www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Analysis of the relationship
between body imbalance
characteristics and physical
ability in air force cadets: physical
function and gravity acceleration
resistance
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Air Force pilots and some athletes (e.g., in sledding sports) are frequently exposed to high G-forces.
High-intensity physical activity is essential to withstand gravitational acceleration, and morphological
symmetry and functional movement are directly related to injury in those who perform these
activities. However, the relationship between G-endurance and physical imbalance and the effect on
physical performance is poorly understood. This study aimed to analyze the physical performance

of those exposed to a high load of G-tolerance and who performed high-intensity physical activity. A
total of 363 male cadets from the Korean Air Force Academy underwent functional movement screen
tests, anatomical structure measurements, G-tests (fourth grade), and body composition and physical
fitness tests. Participants were classified into the G-test-pass and -fail groups depending on the

G-test results. The pass group showed significantly different bilateral imbalance in active straight leg
raises (p<0.05), while the fail group showed a significant difference in deep squats (p<0.05), shoulder
mobility (p <0.01), rotary stability (p <0.05), and functional leg length (p <0.05). Leg length was
significantly correlated with the hurdle step (p <0.01), inline lunge (p <0.01), and active straight leg
raise (p<0.01). Functional leg lengths on both sides and structural leg lengths were also significantly
correlated (p <0.01). High body balance positively affects gravitational acceleration and exercise
performance. Therefore, functional movement and physical imbalance affect performance in pilots
affected by gravitational acceleration. This study can also be applied to strengthen the performance of
winter sports athletes affected by gravitational acceleration.
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Exercise complexity, including balance and body structure, helps improve motor function and strengthens high
acceleration resistance in pilots?. The structural features of the human body and movement patterns are closely
related, and balance and symmetry significantly affect body movements and injuries®. Functional leg-length
imbalance is inversely proportional to the quality of movement and directly proportional to chronic tension
in the spinal cord, causing pain and, in severe cases, scoliosis*. Morphological symmetry and movement pat-
tern analysis are particularly important to people who regularly perform high-strength physical activities at a
professional level®.

Although various testing tools are utilized in the field to predict morphological symmetry, functional move-
ment screen (FMS) and functional limb symmetry measurements are the most highly used tools in the field.
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FMS is a tool developed to accurately analyze asymmetric body parts® and identify musculoskeletal damage risk.
FMS uses a total of seven test methods, with the highest score being 21 points; however, it is classified as a test
method with a high risk of injury”.

Recent studies using FMS have reported that the morphological symmetry of pilots’ lower extremities has a
significant effect on whether they pass the G-test®. Pilots are frequently exposed to high loads, and continuous
exposure to G-forces above 7 G can cause musculoskeletal injuries, such as those of the cervical and lumbar
vertebrae”!?. Therefore, pilots are trained with the same high intensity as elite athletes and maintain their stamina
to withstand this acceleration of gravity''. However, 36% of South Korean pilots still complain of back pain.
Similarly, winter sports and some racing athletes are also likely to be exposed to the same damage as they can
be affected by the acceleration of gravity.

Although gravity-based data is essential for athletes who compete in sledding events (such as bobsleigh and
skeleton) and G-durable athletes (such as racing drivers), obtaining G-test data for elite athletes is challeng-
ing. Therefore, this study aimed to analyze the relationship between physical imbalance characteristics and
the physical abilities of Air Force cadets in more detail. Identifying the relationship between G-endurance and
body imbalance will provide the data necessary for athletes participating in winter sports and pilots, prevent
injuries, and improve exercise functions. However, this relationship has not yet been studied, to the best of our
knowledge. Through this study, we aimed to provide meaningful data that can promote the relief of injuries and
improve the physical abilities of those who engage in high-intensity physical activities and athletes exposed to
gravitational acceleration.

Results

FMS measurements

Table 1 presents the physical characteristics of the study participants. Table 2 presents the FMS measurement
results according to the grade. The FMS scores appeared in the order grade 1>grade 3 >grade 4 > grade 2 for
most items, but large variations were observed with variations in grade and measurement items.

Correlation analysis between leg length and FMS measurements

The results of the correlation analysis between leg length and FMS scores are shown in Table 3. Leg length showed
a statistically significant correlation with hurdle step (p <0.01), inline lunge (p <0.01), and active straight leg raise
(p<0.01). Functional and structural leg lengths also showed statistically significant correlations.

Imbalance analysis results according to G-test

Figure 1 presents the left and right imbalance analysis results based on the G-test. A statistically significant dif-
ference in left and right imbalance was observed in active straight leg raise (p <0.05) in the G-test-passed (GP)
group, deep squat (p <0.05), and shoulder mobility (p <0.01) in the G-test-failed (GF) group, and rotary stability
(p <0.05) and functional leg length (p <0.05) in both groups.

Discussion

High-intensity training is essential in improving the body’s function; however, continuous high-intensity training
that is not based on the structure and function of the human body may lead to poor exercise function'?. FMS
is easily used to assess individual limitations and asymmetry along the movement chain to prevent injuries'*'.
This test is widely used in various fields'>!¢, and has been effectively applied to body asymmetry and functional
movement measurements™!”.

The FMS test is used to assess elite sports athletes and Air Force pilots who perform high-intensity physical
activity'®". The body asymmetry of the Air Force cadets, as measured by FMS, affects G-force resistance under
gravitational acceleration®. Our study confirmed that the difference in lower extremity imbalance affects the
G-test result of cadets, and similar results were seen in previous studies. In addition, the FMS of cadets in the
GF group showed a particularly significant difference in the three events of the one-sided measurement, namely
the hurdle step, inline lunge, and active straight leg raising. Similar results were also seen in a previous study
conducted on Air Force cadets®. This implies that the results of the FMS one-sided measurement vary based
on physical imbalance, proving the need for an alternative procedure to complement the training process and

Factor Grade 1 (n=106) | Grade2 (n=73) | Grade3 (n94) | Grade4 (n90) |f P Post-hoc
Age 20.11£0.57 21.34+0.74 22.14+0.54 23.26+0.51 - -

Height (cm) 173.83+4.88 175.31+4.91 175.54+4.37 175.10+4.92 2.532 |0.057

Body weight (kg) 71.49+7.64 72.06+7.75 72.69+6.90 72.52+7.47 0.506 |0.678

Skeletal muscle mass (kg) 33.98+3.31 34.98+3.42 35.46+3.15 35.32+3.59 3.889 [0.009 |1vs.3,4*
Fat mass (kg) 11.42+3.76 10.66+3.52 10.59+3.44 10.66+2.80 1.319 | 0.268

Body fat (%) 15.76 £4.07 14.56 +£3.94 14.39+3.85 14.60£2.98 2.793 |0.040 |1vs.3*
Body mass index (kg/m?) 23.65+2.28 23.42+2.14 23.59+2.15 23.61+1.84 0.182 |0.909

Table 1. Detailed description of participant’s physical characteristics. Values are expressed as mean + standard
deviation *p <0.05, **p <0.01, ***p < 0.001 by Tukey’s test.
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Factor Gradel (n=106) | Grade2 (n=73) | Grade3 (n=94) | Grade4 (n=90) |f P Post-hoc
Deep squat Total |2.10+0.45 1.89£0.79 2.04+0.67 1.98+0.62 1748 | 0.157 |-
Total |2.08+0.67 1.35+0.51 1.77£0.65 1.54:£0.60 23.011 | 0.001 | 1vs.2, 4% 1vs. 3%%2vs, 3%
Hurdle step Right |2.07£0.69 1.43£0.57 1.85£0.67 1.50:£0.65 19.127 | 0.001 | 1vs.2, 42 vs. 3%
Left | 2.00+0.64 1.42£0.57 1.84:£0.70 1.58+0.71 15.077 | 0.001 | 1vs.2, 4% 2 vs. 3% 3 vs. 4**
Total |2.31+0.77 1.41+0.72 1.76+0.78 1.63+0.54 26781 |0.001 |1vs.2,3,4%%2vs. 3%
Inline lunge Right |2.30£0.79 1.62£0.71 1.8320.77 1.70£0.52 14.623 | 0.001 | 1vs.2, 4% 1vs. 3**
Left |2.23£0.75 1.52£0.78 2.00£0.65 1.63+0.48 21630 | 0.001 | 1vs.2, 4% 2vs. 34%%; 3 vs. 4%
Total | 183+0.63 1.5240.74 1224057 2204063 38706 0001 |1 VS TTHIV B AT 2N A2V 353
Shoulder mobility Right |221+0.74 1.56+0.76 1.30+0.73 2.13£0.63 40.538 | 0.001 | 1vs.2, 3% 2 vs. 4% 3 vs, 4%%*
Left |1.74£0.55 1.75+0.86 1.31£0.65 2.23+0.65 28025 [0.001 | 1vs.3,4%%2vs.3, 47 3 vs. 4%
Total |2.44£0.63 230+0.84 2.58+0.66 1.75£0.56 26704 | 0.001 | 1vs. 4% 2 vs. 444%; 2 vs. 34%; 3 vs. 4+%
Active straight leg raise | Right | 2.40+0.65 2344083 265061 1.60+0.51 44058 | 0001 | } VS AT IVS3E2Ve AT 208 35 3 v,
Left |2.33+0.61 2.45+0.78 2.60+0.56 1.81£0.55 32467 |0.001 | 1vs.3, 4% 2 vs. 4%%%; 3 vs, 455
Trunk stability push-up | Total |2.35+0.66 1.97+0.88 2.42+0.74 2.02+0.47 9.658 | 0.001 | 1vs.2¥%;2vs. 3% 3 vs, 44*
Total |2.41+0.63 1.34£0.50 1.64:+0.54 2.31+0.46 78263 [0.001 | 1vs.2,3%%%; 2 vs. 34%; 3 vs, 4*%
Rotary stability Right |2.34+0.55 1.27+0.47 1.57£0.55 230+0.48 90.158 | 0.001 | 1vs. 2,32 vs, 4%%% 2 vs. 3%%; 3 vs, 47
Left |2.39+0.62 1.34:+0.47 1.62:£0.48 2.26+0.57 73135 [0.001 | 1vs.2,3%%2vs. 4%%% 2 vs. 3%% 3 vs, 43
Total score Total |15.55+2.33 11.72+2.81 13.39£2.51 13.45£2.15 37.106 |0.001 |1vs.2,3,4%%2vs.3,4*
Functionalleg length Right | 94.26+3.09 89.1243.60 93.20+2.98 88.90+3.45 65498 [0.001 | 1vs.2, 4% 2vs. 3% ¥ 3 vs, 4%+
Left | 93.39+2.85 89.32+3.38 93.32+2.73 89.17+3.28 54.883 [ 0.001 | 1vs.2, 4% 2vs. 34 ¥ 3 vs, 444
Right |98.47+3.29 96.47+3.29 99.13+2.33 95.864.01 20174 | 0.001 | 1vs.2,4%%%; 2 vs. 3% *%; 3 vs, 445
Structural leg length
Left | 98.87+3.41 96.04+4.13 98.862.38 95.91+3.84 20.968 | 0.001 | 1vs.2,4%%%; 2 vs. 3% *%; 3 vs, 444
Table 2. Functional movement screen (FMS) score and leg-length measurement. Values are expressed as
mean + standard deviation *p <.05, **p <.01, ***p <.001 by Tukey’s test.
Factor | DS HS IL M ASLR |TSPU |RS TS FLL-R |FLL-L |SLL-R |SLL-L
DS
HS 0.396**
IL 0.100 | 0.548**
SM -0.078 | —0.085 | —0.020
ASLR 0.418%*| 0.533°| 0.251%*| - 0.151%*
TSPU 0.343*| 0.371%| 0.229%| —0.234*% | 0.399**
RS 0.169%*| 0.277°| 0.262**| 0.334** | —0.034 | 0.044
TS 0.581%*| 0782 | 0.627°*|  0201%* | 0.617*| 0.552** | 0.552**
FLL-R 0.037 | 0.199°| 0.259** -0.090 | 0.119*| 0.073 |0.127* |0.187*
FLL-L 0.038 | 0.171%*| 0.250**| -0.072 | 0.31**|00.73 |0.080 | 0.174** |0.957*
SLL-R | -0.013 | 0092 | 0.151*| -0.082 0.074 | 0.001 [0.016 |0.058 |0.863 | 0.847*
SLL-L 0.015 | 0.118°| 0.173**| -0.062 0.092 | 0.011 |0.043 |0.098 | 0.870* |0.864** |0.973**
Table 3. Pearson’s correlation coefficients for the correlation between functional movement screen (FMS)
score and leg length. DS deep squat, HS hurdle step, IL inline lunge, SM shoulder mobility, ASLR active straight
leg raise, TSPU trunk stability push-up, RS rotary stability, TS total score, FLL-R functional leg length-right
side, FLL-L functional leg length-left side, SLL-R structural leg length-right side, SLL-L structural leg length-
left side; **p<0.01, *p <0.05.
prevent injury. Since movement restrictions and asymmetry are closely related to injury, developing strategies
to prevent injury and improve function is necessary.

This conclusion also applies to athletes who must endure G-tolerance during sporting sports. Our results
indicate that functional movement and physical imbalance can affect the performance of athletes competing in
sports affected by gravity acceleration (e.g., sledding sports). Because winter sports, as well as some racing sports,
may be affected by gravity acceleration, the physical ability to overcome this phenomenon is also important. For
example, sledding sports, such as bobsleigh, are exposed to 4-5 G of gravitational acceleration during training
and competition. Historically, the emphasis on functional and balance training in winter sports has been com-
paratively limited. Additionally, gravity-based data is essential for athletes who are affected by G-tolerance, such
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Fig. 1. Left and right imbalance analysis results according to G-test results.

as racers and athletes in sledding events such as bobsleigh and skeleton, but surprisingly, such research in sports
has not been documented as far as we know?. This is believed to be due to practical difficulties in obtaining
G-test data for these athletes, unlike Air Force facilities equipped with experimental environments. Additionally,
deriving meaningful data is challenging due to the low number of athletes. To overcome these limitations, we
conducted a study targeting Air Force Academy cadets, a special group exposed to gravitational acceleration.
Based on the FMS and G-test results, body imbalance was related to athletic ability; these results suggest that
athletic ability, asymmetry, damage measurement, and management are essential for athletes responding to
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gravitational acceleration. In particular, FMS measurements discerned functional movements and showed that
concentrating on rectifying human body imbalances can enhance G-resistance and overall athletic performance
in winter sports.

Although a limitation is that this study was not conducted on actual athletes, this study can still provide
valuable insights as it is the first to suggest applicability to sports players affected by gravitational acceleration by
targeting air force pilots under gravitational acceleration. It is considered that further studies will provide mean-
ingful data for utilizing the data of actual winter sports athletes. Notably, according to the results of this study,
a high left-right side balance can positively affect exercise performance and will help improve the performance
of sports athletes who endure gravitational acceleration.

Conclusions

For people constantly subjected to gravitational acceleration, improving human asymmetry and functional
movement is important in preventing injury and improving motor function. Research data on winter sports are
scarce compared to those on summer sports. The present study’s findings can be used as data to strengthen the
performance of winter sports participants and sports athletes affected by gravity acceleration. Applying FMS to
training programs to prevent injuries to athletes should be encouraged.

Methods

Participants

A total of 363 male volunteers from the Air Force Academy participated in this study. After checking the number
of cases required using G*Power, it was determined that 82 study participants were needed per group under the
conditions of effect size (0.25), a error (0.05), and power (0.80)?'. Since male cadets account for 90% of the Air
Force cadets, only male cadets were enrolled in this study. The FMS test and leg length measurements without
a G-test were conducted for freshmen to third graders (273 volunteers). For fourth graders (94 volunteers), a
G-test was conducted in addition to the above tests. Before the study, body composition measurements, such as
weight (kg), skeletal muscle mass (%), body fat mass (kg), and body mass index (kg/m?) were performed on all
volunteers. Body composition was measured two weeks before the G-test using InBody 720 (Biospace Co., Ltd.,
Seoul, Republic of Korea). The test was conducted 7 a.m. to maintain an empty stomach. Before every examina-
tion, all volunteers were provided with a detailed description of the study’s aim, methods, and possible risks.
They were also informed that they could withdraw from the experiment at any time, if desired. Subsequently,
participants signed an informed consent form. All study procedures were approved by the Institutional Bioethics
Committee of the Air Force Aerospace Medical Center (ASMC-22-IRB-002). The study was conducted following
the principles of the Declaration of Helsinki.

FMS test

The FMS was measured by certified inspectors in compliance with methods used in previous studies**>*. The
test was conducted after explaining the seven motions and scoring criteria to all participants in detail. Test
movements consisted of a deep overhead squat, hurdle step, inline lunge, trunk stability push-up, active straight
leg raise, shoulder mobility, and rotary stability (Fig. 2). Informed consent was obtained from volunteers for

(©)

1) Deep Squat (DS) 2) Huddle Step (HS) 3) In line Lunge (IL) 4) Shoulder Mobility (SM)

(F) (G)

5) Actvive Straight Leg Raise (ASLR) 6) Trunk Stability Push-Up (PU) 7) Rotary Stability (RS)

Fig. 2. Details of the seven motions for functional movement screen (FMS) measurements.
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participation in the study and for posting of images in online public publications. Five movements were used to
evaluate symmetry by measuring right- and left-side movements. Each test was scored on a scale of 0-3, with 0
being the lowest and 3 being the highest. Pain identified during the examination was assigned a score of 0. A score
of 1 was awarded when the participant could not complete the motion or when the performance was incorrect. A
score of 2 indicates that the action can be completed but must be compensated somehow. A score of 3 indicates
normal performance without any reward. The lowest score measured on both sides was taken as the overall score.

Leg-length measurements

Functional and structural measurements were performed to determine leg length. After assuming a supine posi-
tion with light clothing, the participants spread both legs and maintained them 15-20 cm apart. The functional
leg length test was performed from the umbilicus to the medial malleolus of the tibia, and the structural leg
length test was performed from the anterior superior iliac spine to the medial malleolus of the tibia. The average
value was derived for all measurements by measuring each side three times using a Martin-type anthropometer
(PMIL, TTM, Japan).

G-test measurements

The volunteers sat in the cockpit seats of a high-speed centrifugal gondola and performed a G-test for 30 s at a
5 G acceleration of gravity. Immediately after commencing the test, the gondola started rotating at a speed of
0.8 G, and acceleration of gravity increased to 5 G as soon as the participants pulled the lever. The measurement
ended 30 s after commencement, when the participant pushed the lever, or when the participant lost conscious-
ness owing to G-LOC?*%. The criteria for G-LOC were met when the participant’s upper body was bent forward,
the eyes were heavy with an acceleration of gravity, the jaw muscles were relaxed, and the mouth was opened.
Before commencing the G-test, instructors with more than 20 years of experience conducted training on pos-
tures, L-1 breathing methods (anti-G training maneuvers), and precautions required for the G-test®. Based on
test results, the participants were classified into the GP and GF groups. The G-test was performed using a high-
speed centrifugal gondola (ETC, Southampton, PA, USA) equipped at the Air Force Academy of the Aerospace
Medical Center.

Statistical analysis

All statistical analyses were conducted using IBM’ SPSS Statistics” for Windows (version 22.0; IBM Corp.,
Armonk, NY, USA), and all data are presented as mean + standard deviation values. All data were subjected to
normal verification and homogeneity verification, and normal distribution was confirmed. One-way analysis
of variance with post-hoc Tukey’s test was used to analyze left-right imbalance by the grade level of Air Force
cadets. An independent samples t-test was used to analyze FMS test results and functional leg length differences
according to whether the grade 4 cadets passed the G-test. Moreover, correlation analysis was conducted to
confirm the correlation between FMS and functional leg length. Statistical significance was set at p <0.05.

Institutional review board statement
The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Insti-
tutional Bioethics Committee of the Air Force Aerospace Medical Center (ASMC-22-IRB-002).

Informed consent
Informed consent was obtained from all participants involved in the study.

Data availability
The data presented in this study are available on request from the corresponding author.
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