| original Article

Emergency and Critical Care Medicine

TcPO, changes are more pronounced than SpO,
changes during simulated altitude changes in a
hypobaric oxygen chamber: a nonrandomized

controlled trial

Yang Li?, Liang Chen®, Ziyu Fu®, Zhiwei Wang?, Shijun Sun®, Xiaorong Luan®*, Dedong Ma®*, Tianliang Hu'

Abstract

LY and CL contributed equally to this article.

The datasets generated during and/or analyzed during the current study are
available from the corresponding author on reasonable request.

4 School of Nursing and Rehabilitation, Shandong University, Jinan,
Shandong, China, ® Department of Emergency and Critical Care Mediicine,
Qilu Hospital of Shandong University, Jinan, Shandong, China, ¢ Department
of Pulmonary and Critical Care Medicine, Qilu Hospital of Shandong University,
Jinan, Shandong, China, ¢ Emergency Management Center of State Grid
Shandong Electric Power Company, Jinan, Shandong, China, ¢ School of
Nursing and Rehabilitation, Cheeloo College of Medicine, University of
Shandong, Department of Infection Control, Qilu Hospital of Shandong
University, Jinan, Shandong, China, " School of Mechanical Engineering,
Shandong University, Key Laboratory of the Ministry of Education for

Efficient and Clean Machinery Manufacturing, National Experimental Teaching
Demonstration Center for Mechanical Engineering, Jinan, Shandong, China.

* Corresponding authors. Address: School of Nursing and Rehabilitation,
Cheeloo College of Medicine, University of Shandong, Department of
Infection Control, Qilu Hospital of Shandong University, 107 Wenhua Xi
Road, Jinan, Shandong, 250012 China. E-mail address: 199162000814@
sdu.edu.cn (X. Luan); Address: Department of Pulmonary and Critical Care
Medicine, Qilu Hospital of Shandong University, 107 Wenhua Xi Road, Jinan,
Shandong, 250012 China. E-mail address: ma@qiluhuxi.com (D. Ma).

Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc.

This is an open-access article distributed under the terms of the Creative
Commons Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-
NC-ND), where it is permissible to download and share the work provided it is
properly cited. The work cannot be changed in any way or used commercially
without permission from the journal.

Emergency and Critical Care Medicine (2024) 4:3
Received: 15 October 2023; Accepted: 11 March 2024
Published online: 6 June 2024
http://dx.doi.org/10.1097/EC9.0000000000000122

Background: Hypoxia is a significant risk factor of hypertension. However, no studies have used transcutaneous tissue partial pressure
of oxygen (TcPO,) and partial pressure of carbon dioxide (TcPCO,) monitors to measure the respective partial pressures in healthy indi-
viduals. Oxygen saturation (SpO,) is often used for traditional monitoring of vital signs. This study investigated the changes in TcPO,
and SpO, values during rapid changes in altitude. The trial was registered at ClinicalTrials.gov (registration no. NCTO6076057).
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Methods: Healthy adult volunteers were instructed to sit vertically in a hypobaric oxygen chamber, which ascended from 0 m to 2500 m at a uniform
speed within 10 min. The Danish Radiometer TCM4 was used to measure TcPO, and TcPCO, with the ventral side of the upper amm as the measure-
ment site. The Shenzhen Kerokan POD-1 W pulse oximeter was used to measure heart rate and SpO,, with values recorded once every 500 m.

Results: Altogether, 49 healthy volunteers were recruited between March 2023 and August 2023. With increasing altitude, TcPO, and SpO,
decreased significantly (P < 0.01). During the ascent from O m, TcPO, began to change statistically at 500 m (P < 0.05), whereas SpO, began
to change statistically at 1000 m (P < 0.05). At the same altitude, the difference in TcPO, was greater than the difference in SpO,. At 1000 m,
there were statistically significant changes in TcPO, and SpO, (P < 0.001). At altitudes >500 m, statistical significance was identified between
TcPOs in both sexes (P < 0.05). Statistical significance in TcPCO, and heart rate was observed at the different elevations (P < 0.05).

Conclusion: In acutely changing low-pressure hypoxic environments, TcPO, changed more dramatically than SpOs.
Keywords: Altitude change, Low-pressure oxygen chamber, Transcutaneous oxygen saturation, Transcutaneous partial pressure of oxygen

Introduction

An International Air Transport Association report has predicted 4.35 bil-
lion airplane trips worldwide by 2023. The cruising altitude range of air-
liners is maintained at approximately 8500-13,000 m."! Owing to var-
ious factors such as the machinery itself, passenger safety, and economic
considerations, the cabin is artificially maintained at a pressure level
equivalent to the oxygen content available in the atmosphere at an alt-
tude of 2438 m (approximately 8000 ft) above sea level.>! Under these
conditions, healthy individuals have decreased blood oxygen levels.!
The hypoxia challenge test can be used to assess the risk of hypoxia dur-
ing a flight by simulating the hypoxic state. It is currently used in preflight
hypoxia risk assessments in patients with chronic cardiopulmonary dis-
ease in some countries in Europe and the United States; however, no rel-
evant literature reports in China have been published. Whether the body
is hypoxic depends on the amount of oxygen transported by tissues and
the ability of the oxygen reserves to meet the needs of aerobic metabo-
lism. We need to identify patients who require timely preflight hypoxia
risk assessments, provide them with respiratory support therapy, or ar-
range reasonable transportation for travel to avoid emergencies. Cur-
rently, scholars are exploring simple, feasible, noninvasive, or minimally
invasive methods and indicators that can be used to predict flight-risk pa-
tients. Some scholars have used heart rate (HR) and HR variability,” to
predict the risk of flight hypoxia. In addition, some scholars have re-
ported that the risk of flight hypoxia can be assessed by combining the
arterial oxygen saturation (SpO,) level at rest and the lowest pulse oxim-
etry level during the 6-minute walk test.'®!

The transcutaneous tissue partial pressures of oxygen and carbon
dioxide, TcPO, and TcPCO,, respectively, provide real-time and con-
tinuous responses to the oxygenation capacity of the body’s tissues
and play an important role in understanding the perfusion of the body’s
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Baseline Characteristics

Variables Frequency Age Height (m) Weight (kg) BMI (kg/m?)
Total 49 235+22 1.69 = 0.09 64.2+133 22.28 +3.48
Age groups

Male 25 (51%) 23.0+ 2.1 1.76 = 0.06 709 +£122 22.96 + 3.61
Female 24 (49%) 230+£23 1.63 + 0.06 572 +107 21.56 + 3.26
t — -1.615 7.759 4166 1.428

P — 0.113 <0.001 <0.001 0.160
BMI groups

<185 6 (12.2%) 228+23 1.69 + 0.06 492 + 4.6 1715+ 0.72
18.5-24.9 33 (67.3%) 23723 1.68 = 0.09 61.8 +10.2 21.65 +1.84
>25 10 (20.4%) 230+20 172+ 0.08 811 +8.7 27.42 +1.94
F — 0.644 0.621 24.819 68.860

P — 0.530 0.542 <0.001 <0.001

Data are n(%) or mean = SD.

BMI, body mass index.

microcirculation, the function of blood in transporting oxygen, and the ~ Study participants

function of the circulatory system.!”! TcPO, monitoring can be used to
identify significant injuries, illnesses, and outcomes in patients admitted
to the emergency department.”®! TcPO, and TcPCO, are often used to as-
sess stress injury risk ! in patients with respiratory and cardiac diseases, pe-
ripheral vascular diseases, and diabetes mellitus."**' No studies have used
TcPO, and TcPCO, to monitor changes in the partial pressures of oxygen
and carbon dioxide during flights or rapid changes in altitude. SpO; is of-
ten used in traditional vital-sign monitoring. The fact that SpO, drops only
at very low PO, values is also known from conventional blood gas analy-
ses. Therefore, in the absence of large changes in oxygen levels in the body,
SpO, does not reflect the timely changes in oxygen levels.

In conclusion, TcPO, and TcPCO, can reflect the oxygen supply capac-
ity of tissues; however, no studies have used them in specific scenarios to
monitor a healthy population. This study investigated the characteristics
of TcPO, and TcPCO, under rapid changes in altitude and compared
them with the commonly used index of SpO, to identify differences.

Materials and methods
Ethical statement

The trial was approved by the Ethics Committee on Scientific Re-
search of Shandong University Qilu Hospital (ethical approval no.
KYLL-202209-041) and registered at ClinicalTrials.gov (registra-
tion no. NCT06076057).
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Figure 1. Comparison of trends in TcPO, and SpO, at different altitudes.
SpO,, oxygen saturation; TcPO,, transcutaneous oxygen partial pressure.

The inclusion criteria were participants aged 19-30 years; with no history
of coronary heart disease, hypertension, asthma, upper respiratory tract in-
fections, decompression sickness, anemia, or ear disorders; no entry into
highland areas within 2 years; and no medication taken during the trial pe-
riod. All the study participants provided written informed consent.
Participants with severe heart disease and arrhythmia, organ fail-
ure, evident generalized edema, dermatosis, generalized skin break-
down, and limb vascular disorders were excluded from the study.

Methods

During the operative procedure, general information of the participants,
including age, sex, height, weight, history of illness, and current physical
complaints, was collected. Prior to test initiation, gas correction was per-
formed, and the electrodes were worn by the volunteers according to the
prescribed procedure, with the wearing site uniformly on the ventral side
of the forearm. The values were monitored for 15 to 20 min to stabilize
before proceeding. Healthy adult volunteers entered the hypobaric oxygen
chamber, sat vertically, and ascended from 0 m to 2500 m at a uniform
speed within 10 min. The Danish Radiometer TCM4 was used to measure
TcPO, and TcPCO, with the ventral side of the upper arm as the measure-
ment site. The Shenzhen Kerokan POD-1 W pulse oximeter was used to
measure the HR and SpO, values, with the values recorded once every
500 m. During the course of the test, the participants stopped immediately
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Figure 2. Comparison of trends in TcPCO,, HR at different altitudes. HR,
heart rate; TcPCO,, transcutaneous carbon dioxide partial pressure.
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Measurements of TcPO,, TcPCO,, HR, and SpO, at Different Simulated Altitudes

Simulated Altitudes (m) TcPO, (mmHg) TcPCO, (mmHg) HR (bpm) Sp0, (%)

0 91.9 + 5.4+l 41.2 4 3.7t 80.8 + 9.8/MH=S 98 (98,9911
500 88.0 + 5.3MSI 41.4 4 3 5-HI#SS 82.3 + 10.6"+118slI 98 (97,98)811#5S
1000 82.8 + 5.5*¢§H¢¢ 424 + 3I5Hﬂ**TT§§ 81.7 + 10.5“11**TT§§ 97 (97]98)§Hﬂ**¢¢
1500 77.7 + 5218l 41.3 + 3plI1T1SS 82.3 + 9, 2llTH1SS 96 (95,97 Sl
2000 711 + g5 gt 413+ 3.3TI88 83.0 + 9.9t 95 (94]96)*Ti¢¢\\”
2500 64.6 + 4.7*TH5H 39.5 + 2.5+ TH5H 84.6 + 9.9MHITH 93 (92,95
F 1346.088 11.860 3.088 224.470

P <0.001 <0.001 0.010 <0.001

Data are mean + SD.

TcPO,, TcPCO,, and HR values were mean + SD; SpO, values were median (interquartile spacing).
*Values are significantly different when compared with 500 m ( P < 0.05).
TValues are significantly different when compared with 1000 m ( P < 0.05).
*Values are significantly different when compared with 1500 m (P < 0.05).
SValues are significantly different when compared with 2000 m (P < 0.05).
Ivalues are significantly different when compared with 2500 m ( P < 0.05).
alues are not significantly different when compared with 500 m ( P> 0.05).
*Values are not significantly different when compared with 1000 m (P> 0.05).
**Values are not significantly different when compared to 1500 m ( P> 0.05).
TValues are not significantly different when compared with 2000 m ( P> 0.05).
HValues are significantly different when compared with 0 m (P < 0.05).
SSyalues are not significantly different when compared with 0 m (P> 0.05).
Ilvialues are not significantly different when compared with 2500 m ( P> 0.05).

HR, heart rate; SD, standard deviation; SpO,, oxygen saturation; TcPCO,, transcutaneous carbon dioxide partial pressure; TcPO,, transcutaneous oxygen partial pressure.

if they experienced symptoms of discomfort such as tinnitus, dizziness,
headache, dyspnea, or chest pain.

Sample size calculation: For comparison of the same index at dif-
ferent altitudes, group comparison of the same index at the same
altitude, and comparison of measurement data in multiple groups
using repeated-measurements analysis of variance (ANOVA), set
2-sided a = 0.03, effect size f = 0.25, and the power is 0.95, in this
study, the maximum grouping is 3 groups, and the number of the
measurements is 6 times, in order to obtain a larger sample size,
the correlation coefficient of intra-group is 0, and the nonsphericity
correction is 1/(6 - 1) = 0.2. Using G*Power 3.1 software (Franz Faul,
Universitit Kiel, Germany) for calculations, the total sample size was
210, and the number of repeated measurements was 6 times, so 210/
6 = 35 people, and the number of experimental subjects was 35. Con-
sidering factors such as refusal or withdrawal, additions were calcu-
lated at 20%; the calculated sample size was 35/(1 - 20%) = 44 cases,
and 49 cases were finally included.

Statistical analysis

The IBM SPSS Statistics (version 26.0; IBM Corp, Armonk, NY, USA)
software was used for data processing and analysis. Categorical informa-
tion is expressed as n (%), and measurement information conforming to
normal distribution is expressed as means + standard deviations (SD),
the independent-sample ¢ test was used for continuous variables catego-
rized by gender, and repeated-measures ANOVA was used to compare
the data across different elevations. Measures that were not normally
distributed were expressed as medians (interquartile ranges); the
Friedman test was used to compare the data across different eleva-
tions. Post hoc 2 x 2 comparisons were performed using the
Bonferroni correction method and Nemenyi test. Differences were
considered statistically significant at P < 0.05. Graphs were created
using Origin 2021 software (Origin Lab Corporation, Northampton,
MA, USA).
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Results
Baseline characteristics

From March 2023 to August 2023, 49 volunteers were eligible for
inclusion in the study. All the volunteers completed the entire pro-
cess and did not experience significant injuries or unintended effects.
Table 1 summarizes the characteristics of the 49 volunteers.

Comparison of TcPO,, TcPCO,, HR, and SpO,
measurements at different altitudes

A significant decrease in TcPO, and SpO, was observed with in-
creasing altitude (Fig. 1), with a slight overall decrease in TcPCO,

Comparison of the Variability of TcPO, and SpO,

Variables 5 cv

TCP02
0Om 29.27 5.9%
500 m 28.27 6.0%
1000 m 29.74 6.6%
1500 m 27.38 6.7%
2000 m 27.57 7.4%
2500 m 22.36 7.3%

Sp02
0Om 0.651 0.8%
500 m 0.707 0.9%
1000 m 0.889 1.0%
1500 m 1.219 1.2%
2000 m 1.802 1.4%
2500 m 2.247 1.7%

5, variance. CV, coefficient of variation; SpO,, oxygen saturation; TcPO,, transcutaneous oxygen partial
pressure.


http://www.eccmjournal.org

Yang et al.  Emerg Crit Care Med (2024) Vol. 4 No. 3

www.eccmjournal.org

Comparison of Changes in TcPO, with Changes in SpO,

Groups TcP0O, (mmHg) Sp0, (%) t P

500-1000 m —0.06 £ 0.02 —0.01 £ 0.01 -16.234 <0.001
1000-1500 m —0.06 £ 0.02 -0.01 £ 0.01 —15.549 <0.001
1500-2000 m —0.08 + 0.02 -0.01 +0.01 —20.595 <0.001
2000-2500 m -0.09+0.03 —0.02 £ 0.01 -19.063 <0.001

Data are mean + SD.
Sp0,, oxygen saturation; TcPO,, transcutaneous oxygen partial pressure.

and increase in HR (Fig. 2). TcPO, and SpO, differed significantly
between altitudes ( P < 0.001), and in the post hoc comparison, dur-
ing the ascent from 0 m, TcPO, began to change statistically at
500 m (P < 0.05), whereas SpO, began to change statistically at
1000 m (P < 0.05) (Table 2). At the same altitude, the differences
in TcPO, were larger than the differences in SpO, (Table 3). To fur-
ther explore whether changes in TcPO, differed from changes in
SpO, during changes in altitude, several heights were selected, for
example, 500 and 1000 m; the TcPO, and SpO, data of everyone
were standardized, and the difference between the 2 heights data
was divided by the data standardization at the first height. This
yielded statistical significance between the change in TcPO, and
the change in SpO, (P < 0.001), which was greater than that in
blood SpO; (Table 4).

Comparison of TcPO, and SpO, by sex at different
altitudes

Statistical significance in TcPO, was observed between sexes at alti-
tudes >500 m ( P < 0.05) (Table 5); the TcPO, of females was gener-
ally higher than that of males (Fig. 3). The statistical significance
was more significant at higher altitudes (2500 m, P < 0.001)
(Table 5). Only at simulated altitudes of 1000 m and 1500 m was
there statistical significance in SpO, between the sexes (P < 0.05)
(Table 5), and females had slightly higher SpO, than males (Fig. 3).

Comparison of TcPO, and SpO. at different altitudes in
different body mass index subgroups

According to the body mass index (BMI) grouping standard of the
World Health Organization [**! and the characteristics of the study

population, the study population was divided into 3 groups as fol-
lows: BMI <18.5 group (6 people), BMI = 18.5-24.9 group (33 peo-
ple), BMI >25 group (10 people). TcPO,: Muchly’s W = 0.172,
P < 0.001, did not meet the spherical test. Therefore, the corrected
Greenhouse-Geisser results prevailed. The main effect of elevation
was significant, F = 801.770, P < 0.001, partial 77 = 0.946; the main
effect of BMI grouping was not significant, F = 1.331, P = 0.274, par-
tial 77 = 0.055; the interaction effect of elevation and BMI subgroup
was not significant, F = 1.667, P = 0.144, partial 77> = 0.068. SpO,:
Muchly W=0.294, P < 0.001, did not meet the spherical test. There-
fore, the corrected Greenhouse-Geisser results prevailed. The main
effect of elevation was significant, F = 207.223, P < 0.001, partial
17 = 0.818; the main effect of BMI grouping was not significant,
F =0.596, P = 0.555, partial 77* = 0.025; and the interaction effect
of elevation and BMI subgroup was not significant, F = 0.800,
P =0.582, partial 77 = 0.034 (Table 6).

Discussion

As the altitude increased, and the barometric pressure decreased, the
supply of oxygen to the tissues decreased.!'*! At higher altitudes, the
lower barometric pressure makes it difficult for oxygen to diffuse
into the vascular system, which can lead to oxygen deprivation or
hypoxia, known as hypoxic hypoxia.™! Pulmonary ventilation
studies have been conducted in low-pressure chambers at various
simulated altitudes.!"®™'8! However, ventilation tests may not be ef-
fective discriminators. Higher altitudes lead to lower PaO, levels!*”!
and have a significant effect on SpO,,”?%*!! which is supported by
the results of this study. In the present study, TcPO, demonstrated
a strong sensitivity to changes in tissue oxygen, with a decrease of

Comparison of TcPO, and SpO, by Sex at Different Altitudes

Variables Male Female U P

TcPO, (mmHg)
Om 90.6 + 5.1 93.3+55 -1.752 0.086
500 m 86.5 + 4.7 89.6 +5.6 —-2.085 0.043
1000 m 81.0+45 848 +58 -2.570 0.013
1500 m 757 £42 798 £5.5 —-2.964 0.005
2000 m 69.1 +45 732 +53 -2.932 0.005
2500 m 623+ 35 67.0 +4.7 —-4.004 <0.001

Sp02 (%)
0m 98 (97.5,98) 98 (98,99) -0.931 0.352
500 m 98 (97,98) 98 (97,99) -1.909 0.056
1000 m 97 (96,97) 97 (97,98) —2.247 0.025
1500 m 96 (95,96) 97 (96,97) -3.029 0.002
2000 m 946 +1.3 952+13 -1.386 0.172
2500 m 932+14 936+ 1.6 -0.992 0.326

Data are mean + SD or median (IQR).

TcP0, and SpO, in 2000 m and 2500 m values were mean + SD; Sp0, in 0 m, 500 m, 1000 m, and 1500 m values were median (interquartile spacing). SD, standard deviation; SpO,, oxygen saturation; TcPOs, trans-

cutaneous oxygen partial pressure.
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Figure 3. Comparison of TcPO, and SpO. by sexes at different altitudes.
SpO,, oxygen saturation; TcPO,, transcutaneous oxygen partial pressure.

6-7 mmHg for every 500-m increase in altitude. At 500 m, TcPO,
began to decrease significantly, whereas SpO, decreased gradually
without a significant downward trend until it reached 95%. The
TcPO, varied significantly not only between altitudes, but also be-
tween individuals at the same altitude (Table 3), indicating that
the mean value at this altitude fluctuated by 10 mmHg. Moreover,
these individuals were young and approximately the same age,
which reflects individual differences. SpO, did not reflect large indi-
vidual differences.

In the present study, statistical significance in TcPO, was ob-
served between the sexes at the same altitude. TcPO, and SpO, were
higher, and interindividual differences were more pronounced in fe-
males than in males. The decrease in TcPO, was more pronounced
in males than in females at increasing altitudes, and SpO, was less
pronounced in this respect. These differences may be related to dif-
ferences in lung function indices between sexes. A previous study re-
ported sex differences in lung function, which may be related to fat

www.eccmjournal.org

distribution.'*?! Higher waist-to-hip ratios have been demonstrated
to be associated with gas exchange!?*; men tend to have more tho-
racic and abdominal fat than women, and higher thoracic obesity is
associated with lower expiratory reserve volume.**! Overall, these 2
studies support the hypothesis of sex-related differences. These find-
ings are consistent with those of previous studies./*’!

Although a previous study stated that the release of fat may af-
fect TcPO,; values, the current study revealed a difference in the
TcPO, values between different BMI subgroups, indicating that
the TcPO, values of people who were slightly thinner and over-
weight were lower than those with normal weight. However, the
P value was >0.05, which was not statistically different, and this
may be related to the fact that after grouping by BMI, the number
of people in the groups was small. Further studies are required with
larger sample sizes.

Thus, although the detection principle is different, it can more ef-
fectively reflect the oxygen supply of blood or tissue by noninvasive,
real-time monitoring compared with the traditional monitoring of
vital signs. Blood SpO, is generally used, although we observed that
it often changes when the body is abnormal; the TcPO, at the tissue
level of oxygen supply is reduced, and SpO; in the blood does not
decrease significantly, which can provide an early warning.

Limitations

A limitation of this study is that TcPO, and TcPCO, monitors may
cause unavoidable systematic errors in the oxygen chamber. Neverthe-
less, the values were still informative for the same-altitude scenarios.
Considering age concentration and average age, the study participants
were relatively young, which is another study limitation; other age
groups can be introduced for comparison in subsequent studies.

Conclusion

Transcutaneous tissue partial pressure of oxygen has been shown to
promptly reflect changes in the tissue partial pressure of oxygen

Comparison of TcPO, and SpO, at Different Altitudes in Different BMI Subgroups

Variables BMI < 18.5 BMI = 18.5-24.9 BMI > 25 F P Partial 2
TcPO, (mmHg)

0m 88.3 +24 931 +49 90372

500 m 84.7+1.0 889+49 872+73

1000 m 795 2.7 836 +54 822 +65

1500 m 753 +29 784 +52 769 +6.2

2000 m 695 +24 715+55 709 +£58

2500 m 63.8+ 28 65.2 + 5.1 63.3 +4.3

Altitude 801.770 <0.001 0.946
BMI 1.331 0.274 0.055
Altitude x BMI 1.667 0.144 0.068
Sp0, (%)

0Om 97.8 +£0.8 982+08 98.0+0.8

500 m 977 +£1.0 979+08 975+ 0.7

1000 m 97.0+1.3 972 +09 97.0+09

1500 m 96.0+1.8 96.4+1.0 95.8+1.0

2000 m 948 +1.8 949 +13 948 +1.1

2500 m 93.8 £ 1.7 935+15 29+14

Altitude 207.223 <0.001 0.818
BMI 0.596 0.555 0.025
Altitude x BMI 0.800 0.582 0.034

Data are mean + SD.
TcPO, and SpOs values were mean + SD.

BMI, body mass index; SD, standard deviation; SpO,, oxygen saturation; TcPO,, transcutaneous oxygen partial pressure.
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during changes in altitude, better reflecting individual differences
and allowing for noninvasive real-time monitoring.
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