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Abstract: Many studies utilize sensors to measure foot plantar pressure and analyze gait patterns, often
focusing on assessing weight-bearing symmetry or asymmetry compared to control groups. However, a critical
question arises: does the selection of the control group significantly impact study outcomes? Does chronic low
back pain affect foot plantar pressure measurements? This experimental study involved 23 participants,
including healthy individuals and those without foot disorders but with chronic low back pain. Dynamic foot
pressure measurements were conducted using the Ortopiezometr, and data were analyzed using the "Steps”
program. Participants were divided into two groups: Group 1 comprised completely healthy individuals, while
Group 2 consisted of individuals without foot problems but with moderate chronic low back pain. The findings
highlight a prevalence of energy release in the forefoot sensors compared to the hindfoot for both the right and
left legs in most cases. Even among healthy volunteers, achieving perfect symmetry in the maximum values on
the sensors for the right and left feet was a challenge. Results showed no statistically significant differences in
energy released on specific sensors or duration of gait phases between the groups. Essentially, this suggests
that foot pressure patterns are comparable between healthy individuals and those with low back pain. The use
of sensor-equipped inserts for pedobarographic examinations indicates that, in cases of degenerative changes
in the lumbar and sacral spine without accompanying acute pain, gait patterns resemble those of the healthy
population.

Keywords: foot; gait; low back pain

1. Introduction

Researchers (both engineers and surgeons) investigating the relationship between foot structure
and lower limb biomechanics employ various techniques, including kinematic tests,
electromyography, and foot pressure analysis (both static and dynamic) [1-7]. Gait analysis, often
conducted in specialized labs, provides precise measurements but is limited by artificial conditions
[1,8]. Every-day variations in walking speed, a crucial factor, are often overlooked. Both static and
dynamic methods are utilized to assess foot loading, with pedobarographic examinations offering
static in-sights and dynamic methods, like walking on sensor-equipped mats, capturing natural gait.
How-ever, gait laboratory conditions may alter individuals' walking styles. To address this, insole
sensors offer a practical and affordable solution for examining patients in conditions resembling
natural gait [1,6].

Understanding the forces within the foot-ground system, specifically the ground reaction forces
(GREF), is pivotal in gait analysis. Directly assessing the strength of muscles engaged during walking
is a challenge, but tools like electromyography (EMG) can help evaluate the timing and intensity of
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muscle activity [9,10]. However, these methods don't provide a non-invasive means to ex-amine the
actual force. Applying Newton's third law, the reaction to the forces generated by muscles during
foot-ground contact manifests as a ground reaction force (GRF) in the opposite direction. While we
can measure GRF by placing sensors on the ground or platform, a more efficient approach involves
situating them on the insole of the shoe, ensuring direct contact with the foot [6,11-13]. This approach
facilitates a more accurate and practical assessment of the forces in the dynamic interplay between
the foot and the ground during walking.

Numerous studies employ sensors to measure foot plantar pressure and analyze gait patterns
[1,11,14-16]. In each research endeavour, the focus is often on assessing the symmetry or asymmetry
of weight bearing within the study group in comparison to a control group. However, a crucial
inquiry arises: does the selection of the control group significantly impact the study outcomes? Does
chronic low back pain alter the results of foot plantar pressure measurements?

2. Materials and Methods

In this experimental study, 23 participants, including both healthy individuals and those
without foot disorders but with chronic low back pain, were involved. Inclusion criteria comprised
consenting adults, and the study received approval from the local Bioethics Committee (No
1072.6120.72.2022). Patients with acute back pain were excluded.

Dynamic foot pressure measurements were conducted using the Ortopiezometr, a device with
8 piezoelectric sensors strategically placed in anatomical zones following Blomgren and Lorkowski
[17-19].

The primary component of our pressure sensors consists of a 110 um thick polarized PVDF film
with printed CuNi electrodes. This particular film was chosen over other investigated piezoelectric
polymers such as PE, PP, and PET, owing to its excellent mechanical durability. It's worth noting that
pyroelectric signals can interfere with piezoelectric signals. To mitigate this effect, a resistor-capacitor
RC high-pass filter was integrated into the developed system. Each insole (right and left) contained
8 sensors. The gathered data are wirelessly transmitted to a personal computer from an electronic
circuit securely attached to the shoe. Simultaneously, waveforms depicting the forces applied to each
sensor are acquired. The design of the shoe insole effectively eliminates the influence of foil
stretching, preventing any undesirable deformations. Standardized trainers were worn by volunteers
(same model, different sizes) to eliminate shoe-induced gait pattern variations. Data, wirelessly
transmitted to a computer, were collected in a 20-meter corridor where participants walked multiple
times at self-determined fast/slow speeds. The first and last three steps were excluded from
evaluation to mitigate the impact of unstable gait patterns.

The acquired data underwent analysis using the "Steps" program, developed in Visual Basic for
Ap-plications within MS Excel. The program logged output voltage (in volts) from 8 transducers,
proportionate to the applied force during each step. The calculated energy (E) represented the foot
pressure on the ground during walking. Quantitative assessment of the results was facilitated by
measuring power, defined as the energy generated in transducers per unit of time. This assessment
considered both the power of foot strike and the duration of foot contact with the ground (Figures 1-
4).
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Figure 1. Left foot touching the ground (midstance) and the corresponding point on the foot plantar
pressure graph.

Each footstep was divided into distinct phases:

Heel Phase (t1): From heel contact with the surface until heel pressure on the ground is zero. The
average power for this phase was calculated by dividing the energy produced on the transducers
during this phase by t1.
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Figure 2. Beginning of swing phase (toe-off) and the corresponding point on the foot plantar pressure
graph.

Front Phase (t2): From the moment heel pressure on the ground is zero until the end of foot
contact with the ground. This corresponds to the ankle rocker and forefoot rocker phases as per
Perry's classification.

Stance Phase (t3): Combines the first two phases, covering the entire duration of contact between
the foot and the ground. The duration of this phase is labeled as t3 = t1 + t2.

Stride Phase (t4): Encompasses the entire period between the first heel contact with the ground
and the next heel contact.
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Figure 3. End of swing phase (terminal swing) of the right foot and the corresponding point on the
foot plantar pressure graph.
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Figure 4. Beginning of the stance phase (right foot heel strike) and the corresponding point on the foot
plantar pressure graph.

In order to answer the questions, statistical analyzes were performed using the IBM SPSS
Statistics version 29 package. It was used to analyze basic descriptive statistics, the Mann Whitney U
test and the Wilcoxon signed-rank test. The classic threshold of a = 0.05 was assumed as the level of
statistical significance.

3. Results

The tested volunteers were divided into two groups. Group 1 consisted of totally healthy people
while group 2 gathered people without any foot problems, but with chronic low back pain of moder-
ate intensity. Chronic low back pain resulted from spondylarthrosis and/or lumbar discopathy. These
patients took painkillers occasionally. There was no exacerbation of the pain at the time of research,
neither neurologic deficits.

Demographic data are collected in Table 1.


https://doi.org/10.20944/preprints202407.1519.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 July 2024 d0i:10.20944/preprints202407.1519.v1

Table 1. Demographic data.

Group 1 Group 2
No of participants 13 10
Age (yrs) 44.8 +14.50 613+7.1
BMI (kg) 25.4+6.7 28.8+55

The obtained results are presented in table 2. E1 denotes the energy released on sensor 1 on
either the right or left leg (R-E1 and L-E1), while E2 signifies the energy released on the forefoot
sensors of the respective legs. The percentages L% and R% indicate the proportion of the duration of
the stride during which the individual is exclusively standing on the left or right leg.

Table 2. Basic descriptive statistics with the Shapiro-Wilk test result.

dependent variable M Me SD  Sk. Kurt. Min. Max. W p

Group 1

R-El 90,84 58,00 5842 0,73 -1,11 31,10 188,80 0,85 0,026
R-E2 135,27 144,00 56,45 -0,11 -1,61 5840 21550 0,91 0,188
L-E1 112,58 102,80 60,13 1,32 3,61 19,00 270,40 0,89 0,105
L-E2 166,32 146,80 98,83 1,48 1,20 80,00 378,30 0,78 0,004
L % 1062 11,25 3,64 -255 748 0,00 1340 0,70 <0,001
R %2 1046 10,85 4,07 -145 359 000 1520 0,86 0,047
R-t1 29,35 30,20 6,06 0,18 -0,72 21,10 40,90 094 0,483
R-t2 3246 31,90 6,72 -0,056 -1,07 20,90 42,90 096 0,761
R-t3 61,75 61,10 192 109 051 59,50 6590 090 0,121
L-tl 30,74 30,90 517 028 0,02 22,10 40,90 099 0,997
L-t2 30,71 32,60 491 -0,12 -1,42 23,60 3840 093 0,340
L-t3 61,45 60,60 233 -0,29 038 5650 6520 095 0,575
Group 2

R-El 127,04 143,15 6586 0,26 -0,37 39,10 249,10 0,93 0,436
R-E2 136,57 129,90 42,52 0,16 -0,51 73,30 207,20 0,94 0,552
L-E1 161,86 138,10 90,57 0,96 0,04 66,20 342,10 0,90 0,207
L-E2 196,13 211,95 95,70 -0,18 -0,39 39,50 354,70 0,98 0,946
L% 11,54 11,60 2,01 024 -1,73 940 1440 0,87 0,097
R % 12,11 12,05 1,27 006 -1,82 10,60 1390 0,90 0,201
R-tl 3413 3345 844 0,13 -1,15 22,70 4570 0,90 0,247
R-t2 28,86 29,10 6,35 0,08 0,04 1890 39,60 094 0,527
R-t3 62,83 6250 330 1,36 2,79 59,00 70,50 0,87 0,097
L-tl 34,16 3580 853 0,19 0,00 22,10 50,00 096 0,756
L-t2 28,16 27,70 7,19 -0,18 0,16 14,80 39,90 097 0,858
L-t3 6231 62,05 275 -0,78 1,19 56,50 6570 091 0,310

2 —lack of data: n = 1. R means right foot, L- left foot. M —mean, Me — median, SD - standard deviation, Sk —
skewness, Kurt -  kurtosis, W — W statistic (Shapiro Wilk test). Variables t1,t2 and t3 indicate the percentage of
the total stride time.

The findings highlight a prevalence of energy release in the forefoot sensors compared to the
hind-foot for both the right and left legs in most cases. Although the maximum force value on sensor
1 generally surpassed the values obtained on the forefoot sensors, its shorter duration resulted in a
distinct energy reading, calculated as the area under the curve (Figure 5).
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Figure 5. Stride: average values of foot plantar pressure.

It's interesting to note that even among healthy volunteers, achieving perfect symmetry in the
maximum values on the sensors for the right and left feet is a challenge. Human variability is quite
natural.

During the initial stage of the statistical analyses, we examined whether there existed statistically
significant variances between individuals who were healthy and those with lower back pain (LBP)
concerning both E1 and E2 energy. The Mann Whitney U test was employed for this purpose. The
outcomes of the test revealed no statistically significant differences for any of the comparisons. In
essence, this implies that there are no discernible distinctions in terms of foot pressure between
healthy individuals and those with LBP (table 3).

Table 3. Results of group comparisons between healthy people and people with LBP in terms of foot
pressure energy (the Mann Whitney U test).

Group 1 Group 2

(n=13) (n=10)
dependent
variable meanrank Me  Min Max meanrank Me Min Max u p? n?
Right foot
El 10,54 58,00 31,10 188,80 13,90 143,15 39,10 249,10 46,00 0,257 0,06
E2 12,19 144,00 58,40 215,50 11,75 129,90 73,30 207,20 62,50 0,879 <0,01
Left foot
El 10,46 102,80 19,00 270,40 14,00 138,10 66,20 342,10 45,00 0,232 0,07
E2 10,92 146,80 80,00 378,30 13,40 211,95 39,50 354,70 51,00 0,410 0,03

Adnotation. a — exact p value.

Subsequently, a Wilcoxon signed-rank test was executed to assess the disparity in energy release
on the sensors between the right and left foot. This analysis was conducted independently for group
1 and group 2. To refine the precision of the obtained p-values, a correction was implemented using
the Benjamini-Hochberg procedure. The findings did not reveal statistically significant differences in
the energy released on the sensors between the right and left foot.

The rhythm of steps serves as a clear indicator of gait symmetry and the absence of limping.
Hence, the examination extended to the loading duration of the forefoot and hindfoot within both
groups 1 and 2. The assessment involved determining the percentage of loading on the forefoot and
hindfoot, relative to the step time. Once again, the Mann Whitney U test was employed for statistical
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analysis. The test results yielded no significant differences. Consequently, it can be concluded that
there are no significant differences between healthy individuals and those with LBP concerning the
timing of forefoot and hindfoot loading (table 4). The duration of standing on one leg was comparable
for both legs, indicating a symmetrical gait, too.

Table 4. Results of group comparisons between healthy people and people with LBP in terms of
forefoot and hindfoot loading time.

Group 1 Group 2
(n=13) (n=10)

Time (as a %
meanrank Me Min Max meanrank Me Min Max U /AN b

of the stride)

Right foot

T1 10,31 30,20 21,10 40,90 14,20 33,45 22,70 45,70 43,00 0,186 0,08
T2 13,46 31,90 20,90 42,90 10,10 29,10 18,90 39,60 46,00 0,257 0,06
T3 11,23 61,10 59,50 65,90 13,00 62,50 59,00 70,50 55,00 0,563 0,02
Left foot

T1 10,77 30,90 22,10 40,90 13,60 35,80 22,10 50,00 49,00 0,343 0,04
T2 13,08 32,60 23,60 38,40 10,60 27,70 14,80 39,90 51,00 0,410 0,03
T3 10,69 60,60 56,50 65,20 13,70 62,05 56,50 65,70 48,00 0,313 0,05

Adnotation. a — exact p value.

4. Discussion

The extended lifespan often brings about a higher likelihood of experiencing various health
issues, including those related to the feet. The estimated point prevalence of 20% for combined
foot/ankle/toe pain on most days is comparable to prevalence estimates for pain in other body sites.
There's a recognized higher likelihood of foot and ankle pain development in females, often at-
tributed to gender-related differences in footwear characteristics [20]. Across studies, it appears that
foot and/or ankle pain is more prevalent in females than males, with forefoot and toes more
commonly affected. However, it's essential to note that footwear is just one aspect of biomechanical
investigation, with other factor playing important roles, too.

The demand for affordable and reliable wearable healthcare solutions is on the rise, driven by
the increasing costs of traditional healthcare services [21,22]. These wearables, facilitated by
advancements in miniaturized sensors and wireless technologies, can provide long-term
telemonitoring for individuals with limited access to healthcare. An example is an insole-based gait
monitoring system, offering a cost-effective way to monitor gait patterns and foot health in daily life,
potentially enabling early disease detection and reducing the need for frequent expensive healthcare
visits [22,23].

Understanding gait, being a basic form of human locomotion, is fundamental to comprehending
normal foot function during movement, crucial for treatment approaches and comparisons. The
connection between gait, foot health, and overall well-being is evident.

Insoles systems are recognized as an effective tool for diagnostic and/or therapeutic actions. Such
systems can be helpful in detecting possible sites of plantar ulcerations by locating the areas of
maximum pressure. Individuals with diabetic neuropathy (DN) tend to experience higher maximum
plantar pressures compared to diabetics without neuropathy as well as those with poor glycemic
control [24-26]. Another example, early-stage Parkinson's disease may manifest as smaller, shuffling
steps and difficulties in various aspects of walking. A device for monitoring and quantitatively
assessing foot health can be immensely valuable in identifying anomalies in plantar pressure, activity,
and gait characteristics, especially in early disease stages or during lower-limb rehabilitation [22,27].
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Over time, researchers have crafted diverse insole systems equipped with sensors. We believe
pin-pointing the ideal placement and quantity of sensors is crucial for maintaining precision and
reliability in plantar pressure measurements across a diverse range of individuals. While it's essential
to assess repeatability within a specific group, ensuring the device's measurement consistency across
the broader population—spanning different genders and age groups, including females and older
adults—is equally vital. Additionally, the foot's pressure distribution undergoes changes with age,
and disparities between males and females arise from morphological variations in foot structure [22].

That's why ensuring a well-designed control group is crucial. The issue of having a
noncomparable control group has been raised across various medical fields [28]. Aine et al. raised
concerns about the health of the control group in their aging study, discovering moderate to severe
white matter hyper-intensities and/or cortical volume loss that correlated with poor performance on
memory tasks, a key aspect of their research [29]. They also emphasized the unreliability of self-report
from study participants, despite clear inclusion/exclusion criteria. They concluded that establishing
a control group for comparison with other clinical populations poses a challenge [29].

While it may sound simple in theory, the practical implementation is complex. The key challenge
when determining the control group is ensuring that the only difference between the control group
and the intervention group is the intervention being tested. Therefore, researchers must meticulously
compare the control and intervention groups to identify any differences unrelated to the intervention
[30].

The number of research projects on foot plantar pressure and gait analysis in various disorders
is increasing nowadays. Our population is aging, many research concern problems among the older,
eg with diabetes, back pain, etc.

Researchers utilize age-matched control groups to account for the potential influence of age-
related factors on their study outcomes. In older participants, back pain may manifest regardless of
the presence or absence of foot disorders. It is widely recognized that acute back pain can impact
walking speed, causing individuals with lower back pain to move more slowly than those without
pain, as noted by Lee. Interestingly, when prompted to walk at their maximum speed, individuals
with acute pain demonstrate the capability to match the walking speed and withstand comparable
vertical ground reaction forces as their pain-free counterparts. Conversely, individuals experiencing
pain radiating to the leg exhibit slower walking speeds than their pain-free counterparts under both
con-trolled and self-selected walking speeds [31]. Notably, when allowed to choose their preferred
walking speed, these individuals employ additional strategies to further reduce vertical ground
reaction forces, as observed in Lee's research [31].

Furthermore, spinal deformities leading to coronal and sagittal trunk imbalance typically result
in plantar pressure asymmetry, characterized by a larger pressure center (COP) swing area, as high-
lighted by Wen [32]. Pregnant women experiencing back pain exhibit altered walking patterns,
indicating a connection between disability and plantar pressure. Additionally, there is a correlation
be-tween the intensity of pain and the contact area of the feet in pregnant women [33].

Smith et al tried to answer the question if people with walk differently [34]. Although this is a
meticulous meta-analysis, the analyzed papers concern various back pain: chronic, with
exacerbations, waiting for surgery, etc. Their study's conclusions as well as results of other authors
highlight that individuals experiencing persistent lower back pain exhibit distinctive walking
patterns compared to those without back issues [34,35]. differences are particularly notable in
spatiotemporal characteristics, inter-segmental coordination patterns, and paraspinal muscle
activation. Individuals with persistent LBP tend to opt for a slower walking pace than those without
back pain. The observed mean difference in walking speed surpasses values considered clinically
meaningful across various studies in adults. Notably, fear avoidance and pain anticipation were
identified as significant predictors of reduced walking speed in individuals with persistent LBP, as
observed by Al Obaidi et al [36]. Additionally, individuals with LBP showed a reduction in stride
length, although this difference did not exceed reported values for minimal detectable change. It is
suggested that individuals with LBP may adopt a strategy of slower walking velocity and slightly
reduced stride length to mitigate the kinematic and kinetic demands of walking [34]. On the other
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hand the differences in duration of single limb support, cadence and step width revealed no statistical
significance.

Our findings indicate that moderate low back pain does not have a discernible impact on both
gait and plantar foot pressure. It is our perspective that distinguishing between acute symptoms and
chronic moderate low back pain is crucial. We suggest incorporating a control group design for foot
plantar pressure measurements, involving volunteers experiencing moderate chronic back pain
would not produce potential bias.

In our study, after analyzing the distribution of pressure on the plantar side of the feet among
the participants, we found no discernible differences between individuals with chronic degenerative
changes in the spine and those without. The tests were conducted with careful consideration of timing
to ensure objective assessment and minimize errors stemming from the participants' focus during
testing. Nevertheless, questions persist regarding the movement speed of individuals with spinal
degenerative changes. Comparing these two groups doesn't provide insight into the pre-existing
movement speed or exact gait patterns before the onset of these changes. Despite these uncertainties,
it's rea-sonable to assume that within each group, there are individuals at varying stages of spinal
degeneration, with many being unaware of it. Most individuals primarily notice and address
musculoskeletal pathologies associated with pain. Our observations suggest that in the absence of
spinal pain, the gait patterns revealed through pedobarographic examination closely resemble those
of the healthy population.

Each pedobarographic examination result represents a simplified snapshot of the intricate
process known as the gait mechanism. Currently, only a fraction of the parameters involved are
recorded. Analyzing a broader range of parameters would necessitate more sophisticated research
techniques, potentially including the utilization of artificial intelligence [37,38]. highlighted.

5. Conclusions

The use of inserts with sensors for pedobarographic examinations allows us to conclude that in
the case of degenerative changes in the lumbar and sacral spine without accompanying pain, the gait
pattern is similar to that in the healthy population.
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