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Section I - Kinesiology

The Impact of Lower Back Pain on Hip Extension and
Lumbosacral Lateral Flexion in Junior Gymnasts
during Back-Bending

by
Kazuaki Kinoshita ¥, Yuichi Hoshino 2, Naoko Yokota 3, Masayuki Fukuda 4,
Mika Hirata *, Yuichiro Nishizawa °

We sought to compare the spine and lower limb alignment using inertial measurement units (IMUs) in athletes
with and without low back pain (LBP). Fifty junior gymnasts were divided into two groups: those with (n = 12) and
without LBP (n = 38). IMU sensors were placed throughout the body. Participants were instructed to perform back-
bending. The movements of shoulder, thoracolumbar, lumbosacral, hip, and knee joints were assessed. Additionally,
differences between thoracolumbar and lumbosacral joints were evaluated. In the sagittal plane, lumbosacral extension
was greater in the no-LBP group (37.7°+13.6°) than in the LBP group (24.6°+20.4°, p <0.05, d = 0.85). Thoracolumbar
extension was similar in the no-LBP (74.1° + 14.4°) and LBP groups (84.5°+ 20.4°, p > 0.05, d = 0.66). The difference
between thoracolumbar and lumbosacral extension was 36.4° + 22.4° in the no-LBP group and 59.8° + 34.2° in the LBP
group, which was statistically significant (p < 0.05, d = 0.41). Hip extension was greater in the no-LBP group (10.7° +
7.1°) than the LBP group (5.5°+7.6° p<0.05, d=0.73). In the frontal plane, diminished lumbosacral joint lateral flexion
was observed in the no-LBP group (5.8° + 4.6°) compared to the LBP group (11.1° + 8.3°, p < 0.05, d = 0.45). Junior
gymnasts with LBP demonstrated reduced ranges of motion in hip and lumbosacral extension, along with further
extension of the thoracolumbar beyond the lumbosacral joints while back-bending. Additionally, lateral flexion was
observed at lumbosacral joints.
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Introduction to participate in their sport without altering their
routine training despite pain (Harringe et al., 2004).
Ignoring LBP can lead to training losses, ultimately
impacting competitive performance. In

The prevalence of low back pain (LBP) in
gymnasts is quite high, ranging 72-82.3% (Fari et

al., 2021; Sabeti et al., 2015). While ankle injuries professional sports, LBP is the most common cause

occur most frequently, the low back is most of lost playing time (Bono, 2004; Bernstein and
frequently painful (Andreu et al., 2022; Fari et al,, Cozen, 2007)

2021; Sabeti et al., 2015). One significant reason for
the elevated prevalence of LBP is participation in
gymnastic exercises that involve repeated joint
hyperextension  (Bono, 2004; Curtis and
D’Hemecourt, 2007). Further aspects of LBP in
gymnasts warrant consideration. Researchers have
observed that many gymnasts with LBP continue

Bruggemann's radiological study (2010)
showed that female gymnasts aged 12-13 years
reported the most spinal abnormalities. One-third
of them had severe and another third had
moderate spinal abnormalities (Bruggemann,
2010). The reason for such a high prevalence of
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spinal abnormalities at a young age may be due to
“early” participation in competitive contexts
(Baxter-Jones et al., 2003; Malina et al., 2013). Ciullo
and Jackson (1985) suggested that repetitive
hyperextension of the spine and associated
microtrauma might cause spinal injuries. In order
to ensure the safety of athletes and to minimize the
risk of injuries, identifying how they should
perform back-bending safely is essential.

An inertia measurement unit (IMU)-based
system is preferable for analyzing low back pain
(LBP) in gymnasts. An IMU-based system has
emerged as a prominent tool for collecting
kinematic data of multiple joints in various
activities without being restricted to the laboratory
environment (Feletti et al,, 2023; Horsley et al,,
2021; Ziwei et al, 2022). IMU devices are
lightweight and can be worn by gymnasts without
restricting their movement. Additionally, IMUs
can be used on various surfaces and apparatuses,
providing comprehensive data for different
gymnastic activities (Campbell et al., 2023). For
analyzing LBP in gymnasts, IMUs capture
variables such as spinal extension angles, hip and
knee joint movements, and the synchronization of
these movements during performance. These data
allow for a detailed comparison of movement
patterns between gymnasts with and without LBP.
The validity and reliability of IMUs in capturing
these kinematic variables are well-documented,
demonstrating their effectiveness for field
assessments and providing accurate insights into
the biomechanical alignment associated with LBP
in athletes (Roetenberg et al., 2013; Vermeulen et
al., 2023). The objective of this study was to
compare the spine and lower limb alignment using
IMUs in athletes with and without LBP.
Specifically, we examined characteristics of the
bent-back position alignment in junior gymnasts
who experienced extension-related LBP within the
previous three months. Our hypothesis was that
athletes experiencing LBP would have greater
spinal extensions and stiffer movements of hip and
knee joints.

Methods

Fifty junior gymnasts (12 males and 38
females) were included in the study. The average
age was 12.1 + 1.4 years, the average body height
was 139.3 + 8.1 cm, the average body mass was 32.9
+ 6.3 kg, and the average training experience was
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6.6 + 2.5 years. The LBP group consisted of 12
gymnasts, while the no-LBP group included 38
participants (Table 1). Participants trained
approximately 18-25 hours per week. The
demographic characteristics of the groups did not
differ significantly (Table 1).

This study was approved by the ethics
committee of the Shijonawate Gakuen University
(approval number: 22-6; approval date: 13
September 2022). It adhered to the ethical
standards of institutional and national research
committees as well as the 1964 Helsinki
Declaration and its later amendments. Informed
consent was obtained from parents, guardians, and
children participating in the study.

Participants were recruited from three
local gymnastic clubs in Hyogo, Japan, with
competitive levels ranging from regional
tournaments to national championships. Exclusion
criteria included a history of spinal surgery or
lower limb pathology to ensure adherence to the
study protocol. Individuals with undiagnosed pain
conditions or those currently experiencing LBP
that caused time-loss injuries (defined as missing a
scheduled session) were also excluded. Inquiries
were made to determine whether participants had
experienced extension-related LBP in the past 12
months. Lower back pain was defined as pain
lasting more than one week. Participants were then
divided into two groups for comparative analysis:
those with recent extension-related LBP over the
past three months (LBP group) and those without
LBP for the past 12 months (no-LBP group)

Apparatus

Eighteen IMU sensors (e-skin MEVA;
Xenoma Inc., Tokyo, Japan) installed in e-textile
segments were secured in hats, shirts, and pants
fitted to participants as shown in Figure 1. Each
IMU sensor contained a triaxial accelerometer and
a triaxial gyroscope, enabling the estimation of
three-dimensional joint kinematics and global
positioning according to a known algorithm (Teuf
etal., 2018). To calibrate a three-dimensional model
calculation prior to measurement, each participant
was asked to adopt three postures: leaning forward
with their hands pressed against a wall, a bowing
posture, and standing upright. The measurement
datasets comprised raw IMU sensor signals
(acceleration and angular velocity), global
positioning of each sensor and anatomical
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landmarks, as well as joint angles involving the
ankle, knee, hip, lumbosacral, thoracolumbar,
sternoclavicular, neck, wrist, elbow, and shoulder
joints. The definitions of movements were as
follows: in the sagittal plane, '+' denoted flexion
and '-' denoted extension; in the frontal plane, '+
indicated abduction and '-' indicated adduction;
and in the horizontal plane, '+' represented external
rotation and '-' represented internal rotation.
However, thoracolumbar and lumbosacral
movements were indicated by '+,' as they were
specifically defined as lateral bending in the frontal
plane.

Procedures

Measurements of joint angles were
performed when participants adopted the bent-
back position. Participants were instructed to hold
both upper and lower limbs as close as possible
and to straighten the body. Participants practiced
several times before measurements until reaching
a full understanding of the required posture.

Data Collection

Data were collected for 5 s, and the average
values during the intermediate 3 s were used for
further analysis. The joint angles of the shoulder,
the thoracolumbar, the lumbosacral, the hip, and
the knee were analyzed (Figure 1). Additionally,
to explore the hypothesis of excessive lumbar
curvature, a variable measuring the difference
between the thoracolumbar and lumbosacral (Th-
L) joints was introduced. Since all participants
exhibited lateral bending, measurements of joint
angles at the shoulder, the hip, and the knee were
analyzed on both the bent and opposite sides. The
internal consistency of the IMU measurements was
previously assessed, showing intraclass correlation
coefficients (ICCs) ranging from 0.52 to 0.99 for all
joint angles measured, indicating high
repeatability (Teufl et al, 2018). The IMU
measured joint angles for the shoulder, the
thoracolumbar, the lumbosacral, the hip, and the
knee, expressed in degrees. The measurement
error of the IMU was generally less than 1°, thus
the values were reported to one decimal place
(Teufl et al., 2018).

Statistical Analysis

Measurements were analyzed with
descriptive statistics using mean values and
standard deviations. The ICCs were calculated to

assess intra-rater repeatability of the bent-back
position. Values were analyzed using one-way
analysis of variance (ANOVA) with 95%
confidence intervals. ICCs were interpreted
according to Koo and Li (2016) where ICC > 0.90 =
excellent, 0.75-0.90 = good, 0.50-0.74 = moderate
and < 0.50 = poor. Table 2 presents the ICCs for this
study. ICCs for the anterior-posterior and
horizontal planes of the shoulder and knee joints
were 0.74 or below. Consequently, these variables
were omitted from further analysis.

Statistical analysis was conducted using
IBM SPSS Statistic 20 (IBM, New York, USA).
Before analyzing the differences, normality of data
distribution was tested using the Shapiro-Wilk
test. To determine differences between LBP and
no-LBP groups, the Student’s t-test was used for
independent samples for normally distributed
variables and the Mann-Whitney U-test for non-
normally distributed variables. The level of
significance was set at a < 0.05. Statistical power
analysis was conducted using G*Power software
(version 3.1.9.2) with a significance level () of 0.05.
Considering that the sample sizes were 12 in the
LBP group and 38 in the no-LBP group, assuming
a medium effect size of 0.8, the calculated sample
power was 0.66%.

Results

In the sagittal plane, the lumbosacral
extension was 37.7° + 13.6° in the no-LBP group
and 24.6° + 20.4° in the LBP group, with a
statistically significant difference (p <0.05, d=0.85)
(Table 3). The effect size (d = 0.85) indicated a large
effect, suggesting that the difference in
lumbosacral extension between the groups was
substantial. No significant difference was observed
in thoracolumbar extension (74.1° + 14.4° in the no-
LBP group and 84.5° + 20.4° in the LBP group, d =
0.66). However, the difference between
thoracolumbar and lumbosacral extension was
lower in the no-LBP group (36.4° +22.4°) compared
to the LBP group (59.8° + 34.2°, p < 0.05, d = 0.41)
(Table 4). Hip extension was greater in the no-LBP
group (10.7° +7.1°) than the LBP group (5.5° +7.6°,
p <0.05, d=0.73) (Table 5). The effect size (d =0.73)
represented a large effect, highlighting the
significant difference in hip extension between the
two groups. In the frontal plane, lateral flexion of
the lumbosacral was 5.8° +4.6° in the no-LBP group
and 11.1° + 8.3° in the LBP group, revealing a
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statistically significant difference (p <0.05, d = 0.45) compensated by increased thoracolumbar
(Table 3). Decreased hip extension was extension.

Table 1. Characteristics of participants.

Total No-LBP group LBP group
Age (year) 121 + 1.4 121 + 14 12.0 + 13
Body height (cm) 139.3 + 81 139.7 + 01 137.8 * 0.1
Body mass (kg) 329 £ 63 33.1 £ 65 323 * 6.2
Training experience  (year) 6.6 * 2.5 6.4 * 23 7.2 * 3.2

Data are reported as mean + SD unless otherwise indicated

Table 2. Reproducibility of joint positions in the back-bend position.

95%CI
ICC (L.1) Lower Upper
sagitta] 0.98 0.87 1.00
Shoulder frontal 0.47 -0.06 1.00
horizontal 0.63 0.05 1.00
sagitta] 0.78 0.23 1.00
Thoracolumbar frontal 0.88 0.43 1.00
horizontal 0.75 0.18 1.00
sagitta] 0.90 0.51 1.00
Lumbosacral frontal 0.88 0.44 1.00
horizontal 0.97 0.82 1.00
sagitta] 0.91 0.52 1.00
Hip frontal 0.75 0.18 1.00
horizontal 0.95 0.70 1.00
sagitta] 0.95 0.70 1.00
Knee frontal 0.55 -0.01 1.00
horizontal 0.54 -0.02 1.00

Table 3. Comparison of thoracolumbar and lumbosacral angles.

95%CI
No-LBP group LBP group Effect Size | ver Upper 14
sagittal 741 = 144 -845 = 204 0.66 -0.03 1.34 n.s.
Thoracolumbar frontal 6.6 + 50 11.3 + 7.7 0.39 -0.66 -0.02 n.s.
horizontal 6.0 + 59 6.5 + 52 0.12 -0.47 0.27 ns.
sagittal =377 = 136 -246 = 204 0.85 -1.54 -0.16 p<0.05
Lumbosacral frontal 5.8 + 46 111 = 8.3 0.45 -0.70 -0.09 p<0.05
horizontal 43 + 41 4.1 + 3.8 0.10 -0.45 0.29 n.s.

Angle definition: sagittal plane, flexion '+' and extension '-'; frontal plane, lateral flexion "+';
horizontal plane, rotation to the side with lateral flexion "+’
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Table 4. Comparison of the difference between thoracolumbar and lumbosacral angles.

95%CI
No-LBP group LBP group Effect Size Lower  Upper p
sagittal -364 + 224 -59.8 + 342 0.41 0.05 0.68 p<0.05
Th-L frontal 08 =+ 53 02 =+ 66 0.10 -0.57 0.77 ns.
horizontal 16 =+ 7.5 24 =+ 7.3 0.11 -0.78 0.56 ns.

Th-L: difference between the thoracolumbar and the lumbosacral

Table 5. Comparison of hip, knee and shoulder angles.

No-LBP LBP 95%CI
group group Effect
Size  Lower Upper P
Shoulder sagittal 1278 =+ 100 1331 = 116 052 -1.22 0.19 ns.
sagittal -10.7 =+ 71 55 + 76 0.73 -1.41 -0.04 p<0.05
lateral
flexion Hip frontal 7.9 + 10.6 11.2 + 11.1 0.31 -1.09 0.46 n.s.
side
horizontal 2.1 + 105 42 + 91 0.21 -0.91 0.49 n.s.
Knee sagittal 740 = 99 748 + 98 0.09 -0.79 0.62 n.s.
Shoulder sagittal 1295 + 116 1252 =+ 87 0.39 -0.32 1.09 n.s.
sagittal -105 =+ 59 -73 = 70 0.51 -1.18 0.17 n.s.
no
lateral frontal 8.4 + 88 3.0 + 53 0.65 -0.10 1.39 n.s.
flexion Hip
side
horizontal 3.6 + 78 1.1 = 66 0.61 -0.08 1.30 n.s.
Knee sagittal 744 + 130 767 + 97 0.18 -0.88 0.53 n.s.

Lateral flexion side: Indicates lateral flexion on the frontal plane in the thoracolumbar;
Angle definition: sagittal plane, flexion "+ and extension '-’; frontal plane, abduction '+
and adduction '-'; horizontal plane, '+ external rotation and '-" internal rotation
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Figure 1. The e-skin MEVA was equipped with 18 inertial measurement unit (IMU)
sensors embedded in the garment, allowing for initiation of measurements within 30 s of
wearing it. The shoulder, thoracolumbar, lumbosacral, hip, and knee joints were studied.

The angle of each joint was computed based on data acquired from segments equipped
with IMUs positioned on both sides. This IMU system demonstrated a measurement
accuracy of < 2.40° for the root mean square error and < 1.60° for the mean range of
motion error in lower limb joint kinematics. Additionally, this algorithm for the
calculation of three-dimensional joint angles based on gyroscope and accelerometer data
from mounted IMUs showed good to excellent agreement when compared to a common
optical motion capture system.

Discussion

Junior gymnasts with LBP demonstrated
reduced hip and lumbosacral extension when
performing a bent-back position, along with
further thoracolumbar extension beyond the
lumbosacral joint. Additionally, lateral flexion was
noted at the lumbosacral joint. This could lead to
LBP if the bent-back position exhibited inadequate
extension angles in specific regions or if the trunk
underwent lateral flexion. The novelty of this
study, in particular, lies in the observation of
lateral flexion in the back-bending position among
individuals experiencing LBP. These results do not
fully support the hypothesis that athletes with LBP
would show excessive spinal extension and stiffer
hip and knee joint movements. However, they do
suggest a distinct movement pattern in the bent-
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back position.

The bent-back position with insufficient
hip extension may impose mechanical stress on the
thoracolumbar joint, resulting in LBP. This
rationale lies in the fact that the bent-back position,
with selective extension of certain joints, results in
localized stress within those specific areas. Ciullo
and Jackson (1985) postulated that repetitive
hyperextension and microtrauma of the spine were
potential contributors to spinal injuries. A two-
dimensional kinematic study of national team
female gymnasts revealed that those with LBP
exhibited slightly greater mobility involving the
lumbar spine, combined with less flexibility in the
thoracic and hip extension (Brady and Vicenzino,
2002). Furthermore, Sands et al. (2016) reported
that the inclusion of specialized stretching to
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improve thoracic and hip extension may reduce
the risk of lower back pain in gymnasts, rather than
contribute to it. These studies support our research
confirming that bent-back position geometry
causes lumbar problems.

Hyperextension of the trunk does not
necessarily cause lumbar injuries. Tertti et al.
(1990) identified only three instances of observable
disc regression in an magnetic resonance imaging
(MRI) study involving 35 prepubertal gymnasts.
Those authors concluded that despite the presence
of an excessive range of motion and substantial
axial loading of the spine, primary damage to
intervertebral discs was infrequent in young
gymnasts (Tertti et al., 1990). Bennett et al. (2006)
reported similar findings in Olympic-level
gymnasts aged 12-20 years. A study involving
rhythmic gymnasts aged 13-19 years revealed that
factors such as youth, greater leanness,
nonsmoking status, reduced anxiety and
depressive behavior, as well as enhanced muscle
strength and flexibility were all associated with a
lower incidence of LBP. The findings from that
study suggest that rhythmic gymnastics did not
pose an increased risk of LBP (Cupisti et al., 2004).
Contrary to conventional wisdom, retired
rhythmic gymnasts do not exhibit a higher
incidence of LBP when compared with age-
matched controls (Piazza et al., 2009). In other
words, numerous cases of sports involving
hyperextension without resulting in lumbar
injuries have been reported. These observations
indicate that back bending would not harm the
lower back if it is performed in an appropriate
fashion.

One of the most striking findings of this
study was the presence of lateral flexion in the
bent-back position within the LBP group. Most
prior reports had exclusively focused on the
sagittal plane. The spine is a three-dimensional
structure, which bends dynamically with natural
curves in the sagittal (flexion/extension), frontal
(lateral flexion), and horizontal (twisting left or
right) planes. Acknowledging the significance of
evaluating spinal motion not solely in the sagittal
plane, but also in the frontal and horizontal planes
is important. Previous research has included
radiographic and MRI studies (Tertti et al., 1990),
kyphometer and inclinometer studies (Ohlen et al.,
1989), and studies wusing optical raster-
stereographic methods (Wojtys et al., 2000).

Therefore, exploring spinal movements in the
frontal and horizontal planes at the same time is
challenging. Our motion analysis using IMUs
examined whole-body
multidimensionally using a suit, providing novel

movement

findings. Lumbosacral lateral flexion is assumed to
impose uneven stress on specific intervertebral
joints. In recent years, there has been a critical
discourse surrounding the adverse relationship
between postural distortions and pain. Only a
small fraction of individuals with postural
distortions experiences LBP. A study of the sitting
posture reported no relationship between the
pelvic tilt and pain (Tae-sung et al, 2021).
However, the bent-back position represents a
bridge activity wherein the back muscles are
activated more prominently. The back muscles
often cause myofascial back pain. Uneven force
exertion on back muscles can lead to overuse and
subsequent pain on one side.

This study has certain limitations that
should be acknowledged. First, the methodology
of this study exhibited good reproducibility;
however, there were discrepancies in terms of
values of the results compared to kinematic
numerical data. This discrepancy is attributed to
the method of segment assembly (Figure 1).
Considering the inherent differences in meaning
between the actual kinematics and the measured
values is important. One methodological issue in
this paper pertains to the poor reproducibility of
movements in the frontal and horizontal planes for
the shoulder and knee joints. The suboptimal ICC
values may be attributed to characteristics of the
attire worn during measurements. While suits
exhibit minimal shifting along the longitudinal
axis, potential deviations are anticipated due to the
flexibility of certain areas and the slender physique
of participants, leading to garment distortion. For
these reasons, the frontal and horizontal
movements of the shoulder and the knee were
excluded from the variables considered in this
study. This exclusion ensured the validity of the
methodology employed in this research. Second, as
this was a cross-sectional study, causation cannot
be definitively established involving the examined
factors. Consequently, firm conclusions cannot be
drawn at present. Future investigations should
proactively explore whether distortions in the
basic posture of gymnasts, particularly the
posterior bridge position, are associated with the
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onset of LBP. Third, the history of prior LBP relies
on  participants'  self-reported  responses,
potentially introducing recall bias, as participants
may not accurately remember events occurring up
to one year ago. Additionally, strict consideration
of spinal alignment abnormalities (e.g., scoliosis)
among the study participants was lacking.
Notably, participants, being gymnasts engaged in
regular training, were selected for their apparent
absence of gross orthopedic abnormalities.
Therefore,
abnormalities are presumed to be absent in this
cohort. Moreover, contemporary gymnasts often
emphasize rapid extension and flexion movements

significant spinal alignment

and performance during competition is
predominantly  characterized by  dynamic
variations. Whether static and dynamic postures,
such as those investigated in this study, are entirely
linked remains uncertain. While we believe that
the imposition of a complete bridge position is
relevant to gymnastic activities such as
somersaults, which involve dynamic movements,
future research should also consider the
movements of individual joints during dynamic
postures. Lastly, gymnastics involves the
execution of high-force movements combined with
unstable landing positions or falls. The injury
patterns in gymnasts cannot be conclusively
attributed solely to spinal flexibility. This study
only offers insights into LBP arising from various
factors and should not be considered as a

conclusive examination of a single posture. Finally,
although the effect observed in this study was
statistically significant, the small sample size may
have limited the ability to detect larger effects.
Additionally, the large standard deviations
suggest that there may be room for improvement
in the study design and evaluation methods.

Conclusions

Junior gymnasts exhibiting a bent-back
position with LBP demonstrated a reduced range
of motion in the hip and lumbosacral extension,
along with further extension of the thoracolumbar
joint beyond the lumbosacral spine. Additionally,
lateral flexion was noted at the lumbosacral joints.
The findings of this study enhance our
understanding of LBP in sports and lay the
groundwork for future research. They may inform
strategies for preventing and managing LBP in
gymnasts, particularly by optimizing the spinal
posture and movement. However, the
effectiveness of these strategies should be
confirmed through further research. Future studies
should examine the relationship between changes
in the gymnasts’ posture and the onset of LBP in
more detail, considering dynamic movements and
performance during competitions. Utilizing larger
sample sizes and a broader range of variables will
contribute to a  more
understanding of LBP in gymnasts.

comprehensive

Author Contributions: Conceptualization: K.K., Y.H. and Y.N.; methodology: K.K. and Y.H.; software: K.K,;
validation: K.K,, N.Y., M.F. and M.H.; formal analysis: K.K., N.Y., M.F. and M.H.; investigation: KK, N.Y.,
M.F. and M.H.; resources: K.K,; data curation: K.K.; writing —original draft preparation: KK., Y.H. and Y.N,;
writing —review & editing: K.K., Y.H. and Y.N; visualization: K K,; supervision: Y.H. and Y.N.; project
administration: K.K.; funding acquisition: K.K. All authors have read and agreed to the published version of

the manuscript.

ORCID iD:

Kazuaki Kinoshita: 0000-0001-6140-3178
Yuichi Hoshino: 0000-0001-6142-8973

Funding Information: This research was funded by JSPS KAKENHI, grant number JP22K13684.

Institutional Review Board Statement: This study was approved by the ethics committee of the Shijonawate
Gakuen University (approval number: 22-6; approval date: 13 September 2022). It adhered to the ethical
standards of institutional and national research committees as well as the 1964 Helsinki Declaration and its

later amendments.

Journal of Human Kinetics, volume 99, October 2025

http://www .johk.pl




by Kazuaki Kinoshita. et al. 27

Informed Consent: Informed consent was obtained from parents, guardians, and children participating in the
study.

Conflicts of Interest: No potential competing interest was reported by the authors.

Acknowledgements: The authors thank Qian Yihan (Xenoma Inc.). We would like to thank Editage
(www .editage.jp) for English language editing.

Received: 03 March 2024
Accepted: 22 November 2024

References

Andreu Sastre-Munar, A., Pades-Jiménez, A., Garcia-Coll, N., Molina-Mula, J., & Romero-Franco, N. (2022).
Injuries, pain, and catastrophizing level in gymnasts: A retrospective analysis of a cohort of Spanish
athletes. Healthcare, 10(5), 890. https://doi.org/10.3390/healthcare10050890

Baxter-Jones, A. D. G., Maffulli, N., & Mirwald, R. L. (2003). Does elite competition inhibit growth and delay
maturation in some gymnasts? Probably not. Pediatric Exercise Science, 15(4), 373-382.
https://doi.org/10.1123/pes.15.4.373

Bernstein, R. M., & Cozen, H. (2007). Evaluation of back pain in children and adolescents. American Family
Physician, 76(11), 1669-1676.

Bennett, D. L., Nassar, L., & DeLano, M. C. (2006). Lumbar spine MRI in the elite-level female gymnast with
low back pain. Skeletal Radiology, 35(7), 503-509. https://doi.org/10.1007/s00256-006-0083-7

Bono, C. M. (2004). Low-back pain in athletes. Journal of Bomne and Joint Surgery, 86, 392-396.
https://doi.org/10.2106/00004623-200402000-00027

Bruggemann, G. (2010). Neuromechanical load of the biological tissue and injury in gymnastics. In XXVIII
International Symposium of Biomechanics in Sports (pp. 108-111).

Campbell, R. A., Bradshaw, E. ., Ball, N., Hunter, A., & Spratford, W. (2023). The use of inertial measurement
units to quantify forearm loading and symmetry during gymnastics vault training sessions. Sports
Biomechanics, 22, 204-221. https://doi.org/10.1080/14763141.2022.2117642

Ciullo, J. V., & Jackson, D. W. (1985). Pars interarticularis stress reaction, spondylolysis, and spondylolisthesis
in gymnasts. Clinical Sports Medicine, 4(1), 95-110.

Cupisti, A., D’Allessandro, C., Evangelisti, 1., Piazza, M., Galetta, F., & Morelli, E. (2004). Low back pain in
competitive rhythmic gymnasts. Journal of Sports Medicine and Physical Fitness, 44(1), 49-53.

Curtis, C., & D’'Hemecourt, P. (2007). Diagnosis and management of back pain in adolescents. Adolescent
Medicine: State of the Art Reviews, 18(1), 140-164.

Fari, G,, Fischetti, F., Zonno, A., Marra, F., Maglie, A., Bianchi, F., Messina, G., Ranieri, M., & Megna, M. (2021).
Musculoskeletal pain in gymnasts: A retrospective analysis on a cohort of professional athletes.
International Journal of  Environmental Research and Public Health, 18, 5460.
https://doi.org/10.3390/ijerph18105460

Feletti, F., Bracco, C., Takeko Molisso, M., Bova, L., & Aliverti, A. (2023). Analysis of Fluency of Movement in

Parkour Using a Video and Inertial Measurement Unit Technology. Journal of Human Kinetics, 89, 5—
18. https://doi.org/10.5114/jhk/166581

Hart, E., Meehan, W. P. 3rd, Bae, D. S., d'Hemecourt, P., & Stracciolini, A. (2018). The young injured gymnast:
A literature review and discussion. Current Sports Medicine Reports, 17(11), 366-375.
https://doi.org/10.1249/JSR.0000000000000536

Horsley, B. ., Tofari, P. J., Halson, S. L., Kemp, J. G, Dickson, J., Maniar, N., & Cormack, S. J. (2021). Does site
matter? Impact of inertial measurement unit placement on the validity and reliability of stride variables
during running: A systematic review and meta-analysis. Sports Medicine, 51, 1449-1489.
https://doi.org/10.1007/s40279-021-01443-8

Articles published in the Journal of Human Kinetics are licensed under an open access Creative Commons CC BY 4.0
license.



28 The Impact of Lower Back Pain on Hip Extension and Lumbosacral Lateral Flexion

Koo, T. K, & Li, M. Y. (2016). A guideline of selecting and reporting intraclass correlation coefficients for
reliability research. Journal of Chiropractic Medicine, 15(2), 155-163.
https://doi.org/10.1016/.jcm.2016.02.012

Harringe, M. L., Lindblad, S., & Werner, S. (2004). Do team gymnasts compete in spite of symptoms from an
injury?. British Journal of Sports Medicine, 38(4), 398-401. https://doi.org/10.1136/bjsm.2002.001990

Malina, R. M., Baxter-Jones, A. D., Armstrong, N., Beunen, G. P., Caine, D., Daly, R. M., Lewis, R. D., Rogol,
A.D., & Russell, K. (2013). Role of intensive training in the growth and maturation of artistic gymnasts.
Sports Medicine, 43(9), 783-802. https://doi.org/10.1007/s40279-013-0058-5

Ohlen, G., Wredmark, T., & Spangfort, E. (1989). Spinal sagittal configuration and mobility related to low-back
pain in the female gymnast. Spine, 14(8), 847-850. https://doi.org/10.1097/00007632-198908000-00013

Piazza, M., Di Cagno, A., Cupisti, A., Panicucci, E., & Santoro, G. (2009). Prevalence of low back pain in former
rhythmic gymnasts. Journal of Sports Medicine and Physical Fitness, 49(3), 297-300.

Roetenberg, D., Luinge, H., & Slycke, P. (2013). Xsens MVN: Full 6DOF human motion tracking using
miniature inertial sensors. XSENS Technologies, 3, 1-9.

Sabeti, M., Jeremian, L., Graf, A., & Kandelhart, R. (2015). Elite level rhythmic gymnasts have significantly
more and stronger pain than peers of similar age: A prospective study. Wiener Klinische Wochenschrift,
127, 31-35. https://doi.org/10.1007/s00508-014-0623-4

Sands, W. A., McNeal, J. R,, Penitente, G., Murray, S. R., Nassar, L., Jemni, M., Mizuguchi, S., & Stone, M. H.
(2016). Stretching the spines of gymnasts: A review. Sports Medicine, 46(3), 315-327.
https://doi.org/10.1007/s40279-015-0424-6

Tae-sung, I, Jin-hwa, J., Kyoung-sim, J., & Hwi-young, C. (2021). Spinal and pelvic alignment of sitting posture
associated with smartphone use in adolescents with low back pain. International Journal of Environmental
Research and Public Health, 18(16), 8369. https://doi.org/10.3390/ijerph18168369

Tertti, M., Paajanen, H., Kujala, U. M., & Kormano, M. (1990). Disc degeneration in young gymnasts: A
magnetic resonance imaging study. American Journal of Sports Medicine, 18(2), 206-208.
https://doi.org/10.1177/036354659001800216

Teuf, W., Miezal, M., Taetz, B., Frohlich, M., & Bleser, G. (2018). Validity, test-retest reliability and long-term
stability of magnetometer free inertial sensor based 3D joint kinematics. Sensors, 18(7), 1980.
https://doi.org/10.3390/s18071980

Vermeulen, S., De Bleecker, C., De Blaiser, C., Onursal Kilinc, O., Willems, T., Vanrenterghem, J. ... & De

Ridder, R. (2023). The Effect of Fatigue on Trunk and Pelvic Jump-Landing Biomechanics in View of
Lower Extremity Loading: A Systematic Review. Journal of Human Kinetics, 86, 73-95.
https://doi.org/10.5114/jhk/159460

Wojtys, E. M., Ashton-Miller, J. A, Huston, L. ]J., & MOGA, P. J. (2000). The association between athletic
training time and the sagittal curvature of the immature spine. American Journal of Sports Medicine, 28(4),
490-498. https://doi.org/10.1177/03635465000280040801

Ziwei, Z., Yue, L., Xiaoyue, H., Meihua, T., & Lin, W. (2022). Validity and reliability of inertial measurement
units on lower extremity kinematics during running: A systematic review and meta-analysis. Sports
Medicine Open, 8(1), 1-19. https://doi.org/10.1186/s40798-021-00309-y

Journal of Human Kinetics, volume 99, October 2025 http://www.johk.pl




