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Abstract

Background: During flight, G force compels blood to stay in leg muscles and reduces blood flow to the heart. Cardiovascular
responses activated by the autonomic nerve system and strengthened by anti-G straining maneuvers can alleviate the challenges
faced during G loading. To our knowledge, no definite cardiac information measured using a mobile health device exists for
analyzing G tolerance. However, our previous study developed the cardiac force index (CFl) for analyzing the G tolerance of
military aircrew.

Objective: This study used the CFl to verify participants cardiac performance when walking and obtained a formula for
predicting an individual’s G tolerance during centrifuge training.

Methods: Participants from an air force aircrew undertook high-G training from January 2020 to December 2022. Their heart
rate (HR) in beats per minute and activity level per second were recorded using the wearable BioHarness 3.0 device. The CFl
was computed using the following formula: weight x activity / HR during resting or walking. Relaxed G tolerance (RGT) and
straining G tolerance (SGT) were assessed at aslowly increasing rate of G loading (0.1 G/s) during training. Other demographic
factors were included in the multivariate regression to generate a model for predicting G tolerance from the CFI.

Results: A total of 213 eligible trainees from a military aircrew were recruited. The average age was 25.61 (SD 3.66) years,
and 13.1% (28/213) of the participants were women. The mean resting CFI and walking CFI (WCFI) were 0.016 (SD 0.001) and
0.141 (SD 0.037) kg x G/beats per minute, respectively. The modelsfor predicting RGT and SGT were asfollows: RGT = 0.066
x age + 0.043 x (WCFI x 100) —0.037 x height + 0.015 x systolic blood pressure — 0.010 x HR + 7.724 and SGT = 0.103 x
(WCFI x 100) — 0.069 x height + 0.018 x systolic blood pressure + 15.899. Thus, the WCFI is a positive factor for predicting
the RGT and SGT before centrifuge training.
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Conclusions: The WCFI isavital component of the formulafor estimating G tolerance prior to training. The WCFI can be used

to monitor physiological conditions against G stress.

(JMIR Mhealth Uhealth 2023;11:e48812) doi: 10.2196/48812
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Introduction

Background
On the Earth’s surface, humans are exposed to gravitational

forces. The applied acceleration of gravity, 9.8 m/s?, is defined
as1 Gz (1 G) inthedirection from the head to the feet when a
person is standing vertically. During flight, changes in speed
or direction result in acceleration. The same magnitude of
inertial force is generated in the opposite direction of the
acceleration. Because fighter aircraftsare highly agile, military
pilots experience high levels of G force, which decrease blood
pressure and cause massive shiftsin and redistributions of bodily
fluid, especially during acrobatic combat maneuvers. The
cardiovascular system is highly sensitive to G force, and its
ability to maintain sufficient cerebral perfusion can beimpaired
under high-G force. Military pilots commonly experience visual
degradation (eg, grayouts and blackouts) due to a decrease in
the blood volume entering theretina[ 1-3]. If the supply of blood
to the brain ceases, amilitary pilot experiences G-induced loss
of consciousness (GLOC). In such cases, the pilot loses their
ability to manipulate the aircraft, and a catastrophic event may
occur.

Baroreflex is awell-known compensatory regulation activated
by decreases in the arterial baroreceptor input under G load.
The physiological reactions that are usually observed are an
elevated heart rate (HR), increased peripheral vessel resistance,
and greater cardiac contractility moderated by the autonomic
nerve system [4,5]. The anti-G straining maneuver (AGSM) is
considered the most crucial technique for increasing the
cardiovascular system’s ability to withstand G stress [6-8].
Additionally, several studies have found that anthropometric
parameters are associated with G tolerance [9-11].

Because no appropriate integrated cardiac parameter exists for
monitoring G tolerance, we successfully introduced the cardiac
forceindex (CFl) into the high-G training undergone by military
aircrew [12]. Initially, the CFl was monitored using awearable
device and used to predict the running performance of military
academy students [13-16]. The CFl consists of 3 factors that
are relevant to G tolerance, namely body weight, dynamic
changes in acceleration, and HR. The findings of the
aforementioned studies revealed that the walking CFl
(WCFI)—that is, the CFl while anindividual iswalking on the
ground—was significantly positively correlated with G
tolerance, as determined through centrifuge training.

Objective

High-G training is commonly used to assess the G tolerance of
military pilots and determine whether they arefit to fly amodern

https://mhealth.jmir.org/2023/1/e48812

jet. To our best knowledge, almost no studies have designed a
model for predicting the G tolerance of aircrew before the
training. Our previous study demonstrated that the WCFI
calculated using mobile health technology can be used to
identify potential factors affecting the ability to withstand G
levels.

Followed the former finding, we attempted to develop a
mathematical formula for predicting G tolerance on the basis
of the CFI, which can be calculated before the beginning of
training. Therefore, we can measure cardiac health and detect
the low G tolerance of military pilots via mobile wearable
devices during daily activity. In the future, we will try to
establish the strategy of rapid G-resistance ability assessment
by monitoring mobile cardiac data beforethe flight and to ensure
pilots safety during flight missions.

Methods

Study Design and Participants

Thislongitudinal, observational study was conducted to evaluate
the relationship between the CFl and G tolerance. The
acceleration rate was set to 0.1 G/s during training. We also
developed aformulafor using CFl data to determine the level
of G tolerance.

The participantswereair force aircrew trainees attending high-G
training at the Aviation Physiology Research Laboratory
(APRL), Kaohsiung City, Taiwan. The participants were
required to undergo medical examinations and meet the
standards to be deemed fit for centrifuge training, which was
conducted from January 2020 to December 2022.

Ethics Approval and Informed Consent

The documents and permission to perform this study wereissued
by the ethics committee of the Institutional Review Board of
Kaohsiung Armed Forces General Hospital in Taiwan (approvals
KAFGH 109-001 and 110-009). Before the study, written
informed consent was provided by each participant to ensure
that they understood the purpose and content of the study.

Protocol of Cardiac Data Collection

Air forceaircrew attended a 1-day high-G training at the APRL.
Their cardiovascular performance at rest and while walking was
monitored using mobile technology and sensors. Centrifuge
training was performed to simulate the hypergravitational
environment and examinetheir G tolerance. A flowchart of the
study protocol is presented in Figure 1.
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Figure 1. Study protocol. AGS: anti-G suit; AGSM: anti-G straining maneuver; HR: heart rate; RGT: relaxed G tolerance; SGT: straining G tolerance.
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Mobile Monitoring Device

This study used a mobile health (mHealth) BioHarness 3.0
module (Zephyr Technology Corporation), which isnoninvasive
and equipped with a gyroscope and accel erometers.

Activity and HR were the 2 key indicators in this study. The
BioHarness 3.0 sensor detected the distance that the participants
moved by using itsinternal 3-axis accelerometersand cal culated
the activity per second. Activity levels were recorded using
piezoelectric technology and are presented as the square roots
of the acceleration valuesin the x, y, and z directions.

HR is presented as the number of beats per minute (bpm) and
was measured using a conductive electrode sensor, with the
thoracic loop strap fitted elastically to the skin over the thorax.
To reduce noise during body movement, a shoulder strap was
used to minimize the displacement of the BioHarness 3.0 sensor

[17].
Ground Phase

The instructor, who was an aviation physiology officer at the
APRL, held a lecture on acceleration physiology and G
awareness. After the lesson, we explained the study protocol to
aircrew willing to participate and used a questionnaire to collect

Figure 2. BioHarness 3.0 module with chest and shoulder straps.
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their personal data, namely their birth year, gender, height, and
weight; whether they smoked; whether they drank alcohol; and
their exercise habits. Theresfter, al aircrew mastered the AGSM,
and the instructor examined the participants’ execution of the
AGSM before G-tolerance tests were performed. The 2 main
components of the AGSM are the holding of a preparatory
breath against the closed glottis every 3 seconds followed by
rapid air exchange and isometric muscle tensing with an
emphasis on thelegs, buttocks, and abdomen. Thetraineeswore
a standard anti-G suit (AGS) and were outfitted with a
BioHarness 3.0 sensor, which was placed under the | eft central

armpit and strapped to the chest and shoulder (Figure 2). After
the fit of the AGS was checked, we pressed the central button
to power on the BioHarness 3.0 sensor and started collecting
cardiac data. After the participants had rested for 5 minutesin
a chair, their systolic blood pressure (SBP), diastolic blood
pressure (DBP), and HR were eval uated using an Omron 1100U
sphygmomanometer (Omron Healthcare Company; Figure 3).

After the resting data had been obtained, the participants
performed relaxed and norma walking for 3 minutes. The
participants performed squats before and after walking. Walking
data could be obtained from the changes in activity identified
by the 3-axis accel erometers.

"
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Figure 3. Resting for 5 minutes with an uninflated anti-G suit.
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Centrifuge Phase

After they had completed the ground phase, the trainees entered
the human centrifuge gondola (Latécoére) at the APRL. The
human centrifuge trained 1 person at atime, and the maximum
training capacity was 8 trainees per day. The length of the
centrifuge’sarm was 20 feet (6.1 meters). The hydraulic power
system could achieve atraining onset rate and G level of up to
6 G/sand 9 G, respectively.

The participant wore a safety belt and sat on the simulated
cockpit seat, which leaned back by 13°. After the foot pedals
had been adjusted, the participant practiced the AGSM again
and then rested for 2 minutes in a seated position. The APRL
instructor started the centrifuge at an idle run of 1.4 G. Before
thetrainee’s G tolerance was assessed, theinstructor accelerated
the centrifuge at an onset rate of 0.1 G/s. The participant’s
relaxed G tolerance (RGT) and straining G tolerance (SGT)
were determined without inflating the AGS [11]. The RGT
value was defined as the G value at which the participant
experienced complete loss of peripheral vision or 50% loss of
their central vision in the relaxed state. Thereafter, the
participant commenced the AGSM to resist the physiological
effect of G force as the level of centrifugation was increased.
The SGT vaue was the G value at which the participant
experienced the same visual degradation or a G force equal to
the upper limit of 9 G. The level of visua loss for each
participant was analyzed using the light bar in front of them
inside the gondola [11].

Data Handling and Conversion Procedure

The mHesalth BioHarness 3.0 device obtained data every second
on the participants while they were on the ground. We used the
charging and configuration cradle to download and save the
digital datato afolder named “Summary.” If the signal values
of the HR confidence or system confidence were below 20%,
the data were considered unstable and unreliable [18]. There
were 219 military aircrew members enrolled in this study.
However, 6 participants were excluded from the analysis due
to poor data quality, resulting in a final sample size of 213

https://mhealth.jmir.org/2023/1/e48812
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participants. Resting and walking data were extracted and
analyzed using previously proposed research methods[12,13].

Regarding the digital data, the activity and HR variables
combined with the individual’s body weight were used to
calculate the CFl and cardiac force ratio (CFR). For every
second for which data were collected, the weight and activity
valuesweremultiplied and divided by the HR. The mathematical
formulawas as follows: CFl = weight x activity / HR [13,14].
The average resting CFl (RCFI) and WCFI on the ground over
a 2-minute period were calculated, and the CFR was obtained
by dividing the WCFI by the RCFI.

Statistical Analysis

Descriptive statistics were cal cul ated, and continuous variables
are presented as means, SDs, and ranges. We used values and
proportions to describe discrete data.

In the statistical analysis, the relationship between cardiac
function on the ground and G tolerance in the centrifuge was
assessed using Pearson correlation. A model for predicting G
tolerance that is connected to the CFl was developed using
stepwise multiple linear regression and by adjusting other
covariates.

Statistical analyses were conducted using SPSS software
(version 27.0; IBM Corp). Two-tailed P values <.05 were
considered significant.

Results

Analysis of Demographic Data

The demographic data are displayed in Table 1. This study
recruited 213 aircrew who finished the study. The average age
of the participants was 25.61 (SD 3.66) years, and 13.1%
(28/213) of the participants were women. The average height
of the participants was 173.18 (SD 6.75) cm, their average
weight was 70.39 (SD 11.44) kg, and their average BMI was
23.38(SD 2.91) kg/m?. A total of 50 (23.5%) aircrew members
smoked, 38 (17.8%) drank alcohol, and over half (n=114,
53.5%) habitually exercised.
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Table 1. Characteristics of the enrolled aircrew (n=213).
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Characteristic Value
Age (years), mean (SD; range) 25.61 (3.66; 22-27)
Gender, women, n (%) 28 (13.1)

Height (cm), mean (SD; range)
Weight (kg), mean (SD; range)
BMI (kg/mz), mean (SD; range)
Smoking status, n (%)
No
Yes
Drinking status, n (%)
No
Yes
Habitually exercised, n (%)
No

Yes

173.18 (6.75; 156-188)
70.39 (11.44; 48-99)
23.38 (2.91; 17.31-32.70)

163 (76.5)
50 (23.5)

175 (82.2)
38(17.8)

99 (46.5)
114 (53.5)

Physiological Recordingson the Ground or Before
Centrifuge Training

The changes in cardiovascular responses are listed in Table 2.
The mean SBP, DBP, and HR while sitting and before centrifuge
training were 140.40 (SD 14.47) mm Hg, 81.42 (SD 8.33) mm
Hg, and 88.56 (SD 15.33) bpm, respectively. The mean WCFI
was much higher than the mean RCFI (WCFI: 0.141, SD 0.037
vs RCFI: 0.016, SD 0.001 kg x G/bpm). The average CFR,
computed by dividing the WCFI by the RCFI, was 10.76 (SD

4.38). During the G tolerance test, the RGT and SGT were 4.9
(SD 0.9) and 7.9 (SD 1.1) G, respectively, under a slow onset
rate. Out of 213 aircrew members, 23 (10.9%) had a RGT
greater than 6 G, and 60 (28.2%) had an SGT greater than 8 G
(Tables 3 and 4). Pearson correlation coefficients were used to
determine the relationship of RGT with SBP (r=.149; P=.03),
HR (r=-.187; P=.006), and WCFl (r=.234; P=.001).
Additionally, SGT was positively associated with SBP (r=.167;
P=.02), DBP (r=.199; P=.01), and WCFI (r=.256; P<.001), as
shown in Table 5.

Table 2. Descriptive analysis of cardiovascular and physiological information.

Variables Value, mean (SD; range)
SBP? (mm Hg) 140.40 (14.47; 102-177)
DBPP (mm Hg) 81.42 (8.33; 50-107)
HRE (bpm) 88.56 (15.33; 56-145)

RCFI€ (kg x G/bpm)
WCFIf (kg x G/bpm)

CFRY

0.016 (0.001; 0.006-0.088)
0.141 (0.037; 0.020-0.266)

10.76 (4.38; 1.52-23.02)

85BP: systolic blood pressure.
bDBP: diastolic blood pressure.
°HR: heart rate.

dbpm: beats per minute.

®RCFI: resting cardiac force index.
fWCFI: walki ng cardiac force index.
9CFR: cardiac forceratio.
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Table 3. Relaxed G tolerance distribution.

Relaxed G tolerance (G) Participant (n=213), n (%)
3.0-34 8(3.8)
3539 17 (8)
4.0-4.4 40 (18.8)
4549 53(24.9)
5.0-5.4 45 (21.1)
5559 27 (12.7)
6.0-6.4 10(4.7)
6.5-6.9 8(3.8)
70-74 3(14)
7579 1(0.5)
8.0-8.4 1(0.5)

Table 4. Straining G tolerance distribution.

Straining G tolerance (G) Participant (n=213), n (%)

45-4.9 1(0.5)

5.0-5.4 4(19)

55-5.9 9(4.2)

6.0-6.4 13(6.1)

6.5-6.9 18(8.5)

7.0-7.4 19 (8.9)

7579 36 (16.9)

8.0-84 35(16.4)

8.5-8.9 18(8.5)

9.0 60 (28.2)
https://mhealth,jmir.org/2023/1/e48812 JMIR Mhealth Uhealth 2023 | vol. 11 | 48812 | p. 6
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Table 5. Pearson correlation coefficients between G tolerance and cardiac function.

Variables RGT? SGTP SBP° DBP HR® RCFI’ WCFI9 CFR"
RGT

r 1 535 149 127 —187 087 234 —025

P value — <.001 .03 07 .006 20 .001 72
SGT

r 535 1 167 199 -1 124 256 —048

P value <.001 — 02 .01 A1 07 <.001 49
SBP

r 149 167 1 519 181 —034 245 .068

P value 03 02 — <.001 .008 62 <.001 07
DBP

r 127 199 519 1 372 -020 091 .060

P value 07 01 <.001 — <.001 78 19 38
HR

r —.187 - 181 372 1 -310 —.337 203

P value .006 a1 .008 <.001 — <.001 <.001 .003
RCFI

r 087 124 —034 -020 -310 1 329 —724

P value 20 07 62 78 <.001 — <.001 <.001
WCFI

r 234 256 245 091 —.337 329 1 177

P vaue .001 <.001 <.001 <.001 <.001 — .009
CFR

r —025 —048 068 .060 203 —724 77 1

P value 72 49 .07 .003 <.001 .009 —

8RGT: relaxed G tolerance.

bSGT: straini ng G tolerance.

¢SBP: systalic blood pressure.
dDBP: diastolic blood pressure.
®HR: heart rate.

'RCFI: resting cardiac force index.
9WCFI: walking cardiac force index.
NCFR: cardiac force ratio.

Modé for Predicting G Tolerance From the CFlI
Through Multivariate Linear Regression

Asshown in Table 6, the model for predicting G tolerance was
established using multivariate linear regression with stepwise
selection. The WCFI was found to be the significant parameter
for predicting RGT (P=.01) and SGT (P<.001). The formula
for predicting RGT wasasfollows: RGT = 0.066 x age+ 0.043
x (WCFI x 100) — 0.037 x height + 0.015 x SBP — 0.010 x

https://mhealth.jmir.org/2023/1/e48812

RenderX

HR + 7.724. In the RGT model, each 100-unit increase in the
WCFI increased the RGT by 0.043 G (SE 0.015; 95% ClI
0.009-0.078). The equation for estimating the SGT was as
follows: SGT = 0.103 x (WCFI x 100) — 0.069 x height +
0.018 x SBP + 15.899. Thus, the SGT increased by 0.103 G
for each 100-unit increase in the WCFI (SE 0.019; 95% CI
0.065-0.141). Thefindingsindicated no significant differences
between the observed and estimated value of the RGT (P=.49)
or SGT (P=.80) when the predictive model was used (Table 7).
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Table 6. Predictors of relaxed G tolerance (RGT) and straining G tolerance (SGT) in the multivariate linear regression.

Model and variables B SE 95% ClI P value
RGT model
Age 0.066 0.015 0.037 to 0.095 <.001
WCFI?x 100 (kg x Glbpm®) 0.043 0.017 0.009 to 0.078 01
Height (cm) -0.037 0.009 -0.055 t0 -0.020 <.001
SBF® (mm Hg) 0.015 0.004 0.007 t0 0.023 <.001
HRY (bpm) -0.010 0.004 -0.017 to -0.001 .02
Constant 7.724 1.516 4.736 t0 10.712 <.001
SGT model
WCFI x 100 (kg x G/bpm) 0.103 0.019 0.065to0 0.141 <.001
Height (cm) —0.069 0.011 —0.091to -0.048 <.001
SBP (mm Hg) 0.018 0.005 0.008 to 0.028 <.001
Constant 15.899 1.700 12.549 to 19.250 <.001

BWCFI: walking cardiac force index.
bbpm: beats per minute.

CSBP: systolic blood pressure.

9HR: heart rate.

Table 7. Comparison of the observed and estimated relaxed G tolerance (RGT) and straining G tolerance (SGT) values.

Variable Estimated value, mean (SD) Observed value, mean (SD) P value
RGT 49(04) 4.9(0.9) 49
SGT 7.9(0.5) 7.9 (1.06) .80
Discussion Park et a [26] suggested that for well-experienced young

Principal Findings

Severa studies have measured HR responses to determine G
tolerance [19-21]. We used the mHealth BioHarness device to
collect HR data during physical activity performed before
centrifuge training. Regarding the CFl values, the results
reveaded that the WCFI was positively related to G tolerance
when the G level was increased at a gradua rate, which was
consistent with other studies [12]. Additionally, this study
successfully devel oped anew model for predicting G tolerance
on the basis of changesin cardiac function. Age, height, resting
blood pressure, and resting HR variables also influenced G
tolerance.

Age and Height

We observed that for every 1 extrayear of age of theindividuals
undergoing centrifuge training, their RGT increased by 0.066
G. Older participants had higher G tolerance than younger
participants, which was similar to the results of another study
[22]. According to Webb et al [11], the RGT and SGT of fighter
pilotsin the US Air Force were both positively associated with
age. In the Korean Air Force, older trainees were more likely
to be able to tolerate 6 G exposure profile [8]. Severa
researchers have also observed that younger aircrew members,
those with less flying experience, and those with fewer hours
more frequently experience GLOC during flight [23-25].

https://mhealth.jmir.org/2023/1/e48812

aviators, age may not affect the frequency of GLOC episodes
in centrifuge trials. In one study in the US Navy, Johanson et
al [27] revealed that the mean age of those experiencing GLOC
was not different from those not experiencing GLOC, which
may be linked to past experience, aircraft type, flight maneuver,
and situational awareness.

Older jet and fighter pilots often have more years of flying
experience. Such pilots are also more frequently exposed to
high-G forces during flight. Some evidence indicates that the
cardiac performance of fighter pilots is higher after they have
been repeatedly exposed to G force [28,29]. This adaptation to
G forceincreases baroreflex activity and G tolerance by altering
the G-time tolerance curve [30]. Therefore, our study
participants may have had experience in adapting to G forcein
flight.

Because of greater hydrostatic pressure in taller people, height
has been identified as a factor negatively affecting both G
tolerance and sustained duration of G force exposure[10,11,31].
In a neutral standing posture, brain-level blood pressure is
theoretically approximately 22 mm Hg lower than heart-level
blood pressure in a1 G environment. Thus, a longer distance
between the brain and heart might mean lower blood pressure
intaller aircrew. In agreement with previousfindings, the height
of our participants was negatively correlated with their G
tolerance in our predictive model.
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SBP and HR

The heart gjects blood into cerebral tissue, and BP gradually
decreases as blood travel s further from the heart. Theoretically,
elevated BP is conducive to modulating the effect of G stress.
The cardiovascular system can sustain effective cerebral
perfusion at up to approximately 4.5 to 5.5 G when the rate of
increase is slow. However, the average resting SBP of our
participants on the ground was approximately 140 mm Hg,
whichwasdlightly higher than usual. Thismay have been caused
by the participants wearing the fitted AGS on their lower body
and feeling stressed about their training. In our study, we also
discovered that resting SBP was positively associated with RGT
and SGT, similar to the US Air Force study that concluded that
BP influences G tolerance [11].

In contrast to blood pressure, increased resting HR was
disadvantageousfor tolerating hypergravity. Our previous report
similarly concluded that air force academy student pilots with
elevated HR are less likely to tolerate a peak of 7.5 G when
sustained for 15 seconds [9]. When arterial pressure and stroke
volume drop due to exposure to high-G force, the sympathetic
nervestrigger an increase in HR and strengthen cardiovascular
function. Exertion levels during exercise can be determined
using the maximum HR. The HR responseis closely related to
sport performance. By subtracting the participant’s age from
220, the target HR zones for different activities could be
estimated. High-G training is a type of vigorous physical
activity, and HR can rise to 160 bpm during G loading [7,9].
Nonetheless, if resting HR was elevated during the pretraining
stage, the HR reserve (HRR) would be limited to anarrow range.
HRR isone parameter of cardiovascular fithess. Consistent with
some reports, we found that trainees with alower HR or higher
HRR were better able to resist the effects of G force [32,33].
This study verified the need to use mobile technology
applications for obtaining cardiac data and understanding
changesin the G tolerance levels of aviators.

RGT and SGT

At slow acceleration, RGT is mainly determined by BP and
baroreflexes. RGT typically ranges from 4.5t0 6 G and varies
depending on the individual and the time [34]. When the G
force surpasses the RGT, trainees initiate the AGSM to assist
their cardiovascular system against the G stress. Inside the
centrifuge, visual loss was subjectively assessed using a light
bar. To avoid variation between participants, we used a large
sample size. Our previous study indicated that the mean RGT
and SGT were 5.1 and 7.8 G, respectively [12]. We identified
nearly the same RGT and SGT values (RGT: 4.9 G and SGT:
7.9 G) in our sample of 213 participants.

We used the wearable mHealth BioHarness 3.0 deviceto record
cardiovascular function and found that G tolerance was
associated with the cardiac data. The CFl is composed of 3
factors, namely body weight, activity, and HR. Our findings
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indicated that cardiovascular responses on the ground can be
used to predict the resistance of z-axis forces during exercise
involving mild exertion. Research on the prevention of GLOC
may focus on the devel opment of a precaution system based on
the CFI. Further monitoring of the CFl during G loading is
recommended to track any instantaneous changes in the CFl
prior to GLOC.

Until now, there is still no convenient and proper method to
monitor the cardiac performance and G tolerance on the ground.
Our study showed that the ability for G tolerance could be
predicted by the WCFI. Because G tolerance changes every
day, therefore, mobile technology combined with a wearable
deviceishighly applicableto calculate the real -time WCFI and
predict G tolerance. Military aircrew can directly understand
their G tolerance anytime and anywhere by monitoring their
cardiac health and performance viaamobile device during their
daily activity. Before the flight, they can know their “low-G
day” and maintain the good G awareness. Warning mechanisms
based on the cardiac health recorded by a mobile device could
be considered to develop and prevent in-flight GLOC and
catastrophic mishap.

Limitations

This study has some limitations. We included data obtained
fromwomen in our analysis, and our results suggest that gender
did not have asignificant effect on the outcome. However, this
result may have been due to the small proportion of women.
Second, for the calculation of the WCFI, the participants were
asked towalk at their normal speed, but “normal” was subjective
and their speed varied. Their HR values during walking were
lower than 120 bpm, and the walking activity data covered a
narrow range and exhibited a central tendency. Therefore,
walking speed variation was unlikely to have significantly
affected the outcomes. Although we have collected more data
to develop and verify the predictive model, more participants
are required to conduct an analysis and perform an external
validation. Finally, depending on the airframes they were
training on, aircrew had to have reached different levels and
profilesrelating to high-G training before they could participate
inflight training. In this study, all participants met the standards
of al the test profiles during training. Therefore, the authors
could not clarify the relationship between the passrate of high-G
training and the CFI on the ground.

Conclusions

Using mobile devices, we monitored the cardiac function of
aircrew while they walked in a relaxed manner. We verified
that the WCFI is positively associated with the level of G
tolerance. Moreover, this study devel oped amodel for estimating
the G tolerance of military aircrew before they begin high-G
training. The development and application of a
WCFI-monitoring system for daily life could be considered to
evaluate their G tolerance prior to flights.

The authors thank the Medical Affairs Bureau, Ministry of National Defense (MND-MAB-C05-111018) and Kaohsiung Armed
Forces General Hospital Gangshan Branch, Taiwan (MND-MAB-110-150 and MND-MAB-D-111158), for their support.

https://mhealth.jmir.org/2023/1/e48812

JMIR Mhealth Uhealth 2023 | vol. 11 | e48812 | p. 9
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MHEALTH AND UHEALTH Kuo et a

Conflictsof Interest
None declared.

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Rickards CA, Newman DG. G-induced visual and cognitive disturbancesin a survey of 65 operational fighter pilots. Aviat
Space Environ Med 2005 May;76(5):496-500 [Medline: 15892551]

Yilmaz U, Cetinguc M, Akin A. Visual symptomsand G-L OC in the operational environment and during centrifugetraining
of Turkish jet pilots. Aviat Space Environ Med 1999 Jul;70(7):709-712 [Medline: 10417010]

Cao XS, Wang YC, Xu L, Yang CB, Wang B, Geng J, et a. Visual symptoms and G-induced |oss of consciousnessin 594
Chinese Air Force aircrew--a questionnaire survey. Mil Med 2012 Feb;177(2):163-168 [doi: 10.7205/milmed-d-11-00003]
[Medline: 22360061]

Burton R, Whinnery J. Biodynamics: sustained acceleration. In: DeHart R, Davis J, editors. Fundamentals of Aerospace
Medicine. 3rd ed. Philadelphia, PA: Lippincott Williams & Wilkins; 2002:122-153

Newman DG. The cardiovascular system at +1 Gz. In: Newman DG, editor. High G Flight: Physiological Effects and
Countermeasures. 1st ed. England, UK: Ashgate Publishing Limited; 2016:39-55

Kobayashi A, Kikukawa A, KimuraM, Inui T, Miyamoto Y. Cerebral near-infrared spectroscopy to eval uate anti-G straining
maneuversin centrifuge training. Aviat Space Environ Med 2012 Aug 01;83(8):790-794 [doi: 10.3357/asem.3200.2012]
[Medline: 22872994]

Tu MY, Chu H, Lin YJ, Chiang KT, Chen CM, Chen HH, et al. Combined effect of heart rate responses and the anti-G
straining manoeuvre effectiveness on G tolerance in a human centrifuge. Sci Rep 2020 Dec 10;10(1):21611 [FREE Full
text] [doi: 10.1038/s41598-020-78687-3] [Medline: 33303828]

Yun C, Oh S, Shin YH. AGSM proficiency and depression are associated with success of high-G training in trainee pilots.
Aerosp Med Hum Perform 2019 Jul 01;90(7):613-617 [doi: 10.3357/AMHP.5323.2019] [Medline: 31227034]

Tu M, Chu H, Chen H, Chiang K, Hu J, Li F, et al. Roles of physiological responses and anthropometric factors on the
gravitational force tolerance for occupational hypergravity exposure. Int J Environ Res Public Health 2020 Nov
02;17(21):8061 [FREE Full text] [doi: 10.3390/ijerph17218061] [Medline: 33147694]

Park M, Yoo S, Seol H, Kim C, Hong Y. Unpredictability of fighter pilots G duration tolerance by anthropometric and
physiological characteristics. Aerosp Med Hum Perform 2015 Apr;86(4):397-401 [doi: 10.3357/AMHP4032.2015] [Medline:
25945558]

Webb JT, Oakley CJ, Meeker LJ. Unpredictability of fighter pilot G tolerance using anthropometric and physiologic
variables. Aviat Space Environ Med 1991 Feb;62(2):128-135 [Medline: 2001208]

Chiang KT, TuMY, LinYJ, Hsin YH, Chiu YL, Li FL, et a. A cardiac force index applied to the G tolerance test and
surveillance among male military aircrew. Int J Environ Res Public Health 2021 Aug 21;18(16):8832 [FREE Full text]
[doi: 10.3390/ijerph18168832] [Medline: 34444580]

Chu C. Method for detecting cardiac status, method for monitoring cardiac status during exercise, and apparatus for
monitoring cardiac status. United States Patent Office US9566010B2. Google Patents. 2016. URL : https.//patents.google.com/
patent/US20160058314 [accessed 2021-03-23]

Chu C. Method for detecting cardiac status, method for monitoring cardiac status during exercise, and apparatus for
monitoring cardiac status. Taiwan Patent No. 408 1546051. Google Patents. 2016. URL : https.//patents.google.com/patent/
TWI546051B/en [accessed 2021-03-24]

Hsiao PJ, Chiu CC, Lin KH, Hu FK, Tsai PJ, Wu CT, et a. Usahility of wearable devices with anovel cardiac force index
for estimating the dynamic cardiac function: observational study. IMIR mHealth uHealth 2020 Jul 21;8(7):€15331 [FREE
Full text] [doi: 10.2196/15331] [Medline: 32706725]

WU Y'S, Wang WY, Chan TC, Chiu YL, Lin HC, Chang YT, et a. Effect of the Nintendo Ring Fit Adventure exergame
on running completion time and psychological factors among university students engaging in distance learning during the
COVID-19 pandemic: randomized controlled trial. IMIR Serious Games 2022 Mar 22;10(1):€35040 [FREE Full text] [doi:
10.2196/35040] [Medline: 35315780Q]

BioHarness 3.0 user manual. Zephyr Technology Corporation. 2012 Sep 12. URL: https.//www.zephyranywhere.com/
medi a/downl oad/bioharness3-user-manual.pdf [accessed 2023-05-01]

Johnstone JA, Ford PA, Hughes G, Watson T, Garrett AT. Bioharness(™) multivariable monitoring device: part. I: validity.
J Sports Sci Med 2012 Sep 1;11(3):400-408 [FREE Full text] [Medline: 24149346]

PipraiyaM, Tripathi KK, DograMM. Effects of +Gz acceleration on indices of heart rate variability. Ind J Aerospace Med
2005 Jun 30;49:37-47 [EFREE Full text]

Newman DG, White SW, Callister R. Evidence of baroreflex adaptation to repetitive +Gz in fighter pilots. Aviat Space
Environ Med 1998 May;69(5):446-451 [Medline: 9591613]

Lai C, TuM, Chu H, Liu C. Cardiac performance of cadets during the centrifuge training with rapid onset rate. Aerosp
Med Hum Perform 2019;90:225

https://mhealth.jmir.org/2023/1/e48812 JMIR Mhealth Uhealth 2023 | vol. 11 | e48812 | p. 10

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15892551&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10417010&dopt=Abstract
http://dx.doi.org/10.7205/milmed-d-11-00003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22360061&dopt=Abstract
http://dx.doi.org/10.3357/asem.3200.2012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22872994&dopt=Abstract
https://doi.org/10.1038/s41598-020-78687-3
https://doi.org/10.1038/s41598-020-78687-3
http://dx.doi.org/10.1038/s41598-020-78687-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33303828&dopt=Abstract
http://dx.doi.org/10.3357/AMHP.5323.2019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31227034&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijerph17218061
http://dx.doi.org/10.3390/ijerph17218061
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33147694&dopt=Abstract
http://dx.doi.org/10.3357/AMHP.4032.2015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25945558&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2001208&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijerph18168832
http://dx.doi.org/10.3390/ijerph18168832
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34444580&dopt=Abstract
https://patents.google.com/patent/US20160058314
https://patents.google.com/patent/US20160058314
https://patents.google.com/patent/TWI546051B/en
https://patents.google.com/patent/TWI546051B/en
https://mhealth.jmir.org/2020/7/e15331/
https://mhealth.jmir.org/2020/7/e15331/
http://dx.doi.org/10.2196/15331
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32706725&dopt=Abstract
https://games.jmir.org/2022/1/e35040/
http://dx.doi.org/10.2196/35040
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35315780&dopt=Abstract
https://www.zephyranywhere.com/media/download/bioharness3-user-manual.pdf
https://www.zephyranywhere.com/media/download/bioharness3-user-manual.pdf
https://europepmc.org/abstract/MED/24149346
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24149346&dopt=Abstract
https://indjaerospacemed.com/effects-of-gz-acceleration-on-indices-of-heart-rate-variability/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9591613&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MHEALTH AND UHEALTH Kuo et a

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Whinnery JE. +Gz tolerance correlation with clinical parameters. Aviat Space Environ Med 1979 Jul;50(7):736-741
[Medline: 486023]

Slungaard E, McLeod J, Green NDC, Kiran A, Newham DJ, Harridge SDR. Incidence of G-induced loss of consciousness
and almost loss of consciousness in the Royal Air Force. Aerosp Med Hum Perform 2017 Jun 01;88(6):550-555 [doi:
10.3357/AMHPA4752.2017] [Medline: 28539143]

SevillaNL, Gardner JW. G-induced loss of consciousness: case-control study of 78 G-Locsin the F-15, F-16, and A-10.
Aviat Space Environ Med 2005 Apr;76(4):370-374 [Medline: 15828637]

Green NDC, Ford SA. G-induced loss of consciousness: retrospective survey results from 2259 military aircrew. Aviat
Space Environ Med 2006 Jun;77(6):619-623 [Medline: 16780240]

Park J, Yun C, Kang S. Physical condition does not affect gravity-induced loss of consciousness during human centrifuge
training in well-experienced young aviators. PL0oS One 2016 Jan 26;11(1):e0147921 [FREE Full text] [doi:
10.1371/journal .pone.0147921] [Medline: 26812597]

Johanson DC, Pheeny HT. A new look at the loss of consciousness experience within the U.S. Naval forces. Aviat Space
Environ Med 1988 Jan;59(1):6-8 [Medline: 3355469]

Newman DG, White SW, Callister R. Evidence of baroreflex adaptation to repetitive +Gz in fighter pilots. Aviat Space
Environ Med 1998 May;69(5):446-451 [Medline: 9591613]

Scott JPR, Jungius J, Connolly D, Stevenson AT. Subjective and objective measures of relaxed +Gz tolerance following
repeated +Gz exposure. Aviat Space Environ Med 2013 Jul;84(7):684-691 [doi: 10.3357/asem.3550.2013] [Medline:
23855063]

Newman DG. Cardiovascular adaptation to acceleration. In: High G Flight: Physiological Effects and Countermeasures.
1st ed. England, UK: Ashgate Publishing Limited; 2016:131-149

Whinnery JE. +Gz-induced loss of consciousnessin undergraduate pilot training. Aviat Space Environ Med 1986 Oct;57(10
Pt 1):997-999 [Medline: 3778399

Sundblad P, Kélegard R, Eiken O. G tolerance and the vasoconstrictor reserve. Eur JAppl Physiol 2014
Dec;114(12):2521-2528 [doi: 10.1007/s00421-014-2957-z] [Medline: 25115505]

Eiken O, Mekjavic I, Sundblad P, Kélegard R. G tolerance vis-a-vis pressure-distension and pressure-flow relationships
of leg arteries. Eur JAppl Physiol 2012 Oct 16;112(10):3619-3627 [doi: 10.1007/500421-012-2349-1] [Medline: 22350358]
G awarenessfor aircrew. United States Air Force. 2014 Oct 17. URL: https:/static.e-publishing.af.mil/production/l/af_a3 5/
publication/afpam11-419/afpam11-419.pdf [accessed 2023-04-28]

Abbreviations

AGS: anti-G suit

AGSM: anti-G straining maneuver
APRL: Aviation Physiology Research Laboratory
bpm: beats per minute

CFI: cardiac force index

CFR: cardiacforceratio

DBP: diastolic blood pressure

GLOC: G-induced loss of consciousness
HR: heart rate

HRR: heart rate reserve

mHealth: mobile health

RCFI: resting cardiac force index

RGT: relaxed G tolerance

SBP: systolic blood pressure

SGT: straining G tolerance

WCFI: walking cardiac force index

Edited by L Buis, G Eysenbach; submitted 19.05.23; peer-reviewed by YT Chang, CS Cheng; comments to author 03.07.23; revised
version received 08.07.23; accepted 12.07.23; published 26.07.23

Please cite as:

Kuo MH, Lin YJ, Huang WW, Chiang KT, Tu MY, Chu CM, Lai CY

G Tolerance Prediction Model Using Mobile Device-Measured Cardiac Force Index for Military Aircrew: Observational Study
JMIR Mhealth Uhealth 2023;11:e48812

URL: https://mhealth.jmir.org/2023/1/e48812

doi: 10.2196/48812

PMID:

https://mhealth.jmir.org/2023/1/e48812 JMIR Mhealth Uhealth 2023 | vol. 11 | 48812 | p. 11

RenderX

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=486023&dopt=Abstract
http://dx.doi.org/10.3357/AMHP.4752.2017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28539143&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15828637&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16780240&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0147921
http://dx.doi.org/10.1371/journal.pone.0147921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26812597&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3355469&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9591613&dopt=Abstract
http://dx.doi.org/10.3357/asem.3550.2013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23855063&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3778399&dopt=Abstract
http://dx.doi.org/10.1007/s00421-014-2957-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25115505&dopt=Abstract
http://dx.doi.org/10.1007/s00421-012-2349-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22350358&dopt=Abstract
https://static.e-publishing.af.mil/production/1/af_a3_5/publication/afpam11-419/afpam11-419.pdf
https://static.e-publishing.af.mil/production/1/af_a3_5/publication/afpam11-419/afpam11-419.pdf
https://mhealth.jmir.org/2023/1/e48812
http://dx.doi.org/10.2196/48812
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MHEALTH AND UHEALTH Kuo et a

©Ming-Hao Kuo, You-Jin Lin, Wun-Wei Huang, Kwo-Tsao Chiang, Min-Yu Tu, Chi-Ming Chu, Chung-Yu Lai. Originally
published in IMIR mHealth and uHealth (https://mhealth.jmir.org), 26.07.2023. Thisis an open-access article distributed under
thetermsof the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided the origina work, first published in IMIR mHealth and uHealth, is

properly cited. The complete bibliographic information, alink to the original publication on https://mhealth.jmir.org/, as well as
this copyright and license information must be included.

https://mhealth.jmir.org/2023/1/e48812 JMIR Mhealth Uhealth 2023 | vol. 11 | 48812 | p. 12

(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

