart
rate with an Apple smartwatch: Comparison with a standard
pulse oximeter. J Clin Med 2022; 11: 1467.

. Rafl J, Bachman TE, Rafl-Huttova V, et al. Commercial

smartwatch with pulse oximeter detects short-time hypoxemia
as well as standard medical-grade device: Validation study.
Digital Health 2022; 8: 20552076221132127.

. Jat AS and Grgnli T-M. Smart watch for smart health monitor-

ing: A literature review. In: International work conference on
bioinformatics and biomedical engineering. Cham: Springer,
2022, pp.256-268.

Walzel S, Mikus R, Rafl-Huttova V, et al. Evaluation of
leading smartwatches for the detection of hypoxemia:
Comparison to reference oximeter. Sensors 2023; 23: 9164.

Ye X, Sun M, Yu S, et al. Smartwatch-based maximum
oxygen consumption measurement for predicting acute moun-
tain sickness: Diagnostic accuracy evaluation study. JMIR
Mhealth Uhealth 2023; 11: e43340.

et al
Comparison of SpO, and heart rate values on Apple Watch
and conventional commercial oximeters devices in patients
with lung disease. Sci Rep 2021; 11: 18901.

Strik M, Ploux S, Ramirez FD, et al. Smartwatch-based detec-
tion of cardiac arrhythmias: Beyond the differentiation
between sinus rhythm and atrial fibrillation. Heart Rhythm
2021; 18: 1524-1532.

Schiefer LM, Treff G, Treff F, et al. Validity of peripheral
oxygen saturation measurements with the Garmin Fenix®
5X plus wearable device at 4559 m. Sensors 2021; 21: 6363.

. Hermand E, Coll C, Richalet J-P, et al. Accuracy and reliabil-

ity of pulse O2 saturation measured by a wrist-worn oximeter.
Int J Sports Med 2021; 42: 1268-1273.

Lauterbach CJ, Romano PA, Greisler LA, et al. Accuracy and
reliability of commercial wrist-worn pulse oximeter during
normobaric hypoxia exposure under resting conditions. Res
Q Exerc Sport 2021; 92: 549-558.

Hua W, Niu C, Xuan Y, et al. Peripheral perfusion index in well
newborns at 6 to 72 h of life at different altitudes: A multi-
center study in China. Eur J Pediatr 2023; 182: 907-915.
Rodriguez-Labra JI, Kosik C, Maddipatla D, et al
Development of a PPG sensor array as a wearable device
for monitoring cardiovascular metrics. [EEE Sensors J
2021; 21: 26320-26327.

Kline RB. Principles and practice of structural equation mod-
eling. New York: Guilford Publications; 2023.

McDonald JH. Handbook of biological statistics. Maryland:
Sparky House Publishing, 2014.

Imray C, Wright A, Subudhi A, et al. Acute mountain sick-
ness: Pathophysiology, prevention, and treatment. Prog
Cardiovasc Dis 2010; 52: 467—484.

Naeije R. Physiological adaptation of the cardiovascular system
to high altitude. Prog Cardiovasc Dis 2010; 52: 456-466.
Lun L, Fan D and Yong T. Relationship among oxygen satur-
ation, heart rate, and acute mountain sickness in mountaineer-
ing at very high altitudes for five days. Medicina Dello Sport
2020; 73: 373-382.



https://orcid.org/0000-0001-5684-5625
https://orcid.org/0000-0001-5684-5625
https://orcid.org/0000-0001-5684-5625

Zeng et al.

28. Tremper KK. Pulse oximetry. Chest 1989; 95: 713-715.

29. Hahnen C, Freeman CG, Haldar N, et al. Accuracy of vital signs
measurements by a smartwatch and a portable health device:
Validation study. JMIR Mhealth Uhealth 2020; 8: e16811.

30. Zhang Z and Khatami R. Can we trust the oxygen saturation
measured by consumer smartwatches? Lancet Respir Med
2022; 10: e47—48.

31.

32.

Emmanuel-Avifia G, Divis K and Abbott RG. Physiological
state in extreme environments. Pervasive Mob Comput
2018; 50: 137-147.

Chen Z, Gu Q, Wang G, et al. Application and research of
smart wearable devices for heart and brain diseases related
to high altitude. Sheng Wu Yi Xue Gong Cheng Xue Za Zhi
=J Biomed Eng 2022; 39: 426-432.




	 Introduction
	 Materials and methods
	 Participants
	 Research design
	 Assessment of oxygen saturation, HR, and PI
	 Acute mountain sickness (AMS)
	 Statistical analysis

	 Results
	 Discussion
	 Limitations

	 Conclusion
	 Acknowledgments
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


