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Abstract

Body asymmetry is often analysed in the context of low back pain (LBP). To date, research
has mainly focused on the general relationships between asymmetry and pain, with less
attention paid to issues related to pressure distribution and its potential impact on the
occurrence of LBP. The aim of this study was to compare biomechanical parameters in
people with anatomical leg length discrepancy with and without LBP to identify overloads
that may lead to pain. Early detection of common abnormalities in these parameters in
both groups may influence the early prevention of OLBP in the course of LLD. Materials
and methods: This study included 60 patients with diagnosed LLD, of whom 30 had LBP
(group 1, NP) and 30 were pain-free (group 2, NwP). Body weight distribution during
standing and walking was analysed using pedobarography. The analysis was carried out in
two stages, the first being the analysis of the biomechanical parameters for the whole study
population, for group 1 with LBP and group 2 without LBP, while the second stage focused
on the main issue, i.e., the comparison of the group with LBP with the group without
LBP. The study included standing and walking tests. Left-right pressure distribution and
ground contact time were analysed. In addition, the angle of foot abduction was analysed
to indirectly assess compensatory mechanisms resulting from the asymmetry. Results:
The standing test showed significantly greater pressure on the longer limb (p = 0.022)
in the whole study population (N = 60). When divided into groups, it was found that
in those with LBP (NP = 30), the difference was not statistically significant (p = 0.359),
whereas in those without pain (NwP = 30), the pressure on the longer limb was significantly
greater (p = 0.002). No differences were found between the groups in the comparative
analysis. The angle of foot abduction was greater than normal across the study population
(N = 60), with greater values in the shorter limb (12.83° vs. 11.04°), which was close to
significance (p = 0.065). The group with LBP (NP = 30) showed a similar trend, also close
to statistical significance (p = 0.054), with significantly higher values of abduction angle
in both legs compared to the group without LBP (NwP = 30). In the walking test, the
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left-right load distributions were significantly dispersed. The mean pressure on the longer
limb was significantly higher in group 1 (NP = 30) (p = 0.031), whereas this difference
was not statistically significant in group 2 (NwP = 30). For mean peak pressure, there
were no significant differences in any of the groups tested. In addition, the mean ground
contact time during gait was longer for the longer limb in the whole study population
(N = 60) (938.8 ms vs. 915 ms), but again, this difference did not reach statistical significance
(p = 0.305). Comparative analysis showed no differences between the groups. Conclusions:
This study showed that in people with anatomical LLD, both with and without LBP, most
parameters reflected marked asymmetries in peak and mean pressures and abduction
angles. A prolongation of ground contact time has also been shown, and even though some
parameters were not statistically significant, it is important to note the high dispersion
of left-right loading, which provides information on body load asymmetries in patients
with anatomical LLD. Given that there were no differences between the groups for most
of the parameters, it is important for both clinical practice and further research that the
abnormalities observed in both groups (NP = 30, NwP = 30) may have been a significant
predictor of the development of LBP, as the abnormalities preceded the onset of pain. This
should be taken into account in diagnostic and preventive measures.

Keywords: leg length discrepancy (LLD); low back pain (LBP); posture asymmetry;
pedobarography

1. Introduction

Chronic and severe low back pain is a cause of disability, often long-term [1-3]. The
prevalence of non-specific low back pain ranges from 4% to 20%, with a linear increase
from 30 to 60 years of age [4]. On the other hand, pain is increasingly reported in young
people [5-8]. The cause of pain may also be related to postural defects and dysfunction of
the joints, ligaments and myofascial structures [2].

Both structural and functional leg length discrepancies (LLD) contribute to the uneven
loading of the lower limbs, leading to the development of postural and gait abnormalities.
They can also result in functional limitations [9-14]. It should be emphasised that the
absence of pain in LLD does not mean that the posture is normal [15,16]. It has been
shown that LLD directly contributes to the development of pelvic asymmetry [17] and
scoliotic posture [14,18]. In most cases, LBP is associated with postural asymmetry in
the pelvis [19-23]. A number of studies have shown that pelvic asymmetry alters body
mechanics, placing asymmetric stress on different segments of the body, resulting in
musculoskeletal pain [23,24]. Changes in trunk kinematics observed during standing,
walking [25] and sitting [26] are associated with non-specific low back pain. LLD has
been repeatedly shown to lead to a number of postural and functional compensations that
have a long-term impact on the development of degenerative processes, including in the
spine [27-30].

Any postural asymmetry will consequently alter the mechanical distribution of foot
pressures and lead to postural imbalances [11-13,31]. This is because anatomical limb
length inequality immediately alters the alignment of the entire posture, which directly
affects postural patterns, both static and dynamic (including locomotion). A detailed
analysis of the biomechanical parameters during standing and walking in people with
LLD is highly warranted, mainly because of the link between postural asymmetry and the
development of musculoskeletal pathologies, as discussed above. There have been research
studies looking at plantar pressure in people with LLD and the effects of LLD on pelvic
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asymmetries and spinal alignment. Most of the available studies have used induced (simu-
lated) conditions, which do not allow for a reliable assessment of the actual compensation
processes [12,14,32-35]. Previous analyses of pressure distribution abnormalities in people
with LLD and LLD with LBP have mainly focused on analysing centre of pressure (COP)
abnormalities. Despite numerous studies on the relationship between limb asymmetry and
pain, there is still a lack of analyses comparing pressure distribution in individuals with
anatomical leg length discrepancy (LLD). Meanwhile, pressure distribution abnormalities
may play an important role in the development of pain and musculoskeletal dysfunction,
including degenerative changes. Particular attention should be paid to the growing prob-
lem of low back pain (LBP), which can result from limb length asymmetry, leading to pelvic
misalignment, muscle strain and spinal overload.

Research into the biomechanics of standing and walking in people with LLD is im-
portant for both preventing tension pain and limiting progressive degenerative changes
in the musculoskeletal system. To this end, pedobarographic examinations can be used
to assess biomechanical parameters such as plantar pressure distribution, ground contact
time and foot abduction angle [32,36-38]. The latter parameter may be an indicator of a
compensatory mechanism whereby the plane of support is increased in order to maintain
balance. The aim of this study was to analyse pressure distribution by comparing two
groups of patients with anatomical leg length discrepancy (LDD)—with and without pain—
to identify common biomechanical parameters. This allowed for the early detection of
abnormal load distribution, which could lead to the faster implementation of prophylactic
measures to prevent LBP.

2. Description of This Study
2.1. Aim

The aim of this study was a comparative analysis of pressure distribution and spatial-
temporal parameters in people with LLD, divided into those with and without low back
pain (LBP). In addition, a comparative analysis was performed between the groups with
and without LBP to investigate the differences between them.

2.2. Material and Methods

The study included sixty (N = 60) adults, 23 women and 37 men, with LLD con-
firmed by radiography (long-film X-ray with limb length measurement) (nf = 23 women,
nf% = 38.33%; nm = 37 men, nm%= 61.67%). Participants ranged in age from 18 to 60 years
(with an average age of 42). The participants were divided into two equal groups, according
to the following criteria:

Group 1—30 participants (NP = 30; 50%) with LLD and low back pain (LBP), including
9 women and 21 men (nf = 9 women, nf%= 30%; nm = 21 men, nm%= 70%);

Group 2—30 participants (NwP = 30; 50%) with LLD without LBP, including 14 women
and 16 men (nf = 14 women, nf%= 46.66%; nm = 16 men, nm% = 53.33%).

2.3. Inclusion Criteria

- Individuals with radiographically confirmed LLD, with and without low back pain
(LBP);
- Individuals aged over 18 and under 60 years.

2.4. Exclusion Criteria

- Individuals with a history of spinal or limb surgery;
- Individuals with a history of mechanical musculoskeletal and other injuries likely to
affect the distribution of foot pressure, unrelated to LLD;
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- Individuals with a history of injuries to the limbs and axial skeleton with a significant
effect on musculoskeletal biomechanics;

- Those with diabetes and other endocrinopathies;

- Those with rheumatic diseases;

- Those with other diseases that affect fitness and locomotion;

- Those who were pregnant.

2.5. Research Methodology

1.  Limb length was measured by radiography (X-ray) in a standing position with equal
weight on both legs (i.e., central alignment of the long axis of the patella). The study
included both an absolute leg length measurement, which involved measuring the
actual length of the bones from the femoral head to the lateral malleolus, as well as a
relative measurement, which took into account the alignment of the pelvis and spine,
measuring the length from the anterior superior iliac spine to the malleolus.

2. Pedobarography was conducted using the EPS R2 pedobarograph (LETSENSE
GROUP LORAN ENGINEERING, Castel Maggione Bologna, Italy), paired with
Biomech Studio software version 1.6.4.28272. The test was performed barefoot in
casual clothing to eliminate potential confounding factors. Participants did not en-
gage in any physical activity on the day of testing. Standing pedobarography was
performed for 20 s with a sampling interval of one millisecond. In this way, the proce-
dure eliminated the need for repeated measurements, as the recording of front-back
and left-right oscillations at such a high frequency ensured the high sensitivity and
reliability of the results obtained. In the dynamic test, the gait path was designed to
allow free walking, without having to aim at the instrument. As a result, the footprints
where the patient missed the mat could be erased, thus ensuring the greater accuracy
of the results. Twenty footprints for each foot were included in the analysis, allowing
a reliable assessment of gait parameters. The following parameters were assessed by
pedobarography:

a. Left-right pressure distribution during standing (right and left side of the
body) (Figure 1);
Placement of the feet on the ground (foot abduction angle) (Figure 2);

c. Mean and peak pressure during walking (Figure 3);

d. Ground contact time of the left and right foot (Figure 3).

2.6. Data Analysis

Descriptive statistics were calculated for all patients and for the groups with and
without LBP. Differences in the mean values of the measured parameters were examined
between the shorter and longer legs (for all patients and in the groups with and without
LBP), and between the groups with and without LBP for the shorter and longer legs. The
Shapiro-Wilk test showed a statistically significant deviation from the normal distribution
for most parameters in the compared groups, so the statistical significance of the differences
in these distributions was then tested using the Wilcoxon-Mann-Whitney test. For static
loading and abduction, the number of patients within the normal range in both groups was
compared, and the significance of the differences was tested using Pearson’s Chi-squared
test with Yates’ continuity correction. The results were considered statistically significant at
p < 0.05. Statistical calculations were performed using the R software, ver.4.3.0.
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Figure 1. Example of left-right plantar pressure distribution.
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Figure 3. Example of test results for ground contact time, mean pressure and peak pressure.

3. Results

Descriptive statistics for all 60 patients and the groups with and without LBP are
presented in Tables 1-3.

Table 1. Descriptive statistics, all 60 patients (N = 60; 100%).

Test Measurement Leg/Side Nj Min Q1 Median Q3 Max Mean SD
o p Shorter 60 238  46.1 491 522 709 4815 827
B ressure Longer 60 291 478 510 539 762 5185 827
§  Angle of foot Shorter 60 0.7 8.7 115 166 367 1283 723
% abduction Longer 60 0.0 6.1 89 143 301 11.04 747
Foot contact t Shorter 60 5599  839.8 901.3 9935 1523.0 914.99 149.58
v oot contact time Longer 60 5143  847.0 929.0 10242 17633 93832 194.18
£ Mean bressure Shorter 60 344 870 1080 1289 1756 10540 34.64
§ P Longer 60 376  87.8 1102 1317 163.6 10613  33.39
Peak Dressure Shorter 60 654 2049 2874 3435 6135 27950 11873
P Longer 60 692 2015 2739 3413 7648 27857 123.66
Table 2. Descriptive statistics, group 1 (patients with LBP, Np = 30; 50%).
Test Measurement Leg/Side Np Min Q1 Median Q3 Max Mean SD
0 b Shorter 30 26 41975 4995 53475 654 4822 943
£ ressure Longer 30 346 46525  50.05 58.025 74 5178 943
£ Angle of foot Shorter 30 09 103 1335 176 312 1440 652
% abduction Longer 30 0 765 92 1415 30 1112 629
Foot contact ti Shorter 30 5599 86235 90125 10183 1523 947.95 169.05
. oot contact time Longer 30 5143 898.63  939.75 10348 17633 978.17 229.07
£ Averase bressure Shorter 30 404 102.93 1162 13023 1756 11585  26.57
E sep Longer 30 416 103.03 1186 13195 1633 11807 2573
orter . . . . . . .
Sh 30 654 27245 30065 35698 547.7 30745 9541

Maximum pressure oo 30 692 26993 30255 34553 491 303.07  87.39
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Table 3. Descriptive statistics, group 2 (patients without LBP, N,p = 30; 50%).

Test Measurement Leg/Side Nyp Min 01 Median Q3 Max Mean SD
0 b Shorter 30 238 47.1 482 49.925 709  48.08 7.09
£ ressure Longer 30 291 50.075 518 529 762 5192 7.9
= Angle of foot Shorter 30 0.7 7.5 10.05  13.15 367 11.26 7.67
& abduction Longer 30 1.1 4175 785 14.525 30.1 1095 8.61
Foot contact ti Shorter 30 6088 798.45 898 956.75 11145 882.03 121.22
. oot contact ime Longer 30 5162 83315 91395 1006.8 1153.3 898.47 144.74
g Mean pressure Shorter 30 344 75925 90.9 12605 171.8 9495 38.84
g P Longer 30 376 7485 89.8 129 1636 9419  36.22
Maximum pressure  Shorter 30 719 16535 221.1 32448 6135 25155 134.02
P Longer 30 737  164.43 2172 30445 7648 25407 149.10

3.1. Results Obtained During Standing Test
3.1.1. Left-Right Distribution of Foot Pressure During Standing (i.e., Pressure in the Shorter
Limb vs. Pressure in the Longer Limb; The Range of 48-52% Was Adopted as the Normal
Range of Left-Right Pressure Distribution for Both Limbs)

The percentage distribution of the pressure on the shorter and longer leg is shown in
Figure 4.

[ Al | Group | ] Group Il ]

704

604

Pressure (%)
3

o
H
304

°
° °

T T T T T T
Shorter Longer Shorter Longer Shorter Longer

Leg

Figure 4. Percentage distribution of the pressure on the shorter and longer leg.

A significantly higher percentage of pressure on the longer leg was observed in
the study group as a whole (NA = 60; 100%) and in the group of patients without LBP
(NwP = 30; 50%) (Table 4). Pressure was also higher in patients with LBP (NP = 30; 50%),
but the difference was not significant. There was also no statistically significant difference
between the groups with and without LBP in the distribution of pressure on the shorter
and longer leg.

In the group with LBP, the pressure distribution on the left and right leg was normal in
10 out of 30 patients, and in the group without LBP, in 10 out of 30 patients. This difference
was not statistically significant (x? [1] = 0.282, p = 0.595).
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Table 4. Comparison of mean pressure percentage by Wilcoxon-Mann-Whitney test.

Loading, Loading,
Shorter Leg Longer Leg p
Mean [%] SD [%] Mean [%] SD [%]
All participants Ny = 60; 100% 48.15 8.274 51.85 8.274 0.022
Group 1 (with LBP, Np = 30; 50%) 48.22 9.434 51.78 9.434 0.359
Group 2 (without LBP, Ny,p = 30; 50%) 48.08 7.089 51.92 7.089 0.002
Group 1 (with LBP, Np =30)  Group 2 (without LBP, Ny,p = 30)
Mean [%] SD [%] Mean [%] SD [%] P
Loading, shorter leg 48.22 9.434 48.08 7.089 0.231
Loading, longer leg 51.78 9.434 51.92 7.089 0.231

3.1.2. Foot Abduction Angle During Standing

The distribution of the angle of foot abduction on the shorter and longer leg is shown
in Figure 5.

All Group | Group Il

w
o
1
L]
°

o
1

Angle of foot abduction while standing
N
o

T T T T T T
Shorter Longer Shorter Longer Shorter Longer
Leg

Figure 5. Distribution of foot abduction angle in the shorter and longer leg.

In the study group, a greater angle of abduction was observed in the foot of the shorter
leg. Patients with LBP had, on average, a greater angle of abduction in both legs than
patients without LBP. However, no significant differences in the mean values were observed
in any of the tests performed for the angle of abduction (Table 5). The difference between
the shorter and longer leg in the group of patients with LBP was very close to significance.
A study with a larger sample might confirm this significance.

In the group with LBP, the foot abduction angle in the shorter leg was normal in 4 out
of 30 patients, and in the group without LBP, in 7 out of 30 patients. The difference was not
statistically significant (21 = 0.445, p = 0.505). In the group with LBP, the foot abduction
angle in the longer leg was normal in 10 out of 30 patients, and in the group without LBP,
in 9 out of 30 patients. The difference was not statistically significant (21 = 0.001, p > 0.99).
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Table 5. Comparison of the mean angle of foot abduction by the Wilcoxon-Mann-Whitney test.
Abduction Abduction
Shorter Leg Longer Leg P
Mean [°] SD [°] Mean [°] SD[]
All participants N = 60; 100% 12.83 7.229 11.04 7.474 0.065
Group 1 (with LBP, Np = 30; 50%) 14.4 6.515 11.12 6.291 0.054
Group 2 (without LBP, Nyp = 30; 50%) 11.26 7.667 10.95 8.606 0.451
Group 1 (with LBP, Np = 30) Group 2 (without LBP, Nyp = 30)
P
Mean [°] SD [°] Mean [°] SD [°]
Abduction, shorter leg 14.4 6.515 11.26 7.667 0.022
Abduction, longer leg 11.12 6.291 10.95 8.606 0.340

3.2. Results Obtained During Walking Test (Spatial-Temporal Parameters)
3.2.1. Foot Contact Time

The distribution of the foot contact time for the shorter and longer leg is shown in

Figure 6.
All Group | Group I
. o
L] L ]
— 1500 ¥ 2
9
O
[}
E
]
E
E | |
&
c
& 10004
o
8 I
rd ‘ I
8
[ ]
° o
500 o L ] L] (]
Shorter Longer Shorter Longer Shorter Longer
Leg

Figure 6. The distribution of the foot contact time for the shorter and longer leg.

In the study population, the longer leg had a longer ground contact time than the
shorter leg. Both feet in the group with LBP also had a longer contact time. However, no
statistically significant differences in the distributions were observed for ground contact
time in any of the tests (Table 6).

Table 6. Mean value of ground contact time using Wilcoxon-Mann-Whitney test.

Contact Time, Shorter Leg Contact Time, Longer Leg

14
Mean [ms] SD [ms] Mean [ms] SD [ms]
All participants N = 60; 100% 915 149.6 938.3 194.2 0.305
Group 1 (with LBP, Np = 30; 50%) 947.9 169.1 978.2 229.1 0.390
Group 2 (without LBP, Ny,p = 30; 50%) 882 121.2 898.5 144.7 0.562
Group 1 (with LBP, Np = 30) Group 2 (without LBP, Nyp = 30)
P
Mean [ms] SD [ms] Mean [ms] SD [ms]
Contact time, shorter leg 947.9 169.1 882 121.2 0.150
Contact time, longer leg 978.2 229.1 898.5 144.7 0.208
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3.2.2. Foot Pressure Distribution (Mean Pressure and Peak Pressure)

The distribution of the mean pressure on the shorter and longer leg is shown in

Figure 7.

All

Group |

Group Il

56 A

521

481

®

®

Average pressure during walking (%)

444 5

°

Shorter

Longer

Shorter Longer

Leg

Shorter Longer

Figure 7. Distribution of mean pressure on the shorter and longer leg.

The pressure on the longer leg was statistically significantly greater in group 1, and the
difference in group 2 was not significant. There were no statistically significant differences
in the distribution of mean pressure in the groups with or without LBP, either for the shorter

or the longer leg (Table 7).

Table 7. Comparison of mean pressure using Wilcoxon-Mann-Whitney test.

Mean Pressure, Shorter Leg

Mean Pressure, Longer Leg

Mean [%] SD [%] Mean [%] P
All participants Ny = 60; 100% 49.7 1.747 50.3 0.101
Group 1 (with LBP, Np = 30; 50%) 49.46 1.890 50.54 0.031
Group 2 (without LBP, Nyp = 30; 50%) 49.93 1.589 50.07 0.976

Group 1 (with LBP, Np =30)  Group 2 (without LBP, Ny,p = 30)

Mean [%] SD [%] Mean [%] P
Mean pressure, shorter leg 49.46 1.890 49.93 0.284
Mean pressure, longer leg 50.54 1.890 50.07 0.284

The distribution of the peak pressure on the shorter and longer leg is shown in Figure 8.
There was no significant difference in the distribution of peak pressure on the shorter
or the longer leg. There were no statistically significant differences in the distribution of
peak pressure in the groups with or without LBP, either for the shorter or the longer leg

(Table 8).

There were no statistically significant differences in the mean values of mean and peak
pressure (tested separately) between the shorter and longer leg. However, it should be
noted that people with LBP had noticeably higher mean and peak pressure in both feet.

(Tables 7 and 8).



Symmetry 2025, 17, 1059 11 of 17
All Group | Group Il
g 60
2
= . . l ]
g 55+
2 | |
5
©
© 501
|
|
Q
E“] ! !
E
x
©
= 401
Sholner Lonlger Sholrter Lonlger Sholrter Lon|ger
Leg
Figure 8. The distribution of the peak pressure on the shorter and longer leg.
Table 8. Comparison of mean peak pressure using Wilcoxon-Mann-Whitney test.
Peak Pressure, Shorter Leg Peak Pressure, Longer Leg
p
Mean [%] SD [%] Mean [%] SD [%]
All participants Ny = 60; 100% 50.09 2.797 49.91 2.797 0.530
Group 1 (with LBP, Np = 30; 50%) 50.19 2.045 49.81 2.045 0.888
Group 2 (without LBP, Ny,p = 30; 50%) 49.99 3.422 50.01 3.422 0.530
Group 1 (with LBP, Np =30)  Group 2 (without LBP, Nyp = 30)
p
Mean [%] SD [%] Mean [%] SD [%]
Peak pressure, shorter leg 50.19 2.045 49.99 3.422 0.734
Peak pressure, longer leg 49.81 2.045 50.01 3.422 0.734

4. Discussion

Postural asymmetries contribute to the development of postural abnormalities, causing
increased tension in myofascial structures, which can lead to degenerative changes in joints
and bone structures [23,26-30]. Postural asymmetries affect the biomechanics of the whole
body, both during locomotion and at rest (sitting, standing, lying down) [25,26], and are
also manifested in balance problems [11-13,31]. This consequently affects the distribution
of forces and pressures [39]. Importantly, most of these changes are asymptomatic prior to
the onset of pain [9,10,13-16].

Leg length discrepancy (LLD) is directly responsible for the development of postural
asymmetry and can trigger a chain of pathological processes [9,13,14,17,18,30,40-43]. Even
the smallest difference in limb length can lead to pelvic misalignment, which is one of the
causes of LBP [17,34,44,45]. The result is the impaired function and alignment of the lower
spine. Structural (including degenerative) and functional changes in the spine have been
repeatedly shown in the literature to be significantly correlated with LBP [27,28,46-51].
This includes scoliotic posture as a result of LLD compensation [30]. All of these factors
may contribute to the development of LBP in the future. The authors believe that the
early detection of abnormalities in the distribution of body pressures may be an important
factor in the prevention of asymmetry-induced pain that occurs as a result of LLD. The
contemporary literature does not provide sufficient data on the relationship between
abnormal pressure distribution and postural asymmetry in low back pain (LBP) syndrome.
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For this reason, the authors undertook a comprehensive review of the available sources.
However, there is a lack of recent research conducted directly on patients in real-life
conditions, and most of the existing studies are based on simulated conditions.

Mannello [52] showed that the clinical significance of LLD was strongly dependent on
both the degree of limb inequality and the ability of the pelvis and spine to compensate for
this difference [52]. White et al. [18] noted that limb length differences of 1-3 cm resulted in
significant differences in limb loading. In their analysis of ground reaction force parameters
during walking, they showed that the shorter limb sustained greater loads during the
landing phase, while the push-off force was greater in the longer limb with true LLD and
in the shorter limb with simulated LLD [18]. Similar results were observed by Perttunen
et al. in a study of people with anatomical LLD, where they found a longer stance phase
and higher peak plantar pressures under the big toe for the longer leg. The researchers
also observed that the ground reaction force in the push-off phase was greater in the longer
limb [53]. Khamis and Carmeli found that even a 10 mm difference in limb length had
an effect on gait pattern, and the greater the difference, the greater the deviation [13]. In
one of the more recent studies conducted by the team of Pereiro-Buceta et al. [32] under
simulated conditions, it was shown that a difference in limb length was associated with a
decrease in mean and peak pressures on the longer limb and an overload on the shorter side.
However, it should be emphasised that the study was conducted under artificially induced
conditions, making it impossible to fully assess the compensatory mechanisms that may be
adopted by patients with real LLD. In the latter case, patients walk with a particular gait
pattern for many years, which may lead to adaptations that are not detectable in simulation
studies. The studies cited above mainly focused on the analysis of dynamic loads, such as
ground reaction force parameters during gait, but did not consider static loads, which can
also have a significant impact on the biomechanics of the body. Extending the research to
include static loads is therefore an important addition to the existing analyses. The study
of static loading provides a better understanding of the compensatory mechanisms and
overloading that may lead to the development of pain, including LBP, in patients with leg
length discrepancy.

Taking these aspects into account, the analysis of pressure distribution during standing
and walking plays an important role in the prevention of postural disorders. Of particular
importance are static and dynamic tests that reflect actual day-to-day functional activities.
In order to provide a more comprehensive assessment of biomechanical loading, our
study also looked into the distribution of left-right plantar pressures during standing (on
the left and right sides of the body) and the angle of foot abduction, which may reflect
compensatory mechanisms associated with changes in the plane of support. In addition,
mean and peak pressures and ground contact time were included in the analysis. The latter
parameter is an important factor in overloading, as prolonged ground contact time can
lead to fatigue- and overuse-related changes in musculoskeletal structures, as confirmed by
findings from previous studies.

The use of pedobarography in the research methodology seems fully justified, as it
allows for rapid and precise measurements of pressure distribution and ground contact
parameters. This method also makes it possible to assess body imbalances and postural
patterns relevant to biomechanics and gait patterns, including pathologies. It can also
be used to analyse the effects of compensating for differing leg lengths [32]. Further
studies of this type are warranted, especially in the context of analysing the relationship
between abnormal load distribution and postural defects, which may be a secondary cause
of overload and pain. Our study was conducted in real-life conditions in people with
anatomical LLD and included a standing test. The participants were divided into two
groups: with and without pain. The aim of this approach was to identify the common
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biomechanical symptoms present in both groups, as the early detection of abnormalities
in pressure distribution may contribute to the prevention of low back pain (LBP) due to
the asymmetry that arises in patients with limb length inequality. During the standing test,
greater loading was observed in the longer leg, a result that was statistically significant for
the whole study population (N = 60) and in the group without LBP, perhaps suggesting
the presence of a compensatory loading pattern. Although this difference did not reach
the level of statistical significance in patients with LBP (p = 0.359), it followed a similar
trend, which may indicate the need for analysis in a larger sample. It is noteworthy
that a comparison of the groups with and without LBP showed no significant differences
in pressure during standing, further confirming the similarity of the load distribution
pattern regardless of the presence of pain. In the walking test, significant differences were
observed in left-right load distribution, suggesting dynamic changes in force distribution
occurring in the study population. In group 1 (with LBP), the mean pressure on the
longer leg was significantly higher (p = 0.031), which may have indicated the presence
of a compensatory mechanism whereby patients with low back pain tried to reduce the
load on the affected side. On the other hand, in group 2 (without LBP), the difference
in pressure between the limbs was not statistically significant (p = 0.976), which may
have indicated a more balanced load distribution in this population. However, when
analysing mean peak pressure, no significant differences were found in either group,
suggesting that although there were changes in load distribution, these did not translate
into statistically significant changes in peak pressure on the limbs. A marked discrepancy in
load distribution between the right and left leg, including chaotic overloading of one limb,
may have indicated suboptimal compensatory mechanisms in patients with LLD. This
suggests that the body attempts to balance loads in response to the limb length difference,
which leads to uneven force distribution and may result in overloading one limb. Such
changes may represent a compensatory mechanism whereby one limb takes on a greater
load in response to leg length inequality, which can consequently affect the functioning
of the whole musculoskeletal system. Further research is needed to better understand
these mechanisms and their potential impact on the onset of pain and musculoskeletal
dysfunction. The results of the present study are in contrast to the observations made by
Pereiro-Buceta et al. [33] in a study conducted under simulated conditions. Their study
showed that limb length inequality was associated with reduced mean and peak pressures,
but it should be emphasised that the study was based on artificially induced conditions,
which do not provide a full insight into the compensatory mechanisms that may be present
in patients with real limb inequality. Patients with real LLD, who walk with a particular
gait pattern for many years, may have adaptations that are not detectable in simulation
studies. In contrast to these findings, our study, conducted under real-life conditions,
revealed significant deviations from limb loading symmetry, which may have important
implications for the prevention and rehabilitation of patients with LBP. When analysing
biomechanical parameters related to load asymmetry, the time of foot contact with the
ground is an important factor to consider. Prolonged ground contact time may be an
important factor in the development of overuse injuries in the human body. The results of
our study showed no statistically significant differences in the duration of ground contact
time between the shorter and longer leg (p = 0.305). However, a significant scatter was
observed between the loading times of the right and left limb, indicating anomalies in this
area. This type of discrepancy can lead to biomechanical dysfunctions and permanent
changes in the structures of the human body, which can have negative consequences for
musculoskeletal health in the future. Therefore, although the lack of statistical significance
prevented any firm conclusions about the role of the respective limbs, the inequality in
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the distribution of loading times pointed to potential problems that may require further
analysis and wider research.

Including foot abduction in the analysis was based on the authors” ongoing observa-
tions. When analysing patient behaviour, it was noted that people with LLD tended to
rotate their legs outwards, increasing the distance between their feet and pointing their
toes away from the midline of the body. The results of this study showed that the angle
of foot abduction was significantly greater in the shorter limb (p = 0.022). In addition,
patients in group 1 (with LBP) had a significantly greater angle of abduction in both limbs
compared to those in group 2 (without LBP). These observations may suggest that people
with back pain seek a larger plane of support, consistent with the hypothesis that these
people reposition their lower limbs to achieve a more stable and comfortable posture in
order to reduce pain. Such changes in biomechanics may be part of the compensatory
mechanisms that can lead to the perpetuation of pathological postural and gait patterns
and, in the longer term, to the development of biomechanical and overuse issues. However,
further research and development is needed in this area, particularly studies that focus on
compensation for leg length difference, which could confirm or refute the hypothesis that
limb external rotation and foot abduction act as compensatory mechanisms for pressure
distribution abnormalities resulting from limb length inequality.

The results of our study clearly show that LLD disrupts pressure distribution, ground
contact time and foot alignment in all participants, both with and without pain. These
abnormalities are important in the context of subsequent dysfunction and pain. Therefore,
in order to eliminate these abnormalities and compensations that can potentially lead to
health problems, it is essential to identify compensatory mechanisms and implement effec-
tive therapeutic interventions. A study by D’Amico and colleagues (2012) of 300 patients
with low back pain showed that the use of underfoot wedges to compensate for differences
in limb length led to a sustained improvement in posture, including in patients with pain in
the lower back [39]. Limb length equalisation with the use of customised orthotics (insoles)
not only rebalanced posture, but also reduced spinal deformities. Numerous studies have
shown that custom orthotics significantly improve patients” quality of life, enable them to
return to work and reduce pain [29,54].

In the context of the above results, it can be concluded that it would be valuable for
further research to repeat the analyses in patients after limb length equalisation and look at
their biomechanical parameters. This type of study could provide additional information
on the effect of limb length equalisation on improving pressure distribution and reducing
the symptoms associated with low back pain, as well as the effectiveness of this intervention
in the context of prevention and rehabilitation.

5. Conclusions

This study has shown that anatomical limb length discrepancy (LLD) has a significant
impact on pressure distribution, ground contact time and foot alignment, resulting in
postural and biomechanical abnormalities. Limb length asymmetries may contribute to
the development of low back pain (LBP), as evidenced by changes in pressure distribution
and foot alignment in patients with LBP. Participants with LBP had significantly higher
mean and peak pressures on the longer limb, which may have indicated overloading of that
limb as a result of the body’s efforts to compensate. The prolonged ground contact time
and greater angle of foot abduction in the LBP group may have reflected compensatory
mechanisms aimed at increasing the plane of support to reduce pain. These alterations
in gait biomechanics can lead to pathological postural patterns, which, in the long term,
can overload the musculoskeletal system and result in the development of pain. The
observations related to the limb rotation and foot abduction indicated the presence of
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compensatory mechanisms designed to equalise foot loading, but which may have resulted
in the perpetuation of pathological postural and gait patterns. Our findings suggest that the
early detection of pressure distribution abnormalities using tools such as pedobarography
may facilitate the more effective diagnosis and risk assessment of LBP. Early intervention,
including the use of orthotic insoles, can help reduce the risk of overload and pain. It is
also important that further research should focus on analysing the relationship between
pressure distribution abnormalities and postural defects, which may be a secondary cause
of overload and back pain. Our findings also point to the need for further research,
in particular into the use of therapies that aim to equalise limb length. Post-intervention
analyses may provide valuable information on the effectiveness of the relevant interventions
in improving pressure distribution and reducing LBP-related symptoms. Such research
could also contribute to the advancement of prevention and rehabilitation and a better
understanding of the role of compensatory mechanisms in the context of LLD and LBP.
In summary, the early identification of load distribution abnormalities and appropriate
therapeutic intervention, including the correction of limb length asymmetry, can have a
significant impact on the prevention and treatment of low back pain due to uneven load
distribution in the musculoskeletal system.
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