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ABSTRACT

Purpose. This study investigates how body posture and balance respond to schoolbag load during critical stages of development,
with a focus on head and neck alignment and centre of gravity (CoG) shifts.

Methods. A longitudinal study was conducted on 60 children from two schools in Zagreb, Croatia, measured in first and
fifth grades. Kinematic data were collected under load (with schoolbag) and no-load conditions. Changes in CoG, craniovertebral
(CV), and craniocervical (CC) angles were analysed using linear mixed-effects models.

Results. Carrying a schoolbag led to a significant forward head posture, with the CV angle decreasing by 5.53° (p < 0.001)
and the CC angle increasing by 2.70° (p = 0.018). The vertical CoG shift decreased significantly with age by 0.36 cm (p < 0.001),
while the sagittal CoG shift remained stable (p = 0.139). Higher BMI was associated with greater postural deviation, including
a 0.62° decrease in CV angle (p < 0.001) and a 0.13 cm reduction in forward CoG shift (p = 0.016). Despite the relative load
reduction in older children, biomechanical compensations were still observed.

Conclusions. The findings highlight consistent postural adaptations to schoolbag load, particularly in the cervical region.
These changes underline the importance of ergonomic education and regular monitoring to support healthy postural development

during childhood.
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Introduction

Children in the preadolescent and early adolescent
stages are particularly susceptible to musculoskeletal
adaptations due to rapid growth and the maturation of
postural control mechanisms. Although several studies
suggest that carrying a schoolbag may influence pos-
tural development, especially in the cervical and shoul-
der regions, the evidence remains inconsistent [1, 2].
During this developmental period, numerous biome-
chanical and hormonal changes require efficient motor
adaptation [3], increasing the likelihood of compensa-
tory strategies emerging in response to external load [2].

Despite guidelines recommending that schoolbag
weight remain within 10-15% of a child’s body weight,
younger schoolchildren frequently exceed this thresh-
old [4-6]. This coincides with an increasing prevalence

of back and neck discomfort, with studies and reports
indicating that up to one-third of children experience
back pain and that most symptoms originate from the
cervical spine [7]. Although school-based education
programmes show promising results in improving load-
handling behaviours and reducing back pain [8], the
lack of longitudinal evidence limits our understanding
of how these adaptations evolve over time.

Postural compensations to external load commonly
manifest as deviations in the sagittal plane, including
anterior trunk displacement [5] and cervical adjust-
ments reflected in altered craniovertebral and crani-
ocervical angles [9]. However, most available studies
rely on cross-sectional designs. Only a few longitudinal
investigations have examined how repeated load expo-
sure influences postural development, and these have
generally been short-term. For example, one study fol-
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lowing children over 11 months reported increased
torso rotation and abnormal kyphosis values associ-
ated with schoolbag weight [1].

Because longer-term, developmental-stage compar-
isons remain scarce, we conducted a longitudinal study
following the same cohort of children from first to fifth
grade to document changes in centre of gravity (CoG)
shift and head-neck posture under load. Specifically,
we examined craniocervical and craniovertebral angle
adaptations over a four-year period and evaluated age-
related differences in schoolbag weight, relative load,
and CoG displacement. We hypothesised that carrying
a schoolbag would be associated with measurable pos-
tural adaptations, including forward head posture [re-
flected in a decreased craniovertebral (CV) angle and
an increased craniocervical (CC) angle| and shifts in
CoG, and that these effects might vary by developmen-
tal stage (first vs. fifth grade) and body composition,
with children of higher BMI showing more pronounced
compensatory responses.

Material and methods
Subjects

The study was conducted on a sample of 60 school-
children from two primary schools in Zagreb, Croatia.
The same group of children was measured at two dif-
ferent time points: 76 children were first measured in
first grade (age 7), and 60 of these children were meas-
ured again in fifth grade (age 11), resulting in a reten-
tion rate of 78.95%. Dropouts were due to relocation to
a different school or illness on the day of the second
measurement.

Procedure

The study was conducted using a parent question-
naire, anthropometric measurements, and kinematic
analysis. The questionnaire collected basic data such
as age, sex, and schoolbag-carrying habits. Height, body
mass, and schoolbag weight were measured using
standardised methods.

All measurements were conducted in the school
gymnasium at 8:00 a.m. before the start of lessons. Each
measurement session lasted approximately 10 minutes
per child, and the full procedure was completed within
four hours. Students were barefoot but wearing socks.
The same schoolbag with a predetermined average
weight was used for all participants. The average weight
of the schoolbag was calculated based on the school-
bags of all children included in the study. The schoolbag
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was then filled with books, notebooks, and school sup-
plies to match the average calculated mass. The school-
bag was a common model used, with adjustable straps,
a firm backrest, and no plastic frame. The same bag
and weight were used across all participants to ensure
consistency. The straps were adjusted for comfort based
on the children’s preferences before recording.

A total of six measurers conducted the procedures:
one physiotherapist with seven years of experience, one
kinesiologist with 20 years of experience (both pre-
sent at both time points), and four different graduate
students of physiotherapy, who assisted at different
time points.

Anthropometrics

Anthropometric data included height and body
mass, measured using a Harpenden anthropometer
(Holtain Limited, Crosswell, United Kingdom) and
a ground reaction measurement platform (Kistler Quat-
tro Jump, Type 9290AD, Kistler Group, Winterthur,
Switzerland). BMI was calculated as body mass (kg)
divided by height squared (m?). The average weight of
the schoolbags was determined by weighing all stu-
dents’ schoolbags. All anthropometric measurements
were performed according to standardised procedures
[10].

Kinematics

The study measured changes in centre of gravity
(CoG), CV angle, and CC angle. A Pentax K20D digital
camera (Pentax, Tokyo, Japan) mounted on a tripod
was used to capture videos. The camera was posi-
tioned 12 metres from the subject to capture a full-body
view. Reflective markers were placed on key anatomi-
cal points, as required by the kinematic analysis soft-
ware. The children stood at pre-marked positions and
were measured in two conditions: without and with
the schoolbag.

Centre of gravity shift

CoG shift was measured in the anteroposterior (AP)
and vertical directions using the SkillSpector software
(Video4coach, Odense, Denmark) [11]. The Simple Full
Body digital model was used for the AP projection, and
the Full Body Right Side model was used for the lateral
projection. The CoG shift was calculated by tracking
the movement of key anatomical points between the no-
bag and bag conditions. After digitising the video mate-
rial and applying 2D calibration, direct linear trans-

Human Movement, Vol. 27, No 1, 2026



HUMAN MOVEMENT

L. Jurak, S. Ostoji¢, E. Ilie, O. Radenovi¢, Longitudinal study of CoG and neck angles in children

formation [12] was used to calculate the CoG shift.
Positive AP shift values indicate forward movement,
while negative values indicate backward movement.
Positive vertical shift values indicate downward move-
ment, while negative values indicate upward movement.
When properly configured, the accuracy of such sys-
tems can reach up to 0.3 mm [13], with moderate-to-
high interrater reliability, as indicated by intraclass
correlation coefficients (ICC) ranging from 0.71 to
0.99 [14].

Craniovertebral and craniocervical angles

The CV angle is the angle between the line connect-
ing the ear tragus and the C7 spinous process and the
horizontal plane (Figure 1). This angle reflects the de-
gree of head and neck flexion. The C7 spinous process
was marked with a reflective marker, while the tragus
was clearly visible. Measurements were taken in the
lateral projection, with and without the schoolbag.

The CC angle is the angle between the line connect-
ing the ear tragus and the C7 spinous process and the
line connecting the ear tragus and the canthus of the
eye (Figure 2). This angle reflects the degree of head
protraction. The CC angle was also measured using the
Kinovea software (ver. 0.8.18, Kinovea open-source
project, https://www.kinovea.org/) under the same con-
ditions as the CV angle.

Both neck angles were analysed using the Kinovea
software. Kinovea is widely used analysis software
with excellent intra-rater (ICC = 0.99) and inter-rater
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Figure 1. Craniovertebral (CV) angle

(ICC = 0.99) reliability [15] and is consistently used for
analysing head posture angles [16].

Statistical analysis

Data were presented using descriptive statistics,
including mean, median, standard deviation, mini-
mum, and maximum values. The normality of the data
distribution was assessed using the Shapiro-Wilk test
and Q-Q plots.

Linear mixed-effects models (LMM) were used to
account for the repeated-measures design, where the
same children were measured in both first and fifth
grades. Separate LMMs were conducted for each de-
pendent variable: sagittal and vertical CoG shifts, CV
angle, and CC angle. Models were fitted using restricted
maximum likelihood estimation (REML), and signifi-
cance was tested using Satterthwaite’s method for
estimating degrees of freedom. The significance level
was set at p < 0.05. Model assumptions were assessed
using standard diagnostic tests. Linearity and homo-
scedasticity were evaluated by plotting residuals against
fitted values. Normality of residuals was assessed with
Q-Q plots and the Shapiro-Wilk test. Homoscedas-
ticity was also tested with the Breusch-Pagan test and
simulated residuals. The independence of the residu-
als was assessed using the Durbin-Watson test, and
multicollinearity was evaluated using variance infla-
tion factors (VIF).

cantus
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Figure 2. Craniocervical (CC) angle
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For CoG shift, grade (first vs. fifth) and BMI were
treated as fixed effects, and subject ID was treated as
a random effect to account for within-subject variabili-
ty. For neck angles, condition (no-bag vs. bag), grade
(first vs. fifth), BMI, and their interaction terms were
treated as fixed effects, while subject ID was once again
included as a random effect with random intercept
and slope.

Effect sizes were reported using estimated marginal
means and standard errors. All analyses were per-
formed in R, ver. 4.3.1. [17] using the Ime4 [18], Imer-
Test [19], Imtest [20], and DHARMa [21] packages.

Results

Table 1 presents the basic anthropometric charac-
teristics of the sample in the first and fifth grades. On
average and unsurprisingly, the children were taller
and heavier in the fifth grade compared to the first
grade. Males and females had similar average body
weight and BMI in both grades. Schoolbag weight in-
creased from first to fifth grade for both sexes, with
females generally carrying slightly heavier bags. The
percentage of schoolbag weight relative to body weight

decreased from first to fifth grade, indicating that the
increase in body weight outpaced the increase in
schoolbag weight.

Table 2 shows the basic kinematic characteristics
of the sample in the first and fifth grades. On average,
the sagittal CoG shift was higher in the males than in
the females in both grades, with a slight increase from
first to fifth grade for both sexes. The vertical CoG shift
was larger in the first grade compared to the fifth grade,
with males showing greater vertical shifts than fe-
males. Craniovertebral (CV) and craniocervical (CC)
angles were generally higher in the females than in the
males. The encumbered CV and CC angles were con-
sistently lower than the unencumbered angles across
both grades, with a slight increase from first to fifth
grade. The variability in CoG shifts and angles was
relatively low, as reflected by the small standard de-
viations.

Table 3 shows the fixed effects of the LMM for sagit-
tal CoG shift. The estimated effect of moving from first
to fifth grade was a 0.46 cm forward shift, but this ef-
fect was not statistically significant (p = 0.139), sug-
gesting that AP shift remains stable across grades. BMI
was a significant predictor (p = 0.016), with each 1-unit

Table 1. Basic anthropometric characteristics of the sample (male = 28, female = 32)

Measure Sex Mean Median SD Min. Max
Height 1 (cm) male 128.56 129.0 5.57 119.4 1375
eight & {em female 129.82 130.6 6.70 118.8 148.0
Height 5 (cm) male 150.64 151.9 6.87 1385 161.9
eight o {em. female 153.95 152.4 9.3 139.4 176.5
. male 27.68 27.26 4.81 20.79 4513
Weight 1 (kg) female 27.72 26.3 5.36 18.74 41.25
. male 43.03 42.95 8.17 30.15 66.8
Weight 5 (kg) female 44.09 445 953 27.95 64.8
male 4.06 3.98 0.80 2.65 5.81
SBW T (kg) female 471 4.67 1.21 2.82 7.12
male 5.15 5.07 0.83 3.1 6.9
SBW5 (kg) female 5.48 5.17 0.99 3.85 8.1
ML male 16.69 16.51 2.21 13.59 23.91
female 16.37 16.4 2.46 12.47 22.94
ML 5 male 18.9 18.23 2.95 14.62 26.93
female 18.49 18.07 3.17 13.86 26.36
. 0 male 15.12 15.27 3.34 9.57 23.91
SBW / weight 1 (%) female 17.65 1751 5.76 8.82 30.68
. . male 12.28 11.99 2.75 8.66 19.73
SBW / weight 5 (%) female 12.99 12.66 3.45 6.35 21.07

1 - 1% grade, 2 - 2" grade, SBW - schoolbag weight, BMI - body mass index
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Table 2. Basic kinematic characteristics of sample (male = 28, female = 32)

Measure Sex Mean Median SD Min. Max
CoG sagittal shift 1 (cm) f:::;(lee ;2; 332 1:2 :gzg gj(,l)
CoG sagittal shift 5 (cm) f:::;(;e ;Z(l) 228 }22 _(2)38 g;g
CoG vertical shift 1 (cm) f;?:jje 822 857); 8;(5) :ggg ;?2
CoG vertical shift 5 (cm) f:jalje 8;12 8;; 82; :(1)171613 };[1%
Unencumbered CVA 1 (°) fénlﬁe gz:g g?j jj jg:; 22@
Unencumbered CVA 5 (°) f:j;?e g:g 2471613 22 3(1)2 Zgé
Encumbered CVA 1 (°) fgjﬁe gfé 22(1) 451; 222 2(1)3
Encumbered CVA 5 (°) f:r?:;e gg; 222 23 gg(l) ggi
Unencumbered CCA 1 (°) f:rl::e 1222 1?2? ;(53 1?2‘71 }ggi
Unencumbered CCAS() U0 1y g S5 dies 140
Breumbered CCIAC) (TRE R0 72 143 1459
Bembered CCSAC) DUE 00 00 M 2 s

1 - 1% grade, 2 - 2" grade, CoG - centre of gravity, CVA - craniovertebral angle, CCA - craniocervical angle
A positive sagittal shift reflects forward CoG movement, while a negative value reflects a posterior shift.
A positive vertical shift reflects inferior CoG movement, while a negative value reflects a superior shift.

increase in BMI linked to a 0.13 cm decrease in for-
ward CoG shift, indicating that larger or heavier chil-
dren tend to shift their CoG more to the posterior under
load than their smaller or lighter peers. For the random
effects, the within-child variation was small (0.025 cm),
suggesting consistent postural responses within chil-
dren across different grades.

Table 3 also shows the fixed effects of the LMM for
a vertical CoG shift. Moving from first to fifth grade
was associated with a 0.36 cm upward shift, which was
also statistically significant (p < 0.001), suggesting that
older children have less of an inferior CoG shift when
encumbered by a schoolbag. BMI had a marginal ef-
fect (p = 0.097), with each 1-unit increase in BMI
linked to a 0.04 cm upward shift, suggesting that heavier
children may experience slightly smaller downward
shifts under load. For the random effects, the small

Table 3. Linear mixed-effects model
(CoG shift ~ grade + BMI)

Estimate  SE

Predictor t-value p-value

(cm) (cm)
Sagittal CoG shift
grade (5 0.46 0.31 1.49 0.139
BMI -0.13 0.05 -2.45 0.016*
Vertical CoG shift
grade (5 -0.36 0.10 -3.66 <0.001*
BMI -0.04 0.02 -1.68 0.097

CoG - centre of gravity, BMI - body mass index
* statistically significant

intercept variance (0.0015 ¢m) and residual variance

(0.0022 cm) indicate that a vertical CoG shift was con-
sistent both between and within children.
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Table 4. Linear mixed-effects model
(neck angle ~ condition * grade + BMI)

Estimate  SE

Predictor t-value p-value

©) ©)
Craniovertebral angle
condition (bag) -5.53 0.83 -6.66 <0.001*
grade (5™) 1.13 0.90 1.26 0.211
BMI -0.62 0.18 -3.44 <0.001*

condition X grade 1.56 1.14 1.37 0.172

Craniocervical angle

condition (bag) 2.70 1.13 2.40 0.018*
grade (5 2.99 1.24 2.41 0.017*
BMI 0.35 0.28 1.28 0.205

BMI - body mass index
* statistically significant

Table 4 shows the fixed effect of the LMM for the
craniovertebral angle (CV). Carrying a bag was asso-
ciated with a significant 5.53° decrease in CV angle
(p < 0.001), suggesting a more forward head position
when carrying a load. The effect of grade was not sig-
nificant (p = 0.211), with the CV angle increasing by
only 1.13° from first to fifth grade. BMI was a signifi-
cant predictor (p < 0.001), with each 1-unit increase
in BMI linked to a 0.62° decrease in CV angle, indicat-
ing that heavier children tend to adopt a more forward
head position. The interaction between grade and con-
dition was not significant (p = 0.172), suggesting that
the bag’s effect on CV angle did not differ by grade. For
the random effects, the intercept variance (12.39°) and
slope variance (0.03°) indicate moderate individual dif-
ferences in baseline CV angle but very consistent re-
sponses to the bag condition across children.

Table 4 also shows the fixed effect of the LMM for
the craniocervical angle (CC). Carrying a bag was as-
sociated with a significant 2.70° increase in the CC
angle (p = 0.018). As with the CV angle, this also indi-
cates a more protracted head posture when encum-
bered with a schoolbag. Moving from first to fifth grade
showed a significant 2.99° increase in the CC angle
(p = 0.017), indicating that the CC angle increases with
age. BMI had a positive but non-significant effect on the
CC angle (0.35° per unit increase in BMI, p = 0.205).
The interaction between grade and condition was also
not significant (p = 0.785), meaning that the school-
bag’s effect on the CC angle likely did not differ between
grades. Also, very similarly to the CV angles, the ran-
dom intercept variance (33.28°) and random slope vari-
ance (0.32°) showed moderate individual differences
in baseline CC angle but very consistent responses to
the bag condition across children.
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Discussion

The present study aimed to investigate how school-
bag load affects posture and body mechanics in chil-
dren across two key educational stages, first and fifth
grade, through a combination of anthropometric and
kinematic analyses. The intention was to evaluate how
growing bodies respond to external load in terms of
both biomechanical posture and stability.

As expected, children in fifth grade were signifi-
cantly taller and heavier than their first-grade equiv-
alents. Although the absolute weight of schoolbags in-
creased with grade level, the relative load decreased:
in first grade, schoolbags represented on average 15.1%
of body weight in boys and 17.7% in girls, whereas in
fifth grade this fell to 12.3% and 13.0%, respectively.
Despite this proportional reduction, postural adapta-
tions due to schoolbag carriage were still clearly ob-
served in both age groups. This aligns with reports that
deviations can occur even when schoolbag weight re-
mains within the recommended 10-15% of body weight
[22]. Our findings therefore suggest that physical matu-
ration alone does not fully mitigate compensatory re-
sponses to external load.

The most pronounced postural change induced by
the schoolbag was a reduction in CV angle and an in-
crease in CC angle, indicating forward head posture.
In our models, carrying a bag decreased the CV angle
by 5.53° and increased the CC angle by 2.70°, demon-
strating a consistent shift toward head protraction.
These findings are broadly consistent with previous
work showing cervical adaptations under load [23], and
our longitudinal design shows that these compensa-
tions persist despite physical maturation. BMI emerged
as a significant predictor of CV angle: children with
higher BMI exhibited more pronounced forward head
posture. This demonstrates the interplay between ex-
ternal load and body composition and is consistent
with broader public health concerns regarding child-
hood obesity and its musculoskeletal consequences
[24, 25]. Heavier children may rely on stronger com-
pensatory strategies to stabilise the head and trunk
under load.

CoG responses further illustrate these compensa-
tory patterns. Sagittal CoG shift remained relatively
stable across grades, whereas vertical CoG displace-
ment decreased significantly with age by 0.36 cm, sug-
gesting improved load-handling capacity as children
grow. BMI was also a significant predictor of sagittal
CoG shift: each 1-unit increase in BMI was associated
with a 0.13 cm decrease in forward CoG displacement,
indicating that larger or heavier children tended to
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shift their CoG less anteriorly under load than their
lighter peers. By contrast, BMI was not significantly as-
sociated with vertical CoG movement, suggesting that
body composition influenced how children controlled
the fore-aft position of their CoG rather than its vertical
displacement. However, even this improvement did not
eliminate compensatory mechanisms, indicating that
the neuromuscular system continues to adapt under
load. Prior studies have linked repeated load carriage
to altered sensory integration and changes in neuro-
motor control [26], and our findings support this per-
spective by demonstrating persistent CoG adjustments
in both younger and older children. Comparable as-
sociations between postural alignment and functional
balance have been observed in athletic youth popula-
tions as well, such as in 10-12-year-old wrestlers,
where posture was linked to dynamic balance per-
formance [27]. Together, these findings underscore
the importance of considering body composition and
neuromotor control in understanding children’s pos-
tural adaptations to load.

These biomechanical observations underscore the
importance of school-based ergonomic interventions.
Previous research shows that posture education can
improve backpack handling and spinal alignment
[28, 29], and our findings reinforce the practical value
of such programmes. Given the observed influence of
BMI on cervical posture, preventive strategies may be
particularly important for children with higher body
mass, who appear more vulnerable to load-related de-
viations. Although our study captures medium-term
adaptations, the potential long-term consequences of
habitual forward head posture and altered CoG control
warrant further exploration. Future studies should
integrate balance assessments or proprioceptive test-
ing to better understand how load carriage interacts
with neuromuscular development over time.

Study limitations

Several limitations of this study should be acknowl-
edged. First, although our four-year follow-up captures
short- to medium-term adaptations, it does not allow us
to determine whether the observed compensations ac-
cumulate into long-term musculoskeletal problems;
longer prospective studies with repeated biomechanical
and clinical assessments will be needed to address this.

Second, all postural measurements were obtained
in a static standing condition, which does not fully re-
flect natural posture dynamics during walking or eve-
ryday school activities, so our findings should be in-
terpreted as a snapshot of quiet standing rather than

dynamic function. Third, although anthropometric data
were reported separately for boys and girls, sex-related
differences were not modelled in the linear mixed-ef-
fects analyses; given potential differences in matura-
tion rate and body composition, future studies with
larger samples should explicitly examine sex-specific
effects and their interactions with schoolbag load and
BMI.

Conclusions

The results of this longitudinal study indicate that
postural adaptations, particularly in the head and neck
region, do occur over a four-year period in school-aged
children, with measurable changes in craniocervical
and craniovertebral angles. While these changes sug-
gest a compensatory response to mechanical load, the
extent of the postural deviation observed was relatively
moderate. The data also showed an increase in school-
bag weight over time and a persistently high ratio of
bag weight to body weight, especially among younger
students. The lack of standardised procedures and
variability in individual development further compli-
cate the interpretation of the results. Therefore, on-
going monitoring and the implementation of preven-
tive measures in schools remain important steps in
supporting healthy postural development.

In practical terms, these findings highlight the im-
portance of monitoring backpack weight and promot-
ing healthy load-carrying habits in everyday school
life. Teachers and parents can help by encouraging
children to wear both shoulder straps, adjust backpack
height so that it rests close to the trunk, and regularly
review the contents to avoid unnecessary weight. Chil-
dren with higher BMI might require particular atten-
tion, as they appear more vulnerable to load-related
postural deviations. Healthcare professionals and
school-based physiotherapists can support these efforts
through brief posture-education sessions and routine
screening of children who report discomfort. Imple-
menting these simple, low-cost strategies may help
reduce compensatory postural patterns and support
healthier musculoskeletal development during key
growth stages.

Acknowledgements

This work would not have been possible without the
generous support of several collaborators. We thank
Martina Stumerger, Maja Marija Zelimorski, Dora Mi-
ketek, Robert Obrovac, and Ida Krni¢ for their assis-
tance with data collection during the second phase of
the study, as well as Anamarija Zuanovi¢, Josip Knezi¢,

167

Human Movement, Vol. 27, No 1, 2026



HUMAN MOVEMENT

L. Jurak, S. Ostoji¢, E. Ilie, O. Radenovi¢, Longitudinal study of CoG and neck angles in children

Marko Peri¢, and Zvonimir Galovac for their help dur-
ing the first phase. We are also grateful to Ivan Tur¢in
for creating the sketches of the neck postural angles.

Special thanks go to Ms. Branka Stefok BojadZija,
Ms. Mirjana Paponja Jonji¢, and Ms. Biserka Séurié, as
well as to the teachers at the participating schools, for
their support in organising the measurement sessions.

Ethical approval

The research related to human use complied with
all the relevant national regulations and institutional
policies, followed the tenets of the Declaration of Hel-
sinki, and was approved by the University of Applied
Health Sciences Ethics Committee (approval no. 602-04/
19-18/671; 251-379-1-19-02), and special permission
to conduct the study was obtained from the schools
(approval no. 602-02/16-19/15; 251-435-16-02-2).

Informed consent

Informed consent was obtained from all individu-
als included in this study, which was conducted in
accordance with the International Charter for Ethical
Research Involving Children [30].

Disclosure statement
No author has any financial interest or received any
financial benefit from this research.

Conflict of interest
The authors state no conflict of interest.

Funding
This research received no external funding.

References

[1] Brzek A, Dworrak T, Strauss M, Sanchis-Gomar F,
Sabbah I, Dworrak B, Leischik R. The weight of
pupils’ schoolbags in early school age and its in-
fluence on body posture. BMC Musculoskelet Dis-
ord. 2017;18:117; doi:10.1186/s12891-017-1462-z.

[2] Sedrez JA, Da Rosa MIZ, Noll M, Da Silva Medei-
ros F, Candotti CT. Risk factors associated with
structural postural changes in the spinal column
of children and adolescents. Revi Paul Pediatr.
2015;33(1):72-81; doi: 10.1016/s2359-3482(15)
30033-6.

[3] Fung MH, Heinrichs-Graham E, Taylor BK, Fren-
zel MR, Eastman JA, Wang Y-P, Calhoun VD, Ste-
phen JM, Wilson TW. The development of senso-
rimotor cortical oscillations is mediated by pubertal
testosterone. Neuroimage. 2022;264:119745; doi:
10.1016/j.neuroimage.2022.119745.

168

4]

(6]

[7]

[10]

[11]

[12]

[13]

[14]

[15]

Hong Y, Brueggemann GP. Changes in gait pat-
terns in 10-year-old boys with increasing loads
when walking on a treadmill. Gait Posture. 2000;
11(3):254-59; doi: 10.1016/s0966-6362(00)000
55-2.

Li JX, Hong Y, Robinson PD. The effect of load
carriage on movement kinematics and respiratory
parameters in children during walking. Eur J
Appl Physiol. 2003;90(1-2):35-43; doi: 10.1007/
s00421-003-0848-9.

Chansirinukor W, Wilson D, Grimmer K, Dansie
B. Effects of backpacks on students: measurement
of cervical and shoulder posture. Aust J Physio-
ther. 2001;47(2):110-16; doi: 10.1016/s0004-9514
(14)60302-0.

Spiteri K, Busuttil M-L, Aquilina S, Gauci D,
Camilleri E, Grech V. Schoolbags and back pain
in children between 8 and 13 years: a national
study. Br J Pain. 2017;11(2):81-86; doi: 10.1177/
2049463717695144.

Cardon GM, De Clercq DLR, De Bourdeaudhuij
IMM. Back education efficacy in elementary
schoolchildren: a 1-year follow-up study. Spine.
2002;27(3):299-305; doi: 10.1097/00007632-2002
02010-00020.

Khallaf ME, Fayed EE, Ashammary RA. The ef-
fect of schoolbag weight on cervical posture in
schoolchildren. Turk J Phys Med Rehab. 2016;
62(1):16-21; doi: 10.5606/tftrd.2016.12754.
Centers for Disease Control and Prevention. Na-
tional Health and Nutrition Examination Survey
(NHANES): Anthropometry Procedures Manual.
CreateSpace Independent Publishing Platform;
2014.

SkillSpector 1.3.2. Available from: https://skill-
spector.findmysoft.com/ (accessed 23.06.2026).
Abdel-Aziz YI, Karara HM. Direct linear trans-
formation from comparator coordinates into object
space coordinates in close-range photogrammetry.
Photogramm Eng Remote Sens. 2015;81(1):103-
107; doi: 10.14358/PERS.81.2.103.

Dindaroglu F, Kutlu P, Duran GS, Gorgiili S,
Aslan E. Accuracy and reliability of 3D stereo-
photogrammetry: a comparison to direct anthro-
pometry and 2D photogrammetry. Angle Orthod.
2016;86(3):487-94; doi: 10.2319/041415-244.1.
Wilson DJ, Smith BK, Gibson JK, Choe BK, Gaba
BC, Voelz JT. Accuracy of digitization using auto-
mated and manual methods. Phys Ther. 1999;
79(6):558-66.

Elwardany SH, El-Sayed WH, Ali MF. Reliability
of Kinovea computer program in measuring cer-

Human Movement, Vol. 27, No 1, 2026



HUMAN MOVEMENT

L. Jurak, S. Ostoji¢, E. Ilie, O. Radenovi¢, Longitudinal study of CoG and neck angles in children

vical range of motion in sagittal plane. OALib.
2015;02(09):1-10; doi: 10.4236/0alib.1101916.

[16] Rehan YA. Photogrammetric quantification of for-
ward head posture is side dependent in healthy
participants and patients with mechanical neck
pain. Int J Physiother. 2016;3(3): 326-31; doi:
10.15621/ijphy/2016/v3i3/100838.

[17] R Core Team. R Statistical Software. Available from:
https://www.r-project.org/ (accessed 16.06.2023).

[18] Bates D, Maechler M, Bolker B, Walker S, Chris-
tensen RHB, Singmann H, Dai B, Scheipl F, Groth-
endieck G, Green P, Fox J, Bauer A, Krivitsky PN,
Tanaka E, Jagan M, Boylan RD, Ly A. Linear
Mixed-Effects Models Using “Eigen” and S4. Avail-
able from: https://cran.r-project.org/web/pack-
ages/lme4/index.html (accessed: 13.03.2025).

[19] Kuznetsova A, Brockhoff PB, Christensen RHB,
Jensen SP. ImerTest: Tests in Linear Mixed Effects
Models. Available from: https://cran.r-project.org/
web/packages/lmerTest/index.html (accessed:
18.12.2025).

[20] Hothorn T, Zeileis A, Farebrother RW, Cummins
C, Millo G, Mitchell D. Imtest: Testing Linear Re-
gression Models. Available from: https://cran.r-
project.org/web/packages/Imtest/index.html
(accessed: 13.03.2025).

[21] Hartig F, Lohse L, de Souza M. DHARMa: Resid-
ual Diagnostics for Hierarchical (Multi-Level/
Mixed) Regression Models. Available from: htt-
ps://cran.r-project.org/web/packages/DHAR-
Ma/index.html (accessed: 13.03.2025).

[22] Janakiraman B, Ravichandran H, Demeke S,
Fasika S. Reported influences of backpack loads
on postural deviation among school children:
a systematic review. J Educ Health Promot. 2017;
6(1):41; doi:10.4103/jehp.jehp_26_15.

[23] Ellapen TJ, Paul Y, Hammill HV, Swanepoel M.
Altered cervical posture kinematics imposed by
heavy school backpack loading: a literature syn-
opsis (2009-2019). Afr J Disabil. 2021;10:a687;
doi: 10.4102/ajod.v10i0.687.

[24]

[25]

[26]

[27]

(28]

[29]

(301

Mo SW, Xu, Dong-Qing, Li, Jing Xian, Liu M.
Effect of backpack load on the head, cervical spine
and shoulder postures in children during gait ter-
mination. Ergonomics. 2013;56(12):1908-16; doi:
10.1080/00140139.2013.851281.
Walicka-Cupry$ K, Skalska-Izdebska R, Rach-
wat M, Truszczyniska A. Influence of the weight of
a school backpack on spinal curvature in the sagit-
tal plane of seven-year-old children. Biomed Res
Int. 2015;2015:817913; doi: 10.1155/2015/817913.
Cheng W, Cornwall R, Crouch DL, Li Z, Saul KR.
Contributions of muscle imbalance and impaired
growth to postural and osseous shoulder deform-
ity following brachial plexus birth palsy: a com-
putational simulation analysis. J Hand Surg Am.
2015;40(6):1170-76; doi: 10.1016/j.jhsa.2015.02.
025.

Kabasakal SA, Keskin B, Kaya S. The relation-
ship between posture and dynamic balance in
10-12 age group wrestlers. Acta Kinesiol. 2023;17(2):
49-54;doi: 10.51371/issn.1840-2976.2023.17.2.8.
Vidal J, Borras PA, Ponseti FJ, Cantallops J, Orte-
ga FB, Palou P. Effects of a postural education pro-
gram on school backpack habits related to low
back pain in children. Eur Spine J. 2013;22(4):
782-87; doi: 10.1007/s00586-012-2558-7.
Syazwan Al, Azhar MM, Anita AR, Azizan HS,
Shaharuddin MS, Hanafiah JM, Muhaimin AA,
Nizar AM, Rafee BM, Ibthisham AM, Kasani A.
Poor sitting posture and a heavy schoolbag as con-
tributors to musculoskeletal pain in children: an
ergonomic school education intervention program.
J Pain Res. 2011;4:287-96; doi: 10.2147/JPR.S2
228]1.

Graham AP, Powell MA, Anderson D, Fitzgerald R,
Taylor N. Ethical Research Involving Children.
Florence: UNICEF Office of Research Innocenti;
2013. Available from: http://childethics.com/ (ac-
cessed 13.03.2025).

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-

NoDerivs (CC BY-NC-ND).

169

Human Movement, Vol. 27, No 1, 2026



