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Impact of body weight and age on plantar
pressure in typically developing children:
Normative data and methodological
considerations

Anika Behrendt'”’, Tobias Siebert'?®), and Sonia D’Souza?

Abstract

Purpose: Pedobarography is frequently employed for the identification and characterisation of foot pathologies in
paediatrics. However, the lack of standardised normalisation methods presents a challenge for cross-age comparisons.
This cross-sectional study provides normative plantar pressure data for typically developing children aged 4—17 years and
compares normalisations and explanatory powers of parameters measuring peak and total load.

Methods: Dynamic foot pressure of 101 typically developing children aged 4—17 years was measured at self-selected
speed using the mid-gait protocol. They were divided into five age groups: 4-6, 7-8, 9—11, 12—14 and 15—17years old.
Force and pressure variables measuring peak and total load were normalised by body weight or scaled by maximum value
and the foot region where the peak pressure occurred was identified.

Results: The absolute values demonstrated an increase in load with advancing age. In contrast, when normalised to
body weight, peak pressure and pressure time integrals decreased. The scaled peak pressure showed a load shift to the
forefoot. The results indicate that the normalised parameters exhibit superior qualitative significance, suggesting a more
dynamic gait pattern and improved morphology of the foot in relation to body weight with increasing age.
Conclusions: This study shows that standardisation of the measurement protocol is imperative because results in
typically developing children can vary depending up parameter selection and normalisation technique.

Level of evidence: 3
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For instance, the longitudinal arch of the foot typically
forms by the age of 10, meaning that flat foot is part of a
normal development.® As the fat pad under the midfoot

Introduction

Given that an average adult takes ~6500 steps/day,' over
two million steps are taken by year. Moreover, the impact
of foot strike and push-off results in forces that exceed the
body weight by up to 50%.? Consequently, the structures
of the foot are subjected to high and repetitive stress. In a
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longitudinal study by Hill et al.,> 20% of the participants
experienced pain in the foot area. Deviations from the
norm in the foot arch, in particular, have been identified as
a significant risk factor for the development of pain and
injuries to the lower extremities, including stress fractures
and knee pain.* Therefore, it is essential to examine foot
deformities in childhood for potential impairment, while
bearing in mind that diagnostics must account for the
ongoing development in children.’
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recedes, bone ossification occurs, and motor control
improves, the plantar pressure distribution changes.”® In
general, plantar pressure can be measured using pedo-
barography. Due to its simple, quick and contactless proce-
dure, good compliance can be achieved in children.’ In
contrast with structural examinations using radiological
imaging, pedobarography is also capable of capturing
functional components, which differ from static properties
due to additional muscle forces during gait.’ Furthermore,
dynamic foot pressure measurement exhibits excellent
test—retest reliability in both healthy and pathological
adults and children.!®!3 Therefore, pedobarography is an
appropriate method for comparisons, which help to iden-
tify pathologies, conduct follow-up evaluations or deter-
mine the success of surgical interventions.® Given the
physical development that takes place from birth to ado-
lescence, it is essential to utilise age-specific reference
data to account for both structural and functional changes.
In particular, the growth-related changes like increasing
body weight can mask more subtle functional changes,
when comparing different ages or the same individual over
time. Normalised parameters are therefore superior to
absolute values.'* Current literature describes techniques
such as body weight normalisation'® or scaling with the
maximum occurring value.'® However, it is unclear
whether different scales could result in different conclu-
sions, as no study used more than one normalisation. This
makes comparisons between studies difficult, especially as
there are few studies that cover the entire development
from walking onset to adolescence. Therefore, conclusions
about changes in plantar pressure can mostly be drawn
from absolute values: both the maximum load (force and
pressure) and, notably, the load on the forefoot
increase.'>!7!® Additionally, the contact area increases in
line with foot growth, while the contact area of the midfoot
decreases relative to the total area.”!” The loading patterns
(foot region where peak pressure (PP) occurs) seem to
develop beyond the age of 10years.'” By the age of 15—
17 years, foot development appears to be complete, as the
mediolateral pressure distribution and force—time integrals
(FTI) are similar to those of adults.'® Demirbiiken et al."”
suggest that alteration in pressure patterns during early
adolescence could be a risk factor for foot impairments.
Therefore, the aim of this cross-sectional study is to pro-
vide normative plantar pressure data for typically developing
children aged 4—17years to enable age-specific assessment
of altered plantar pressure distributions. Additionally, differ-
ent normalisations of the parameters will be evaluated to
compare their explanatory power and ascertain whether dis-
parate parameters measuring the total or peak load can be
compared without compromising the conclusions drawn.

Methods

This study was conducted in the gait laboratory of the
Olga Hospital in Stuttgart, Germany. Children free of

neuro-orthopaedic  disorders aged 4-17years were
recruited by word of mouth as well as via a flyer on the
hospital’s intranet. A total of 104 typically developing
European children (48 girls, 56 boys aged 10.1 = 3.6 years)
participated in the study. The experimental protocol was
approved by the Olga Hospital. The data were collected in
compliance with the ethical principles of the Declaration
of Helsinki (General Assembly of the World Medical
Association, 2014). Detailed information about the mea-
surement procedure was given and signed consent was
obtained from the accompanying parents of the children
with regards to collection, analysis and publication for this
non-interventional study. Participants were allowed to
leave the study at any point of time.

First, the parent or guardian of the child was requested
to fill out a short questionnaire regarding medical history.
The presence of lower extremity pain, underlying neuro-
logic diseases or pathological foot conditions were exclu-
sion criteria. Then, anthropometric data (age, gender,
height, weight) were collected and feet photographed from
all sides. A clinical examination was conducted by an
experienced physiotherapist. Joint mobility, spasticity and
muscle strength were evaluated,?’ and an inspection of the
feet was conducted to rule out the presence of foot defor-
mities. Dynamic foot pressure measurement was per-
formed using a 1440 x 440 mm? pedobarography platform
(emed® xI, 4sensors/cm? Novel GmbH, Munich,
Germany) with a measuring range of 10-1720kPa. Two
cameras (Logitech HD Pro Webcam c¢920, Lausanne,
Switzerland) recorded the measurement area in the frontal
and sagittal planes. Pressure and video data were collected
using the emed® Recorder software at 100Hz (Novel
GmbH, Munich, Germany, v28.3.34).

Using the midgait protocol,?! the subjects were asked to
walk across the 6 m long walkway at their preferred walk-
ing speed. Trials were repeated until six usable footprints
per foot (maximum one left and one right foot per trial)
were obtained. A usable footprint is one where the foot hits
the pressure plate cleanly and without abnormal events
like tripping or intentionally trying to hit the platform.

In three participants, deviations in the walking pattern
were identified through either visual observation or mea-
suring outcomes. After discussion with the orthopaedist
responsible for the gait laboratory, these cases were
excluded from the study.

The Novel scientific software package (Novel GmbH,
Munich, Germany, v28) was used for further analysis.
First, the foot was subdivided into seven regions or masks
using the Novel Automask software: medial and lateral
heel, midfoot, medial and lateral forefoot, hallux and toes
(D2-5; Figure 1). The division of the heel and forefoot was
based on the bisection of the plantar angle, which is defined
by the tangents to the medial and lateral sides of the fore-
foot. Separation between the heel and midfoot is defined at
73% of the length from the toes to the heel, while the
boundary between the forefoot and midfoot is set at 43%.
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Figure |. Subdivision of the foot with seven masks: lateral
heel (blue), medial heel (green), midfoot (grey), lateral forefoot
(yellow), medial forefoot (red), toes 2-5 (black) and hallux

(purple).

To define the boundaries between the forefoot and the hal-
lux or D2-5, the PP and its gradients in the surrounding
regions were considered.

For each mask, the following parameters were subse-
quently calculated to analyse the peak load of the foot:

1. PP (kPa): PP (maximum pressure) occurring dur-
ing the stance phase.

2. PPy, (kPa/kg): PP normalised to body weight.

3. %PP (%): PP divided by the maximum pressure of
the whole foot, also known as scaled PP.

4. F ., pw (Y0BW): maximum force (F, ) exerted
during the stance phase, normalised by body

weight.

To facilitate more effective interpretation of the parame-
ters in terms of spatial shifts in the load over ageing, per-
centage of subjects experiencing PP in specific foot regions
was analysed.

To analyse the total load during the stance phase, the
following parameters were calculated:

FTI (N's): area under the force-time curve.

FTl,y, (%BW:s): FTI normalised by body weight.
PTI (kPa's): pressure—time integral.

PTI,,, (kPa‘s/kg): PTI normalised by body weight.
PTI and PTI,,, were calculated from the FTI and
FTly,,, divided by the area of the respective mask.?
10. PPTI (kPa-s): peak-PTI is defined as the sum of
PPs overall.

A S S

Further data analysis was conducted using MATLAB (The
MathWorks Inc., Natick, Massachusetts, R2023a). For this,
the results of the six trials per foot were averaged, and
either the left or right foot was randomly selected (n,,, =49,
Mg =2). This approach is necessary as pooling the data
from both feet would violate the assumption of data inde-
pendence in statistical analysis.?* Prior to this, a compari-
son between the left and right feet was performed using a
t-test, which revealed no significant differences (p > 0.05)
for any of the parameters. Then the children were divided

into five age groups on the basis of developmental mile-
stones and the results of prior studies'>!'® with the groups
being matched in size: 4-6, 7-8, 9-11, 12-14 and 15—
17years. After verifying normal distribution with the
Kolmogorov—Smirnov test, a one-way ANOVA was con-
ducted, followed by a post-hoc test with Bonferroni correc-
tion (a=0.05) for significant results (p < 0.05) to compare the
age groups.

Results

Anthropometric data of the children are summarised in
Table 1. The mean and standard deviation for each param-
eter and age group can be found in Tables 2 and 3.

F . pw Temains nearly constant across the age groups
with the highest forces occurring under the heel and fore-
foot (Figure 2(a)). In general, PP increases with age, except
for the middle foot, which remains nearly constant around
100kPa (Figure 2(b), grey bar and Table 2). There are
almost no changes in PP between the younger two age
groups (4—6 and 7-8years) as indicated by the missing
symbols for significant differences in Figure 2(b). When
normalised for body weight, PPy, is likewise similar for
the two younger age groups (Figure 2(c)). Then there is a
significant reduction in all PPy, values with increasing
age except for the hallux (purple bars). For example, PPy,
of the medial heel (Figure 2(c), light green bar) decreases
by 50% from 145kPa/kg at 7-8 years to 60 kPa/kg at 15—
17years. The scaled PP (%PP; Figure 2(d) and Table 2)
shows a slight decrease from 85% to 67% and 92% to 73%
only in the lateral (blue bars) and medial heel (green bars)
of the older (1214 and 15—17 years) age groups compared
to younger age groups (4—6 and 7-8years). The specific
significance levels for each mask can be found in Figure 2.

The parameters describing the total load during the
stance phase (Figure 3), calculated as an integral, show
similar trends to the peak load (Figure 2). However, when
normalised to body weight, a significant increase from
49.8%BW:s to 57.9%BW:s in the normalised FTI (FTLy,,)
is observed in the 15-17years (Figure 3(a)) compared to
the two younger age groups (4—6 and 7-8 years). Similar to
the results for PP (Figure 2(b)), PTI (Figure 3(d)) and PPTI
(Figure 3(b)) show significant increases but no changes for
the two youngest age groups. Note that only non-signifi-
cant differences are marked in Figure 3(b) and (c), for bet-
ter clarity. In contrast, the PTL, (Figure 3(c)) is similar to
the PP, and is significantly higher in the 4-6years than
in the 9-11 and 12—14years age groups and drops from
3.6%BW:s to 3.0%BW:s.

Figure 4 shows that the area where PP occurs becomes
more variable with increasing age. In children aged
4-8years, three quarters have PP under the heel. In the
9-11 age group, this drops to half, and at 15—17years of
age, PP occurs almost equally under the forefoot, hallux
and heel.
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Table |I. Anthropometric data of children (mean * standard deviation).

Anthropometric Age group
measure

4-6 7-8 9-11 12—-14 15—-17
Weight (kg) 21.5+3. 264+43 359+6.8 524+83 61.7+127
Height (cm) 17+7 130+ 6 144 =7 164 +7 171+7
Age (years) 54+08 73+05 9.7+06 132+0.8 15707
BMI 157 1.6 155+ 1.6 17.1£2.0 19425 21.1 £35
Boys (%) 53 52 77 43 3
n 19 23 22 21 16
Discussion and adults. This suggests that functional and skeletal devel-

With this study, we were able to provide a set of plantar
pressure data using several normalisation methods for the
first time. In general, almost all parameters changed with
age. The non-standardised values tended to increase, for
example, PP and PTIs. The standardised values tended to
decrease, when normalised to bodyweight, with the excep-
tion of FTlg,, which increased. Exceptions were the
parameters F which remained more or less unchanged

max,BW?>
and %PP, which showed no clear trend across foot regions.

Comparison with the literature

We found that PP increases with age. This is similar to
Miiller et al.,'® who observed an increase of PP under all
foot regions in a cross-sectional study with 10,382 healthy
German children (1-13years). Bosch et al.!> were also
able to show this trend in a longitudinal study design that
followed 36 healthy children from walking onset for
10years. When normalised to bodyweight Unger and
Rosenbaum' found increasing PP, This contradicts our
results, but they only looked at infants. In particular, major
changes in the foot arch are observed until the age of 6.1
The pooling of the age groups from 4 to 6 may explain
why the averaged PP did not reveal any differences in the
midfoot load between the youngest group and the older
children (Table 2). In contrast to nearly constant £ sy
values across the age groups observed in our study (Figure
2(a)), Bosch et al.!'* found increasing values in the hind-
foot, forefoot, hallux and D2—5. However, they also found
a load shift to the forefoot which is consistent with our
findings and those of McKay et al.?®

In terms of total load, our findings indicate that PTI and
FTI increase with age. This is in line with McKay et al.,?®
who found a moderate to strong positive correlation
between age and PTI and FTI of the fore- and hindfoot and
Kasovi¢ et al.? who found increasing PTIs in 1284 chil-
dren aged 6-14years. The use of PTIy, has not been
reported in the existing literature.

In total, we observed the most pronounced changes
between the age of 7 and 14. This is in accordance with Dulai
et al.,'® who found no significant differences in medio—lat-
eral FTI ratios and regional FTI between 15 and 17 year olds

opment is complete by the age of 1517 years.

Impact of functional changes on PP

Unadjusted peak loads and integrals show a strong increase
in foot loading with increasing age. This is already known
and is mainly attributed to increasing body weight.?>%’
Results from different normalisations suggest additional
effects due to physical maturation. The increase in addi-
tional forces to body weight represented by FT1L,,, indicates
a more dynamic gait pattern,'> supported by the shift of
peak forces to the forefoot region.'>'”!® Morag and
Cavanagh?® identified functional characteristics in 29 adults
that reduce the load under the heel, including prolonged
ground contact time, which increases with age®® and
reduced approach velocity at initial contact. Liu et al.” sug-
gest that the approach velocity may be higher in children
due to less control over deceleration compared to adults.
These functional changes could compensate for the increase
in weight and explain why PP of the heel only increases up
to the age of 9-11years. As these predictors of PP were
identified in adults, this explanatory approach cannot be
fully confirmed. Furthermore, the significant decrease in
%PP under the heel underpins that the relative load in the
forefoot increases due to a more dynamic gait pattern.'
Male subjects achieved significantly higher plantar flexion
moments at the ankle from the age of 8, allowing for a
stronger push-off from the ground in the terminal stance
phase.’® McKay et al.?* also showed in a study with 16 ado-
lescents aged 10-19years a positive correlation (r=0.4)
between the strength of the plantar flexors and the PP in the
forefoot, while the strength did not affect the PP in the
heels. The transfer of force during push-off from the ground
might also improve through the stabilisation of the arch,?!
resulting in overall higher PPs in the forefoot.

Impact of body weight normalised pressure
parameters

The body weight normalised pressure parameters surpris-
ingly showed a decrease with increasing age. Unlike
F_..sw and FTI, pressure also takes into account the area

max,B
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Table 2. Mean and standard deviation of FmaX,BW, PP, PP, and PP

scaled

for each age group and foot region with p values of the

ANOVA.

Parameter per Age group p value

foot region

4-6 7-8 9-I1 12—-14 15-17

Fmax,BW (%BW)
Hallux 254+83 222+76 23.0+9.0 243+69 239=*11.0 0.793
Toes 2-5 10.5+55 10.2+6.8 8.1 £42 10.0+3.9 10.1 =59 0.606
Medial forefoot 447 6.3 476+ 6.8 52.3+8.5 485+8.2 51.7+75 0.014
Lateral forefoot 452+75 447 +10.2 455+ 6.8 429+6.9 440+ 134 0.895
Midfoot 184 +8.3 18487 18.1 =10.0 172+79 17899 0.992
Medial heel 46.0 = 5.1 473+6.3 47.1 = 6.4 43.7+6.2 44.1 =94 0.288
Lateral heel 41.0+6.0 428+ 6.4 41.1 =44 40.1 =4.7 40.1 7.0 0.553

PP (kPa)
Hallux 2060+ 1039 218.6*+939 285.2+ 1244 346.6 = 119.220 365.3+222.9%0 <0.000
Toes 2-5 71.9+279 92.8 =443 94.8 +58.9 105.5+41.6 1258 +71.4° 0.034
Medial forefoot 178.0+51.8 218.7+675 281.1 = 104.3* 321.7 = 106.4*° 353.9 = 102.72° <0.000
Lateral forefoot  173.4 =534 2290+ 1173 2444+93.8 282.8+102.3* 299.5 + 134.0° 0.003
Midfoot 90.7 =234 99.8 +27.9 92.1 =26.9 103.1 £32.2 113.2+53.2 0.254
Medial heel 283.9+493 357.5+90.0 381.6+109.32 368.1 = 112.9* 360.3 +=67.9 0.011
Lateral heel 2582 +443 328.7+87.7 343.4+90.8° 341.4+101.0% 331.1 =617 0.008

PPgyy (kPa/kg)
Hallux 97.8 =433 86.8+41.1 83.0+39.5 7131327 62.2+39.3 0.070
Toes 2-5 344+ 133 37.3+20.5 279+ 169 21.5+11.0° 21.9+13.5° 0.003
Medial forefoot 840+ 184 86.7 = 30.5 82.5+337 627+ 174 60.6 =22.8° 0.002
Lateral forefoot 82.9 +26.5 91.0+48.3 71.5+30.3 543+ 15.4° 52.0 =28.6° <0.000
Midfoot 441 +=13.8 39.5+1 126 27.3+10.12b 20.1 = 5.72b 18.9 +9.0*° <0.000
Medial heel 137.1 £33.0 142.8 +45.6 112.3 +40.1°¢ 73.5+26.4% 61.8*16.0°¢ <0.000
Lateral heel 124.8 +30.6 131.7+44.2 100.7 = 32.8¢ 68.1 =23.7>¢ 56.5 = 13.3%¢ <0.000

PPscaIed (%)
Hallux 0.6 +0.2 0.6 +0.2 0.7+0.3 0.7+0.2 0.7+0.3 0.277
Toes 2-5 0.2+0.1 0.2+0.1 0.2+0.1 02+0.1 0.2+0.1 0.974
Medial forefoot 0.6 0.1 0.6 +0.2 0.6 +0.2 0.7+0.2 0.7+0.2 0.0491
Lateral forefoot 0.6 £0.1 0.6 £0.2 0.6 +0.2 0.6 +0.2 0.6 £0.2 0.924
Midfoot 0.3+0.1 0.3£0.1 0.2+0.1 02+0.1 0.2+0.1 0.083
Medial heel 0.9+0.1 0.9+0.1 09+0.1 0.8+0.2° 0.7 £0.2*¢ <0.000
Lateral heel 0.8+0.1 0.9+0.1 0.8+0.1 0.7 +0.2¢ 0.7 +0.22° <0.000

m:

*Significant difference to groups 4-6.

bSignificant difference to groups 7 and 8.

“Significant difference to groups 9-11.
Significant results of the ANOVA are shown in bold.

Frnaxpw: Maximum force normalised to body weight; PP: peak pressure; PPy,: normalised peak pressure; PP : scaled peak pressure.

over which the forces act. As the area of the foot increases
more in relation to the normalised forces, the latter are dis-
tributed over a larger area. This effect diminishes from
around 14 years of age, probably because weight, unlike
foot size, continues to increase beyond adolescence.?%3%33
This explanation is supported by the changes in plantar
forces in overweight individuals. Here, these proportions
are altered, leading to increased loads on the feet,* as the
musculoskeletal system cannot fully compensate for the
additional forces.> In particular, the midfoot is subject to
greater stress due to increased compression of the
arch.!>33 In normal development, its load changes little
with age, and relative to the total load, the midfoot load
actually decreases as the arch develops.”!® McKay et al.®

showed that in contrast to the forefoot and hindfoot, peak
midfoot pressure does not correlate with age in children
aged between 3 and 19years. This could be because the
midfoot is subjected to very few deceleration or accelera-
tion forces other than the weight force. The same applies to
D2-5, which are not involved in the more dynamic phases
of walking (initial contact, terminal stance).?’

Importance of a standardised measurement
protocol
Since foot loading (PP, PPTI, PTI) depends heavily on

body weight, which in turn is related to age, appropriate
normalisation is crucial for cross-age comparisons in



184 Journal of Children’s Orthopaedics 19(3)
[ medial heel [ lateral heel midfoot [ medial forefoot [ ]lateral forefoot [l D2-5 [ hallux
80
(a)
g‘ 60
[aa]
]
240
o
s
E
w 20
0
4-6 7-8 9-11 12-14 15-17 4-6 7-8 9-11 12-14 15-17
Group Group
200
(d) .

-

a

o
T

PPgy [kPaskg]
g

100 *0

@
o

%PP [%]
2

40
50 -
20
0 0
46 78 9-11 12-14 15-17 46 7-8 9-11 12-14 15-17
Group Group
Figure 2. Peak load of the foot by age group and foot region: (a) F__. asw (%BW), (b) PP (kPa), (c) PPy, (kPa/kg), (d) %PP with

ANOVA results.

F : maximum force normalised to body weight; PP: peak pressure; PP,,: peak pressure normalised to body weight; %PP: peak pressure

max,BW*
normalised to the maximum peak pressure.

*Significant difference compared to groups 4-6.
°Significant difference compared to groups 7 and 8.

-Significant difference compared to groups 9—1 1. Light grey p <0.05. Dark grey p <0.01. Black p <0.001.

children. However, the results are highly dependent on the
normalisation method. When normalising with the

maximum occurring value, effects of body weight can mix
with relative effects of foot regions if the peak value itself
depends on body weight. Thus, normalisation with body
weight might be best suited for cross-age comparisons. In
the calculation of the PPTI, although the area is consid-
ered, only the sensor information with the maximum load
is used per frame. Thus, it is no longer possible to distin-
guish how large the area was where high forces acted. This
leads to the PPTI values increasing less sharply than the
PTI and underestimating the change in overall loading (see
Figure 3(b) and (d)). Melai et al.??> compared PPTI and PTI
values for patients with diabetes and concluded that PTI is
better suited for assessing the risk of foot ulcers. There are
no data yet for other foot pathologies, but it is likely that
this problem also occurs in the assessment of pes planus.
Due to the flattening of the foot arch, the midfoot experi-
ences an increase in the contact area, while the PP shows
no significant changes.?* The pressure changes across age
observed in the lateral and medial regions of the heel and
forefoot are similar. This could give the impression that the
subdivision is redundant. However, in foot pathologies,

the mediolateral loading is altered, justifying the more dif-
ferentiated analyses.*® Overall, the corresponding param-
eters for peak and total load (e.g. PPy, and PTL,,,) behave
similarly in healthy children, but it is unclear whether this
is also the case for pathological footprints. In contrast,
parameters that appear to describe the same load exhibit
disparate behaviour when analysed using different normal-
isation techniques. For instance, the parameters PP, PP,
%PPand I .., appear to quantify the peak load, yet they
display distinct trends. Consequently, when comparing
measurements, it is essential to consider the specific
parameter under evaluation to ensure accurate and mean-
ingful comparisons.

Limitations

The results of this study may be affected by certain limi-
tations. Walking speed was not controlled, although it
can affect plantar pressure.'>* However, Miiller
et al.'® observed no variation in walking speed within
age groups in the assessment of pedobarographic param-
eters. Furthermore, controlling cadence would alter nat-
ural gait patterns, reducing the validity of the results.
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Figure 3. Total load during stance by age group and foot region: (a) FTI normalised to body weight (%BW:s), (b) PPTI (kPa's), (c)
PTlg,,y, (kPa-s/kg), (d) PTI (kPa-s). Significances are based on the value of the entire foot in (b) and (d) only the groups that do not

differ significantly (n.s.) are indicated.

FTI: force-time integral; PPTI: peak pressure—time integral; PTI: pressure—time integral; PTl,: pressure-time integral normalised to body weight.

Gender-specific differences were not analysed due to the
small sample size. Although the normalisation of the
parameters largely eliminated the differences in body
weight development during puberty and post-adoles-
cence, it did not account for the significant influence of
puberty on musculoskeletal development. This might
yield a large variability in the measured parameters and
may influence statistical outcomes. Thus, future studies
should include a larger sample size to examine smaller
age groups, and, if possible, investigate gender-specific
differences.

Conclusion

To the best of our knowledge, this is the first study to use
multiple normalisation techniques, covering the entire
development from walking onset to adolescence. This
allows for a comparison of changes in different normalisa-
tion techniques for measuring peak and total load and for

an assessment of their explanatory power. The total plantar
pressure increases with age, predominately due to increas-
ing body weight and a more dynamic gait pattern. In con-
trast, normalisation to body weight yielded decreased PP
and pressure time integrals suggesting an improved mor-
phology of the foot in relation to body weight with increas-
ing age. The normative values for quantitative measurement
are already in clinical use at the gait laboratory of the Olga
Hospital in Stuttgart, Germany for age-specific identifica-
tion of pathologies, interpretation and postulation of pri-
mary and secondary causes and recommendation of
treatment. However, the findings indicated that the com-
parison of parameters characterising peak or total load can
become unreliable when different normalisation tech-
niques are employed, complicating accurate and meaning-
ful comparison of data from different gait laboratories.
Given that different normalised parameters diverge even in
healthy children, a standardised measurement protocol
should be developed.
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Table 3. Mean and standard deviation of FTl,,,, PPTI, PTl,,, and PTl for each age group and foot region with p values of the ANOVA.

Parameter per Age group p Value
foot region
4-6 7-8 9-11 12-14 15-17

FTlay (%KG's)
Hallux 45=1.7 36*1.3 43=x1.7 52+138 54+3.0° 0.023
Toes 2-5 1.7=1.1 1.5+13 1.2+0.7 1.8+0.8 1913 0.196
Medial forefoot 123+3.7 2.1 =25 14425 143*+3.6 14.7 =2.50 0.012°
Lateral forefoot 127+1.8 12843 13.5+26 13.8+22 14.1 48 0.636
Midfoot 33x12 36+23 40*29 37x23 41x26 0.800
Medial heel 80x1.8 85*1.9 86+ 1.4 85+ 1.3 9.3£20 0.242
Lateral heel 7318 7620 7712 79*=12 8417 0.337

PTI (kPa-s)
Hallux 10.1 =28 10.1 £3.8 145x6.1 21.0 = 4.72<4 25.3 £ 9.4%¢4d <0.000
D2-5 40=1.7 43*26 4116 7.0 £2.0%¢ 8.5 = 3.8%¢¢ <0.000
Medial forefoot 15.1+3.8 16833 23.9 + 6.0 32.0 = 6.9 38.0 +9.0%cde <0.000
Lateral forefoot 14225 6.1 =43 21.0*6.1 29.5 £ 7.6%<¢ 34.2 + 14.23<d <0.000
Midfoot 43=1.1 54+25 6524 8.7 £3.3%d I1.1 = 5.73cd <0.000
Medial heel 15248 17.8=x6.1 21.3£53 28.3 = 5.72<4 36.5+0 | .32¢de <0.000
Lateral heel 13.143 5.1 =45 18.4 £4.5¢ 24.9 = 4.8*<4 31.8 +9.9ucde <0.000

PTlg,, (kPas/kg)
Hallux 05*0.2 04=0.1 04*0.2 04=0.1 04*0.2 0.270
D2-5 0.2*0.1 02=x0.1 0.1 £0.0° 0.1 0.0 0.1 0.1 0.031
Medial forefoot 0.7+0.2 0.7x0.1 0.7 0.1 0.6+0.1 0.6+0.1 0.178
Lateral forefoot 0.7*=0.1 0.6+0.2 0.6 0.1 0.6+0.1 0.6+0.2 0.119
Midfoot 02x0.1 02=x0.1 0.2=0.1 02+0.0 02x0.1 0.245
Medial heel 0.7x0.2 0.7x0.2 0.6 0.1 0.6=0.1¢ 0.6x0.2 0.017
Lateral heel 0.6x0.2 0.6+0.2 0.5=0.1 0.5=x0.1¢ 05=x0.2 0.029

PPTI (kPa-s)
Hallux 101.327.8  100.6 =382 1455*+61.2 210.2+47.1% 253.2 + 94,54 <0.000
D2-5 395+ 169 432*+259 409158 704198 85.3 - 38.3%4 0.001
Medial forefoot 150.8 +37.9 167.8+32.6 239.2 £60.3° 319.5+68.8*¢ 379.8 +90.2%<4 <0.000
Lateral forefoot ~ 141.8=24.6 161.0*+43.4 209.7 £ 60.9 295.0 £76.0° 3424+ 142.2¢ 0.002
Midfoot 434=11.2 54.3+245 65.1 £23.9 86.8+328 110.5*+56.9 0.055
Lateral heel 1308434  151.5+45.1 183.5 +44.6° 248.9 £47.7° 318.0 = 99.4¢ <0.000
Medial heel 152.3 £47.9 177.5+61.0 212.8+52.7 283.2+57.4° 365.1 = 112.5¢ <0.000

FTl,,: normalised force-time integrals; PPTI: peak pressure time-integrals; PTI: pressure—time integrals; PTl,,,: normalised pressure-time integrals.

2Significant difference to groups 7 and 8.

®No significant differences in post-hoc comparison.
<Significant difference to groups 4—6.

dSignificant difference to groups 9-I1.

eSignificant difference to groups 12—-14.

Significant results of the ANOVA are shown in bold.

Hallux 21 9 27 24 38

Mask

Forefoot 5 13 18 33 31

4-6 7-8 911 12-14 15-17

Age group (Z, =100%)

group

Figure 4. Percentage of subjects experiencing peak pressure
in specific regions/masks (heel, forefoot, mask), note that the

sum per age group is 100%.

Acknowledgments

This research was supported by the DFG as part of the German
Excellence Strategy—EXC 2075—390740016. Special thanks
go to the physiotherapists at the Olga Hospital Gait Laboratory
for their invaluable efforts in collecting the data.

Author contributions

SD made substantial contribution to conception, data acquisition
and study design. AB was responsible for analysis and interpreta-
tion of the normative plantar pressure data and wrote the first
article version. TS contributed to data analysis and interpretation
and was involved in writing the first manuscript version. SD, AB
and TS revised the manuscript critically and approved the ver-
sion of the manuscript to be published.



Behrendt et al.

187

Data availability statement

The datasets generated during and/or analysed during the current
study are available from the corresponding author on reasonable
request.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect
to the research, authorship and/or publication of this article.

Funding

The author(s) received no financial support for the research,
authorship and/or publication of this article.

Ethics statement

An ethics approval was not required to be obtained for this study
since it was based on data collected at the gait laboratory, Olga
Hospital (Klinikum Stuttgart, Germany) in accordance with stan-
dard operating procedures as part of a normative data acquisition
of subjects for 3D clinical gait analysis. The data were collected in
compliance with ethical guidelines. Informed consent and assent
were obtained from the parents of the children with regards to col-
lection, analysis and publication for this non-interventional study.

ORCID iDs

Anika Behrendt
Tobias Siebert

Sonia D’Souza

https://orcid.org/0009-0008-8362-3591
https://orcid.org/0000-0003-4090-5480

https://orcid.org/0000-0001-7046-8803

References

1. Tudor-Locke C, Johnson WD and Katzmarzyk PT.
Accelerometer-determined steps per day in US adults. Med
Sci Sports Exerc 2009; 41: 1384-1391.

2. van Deursen R. Mechanical loading and off-loading of the
plantar surface of the diabetic foot. Clin Infect Dis 2004;
39(suppl 2): S87-S91.

3. Hill CL, Gill TK, Menz HB, et al. Prevalence and correlates
of foot pain in a population-based study: the North West
Adelaide health study. J Foot Ankle Res 2008; 1: 2.

4. Teyhen DS, Stoltenberg BE, Collinsworth KM, et al. Dynamic
plantar pressure parameters associated with static arch height
index during gait. Clin Biomech 2009; 24: 391-396.

5. Rosenbaum D. Assessing pediatric foot deformities by pedo-
barography. In: Miiller B and Wolf SI (eds) Handbook of
human motion. Cham: Springer International Publishing,
2020, pp. 1-15.

6. Aiyer A and Hennrikus W. Foot pain in the child and adoles-
cent. Pediatr Clin N Am 2014; 61: 1185-1205.

7. Bertsch C, Unger H, Winkelmann W, et al. Evaluation of
carly walking patterns from plantar pressure distribution
measurements. First year results of 42 children. Gait Posture
2004; 19: 235-242.

8. Jiang H, Mei Q, Wang Y, et al. Understanding foot condi-
tions, morphologies and functions in children: a current
review. Front. Bioeng. Biotechnol. 2023; 11: 1192524.

9. Cavanagh PR and Ulbrecht JS. Clinical plantar pressure
measurement in diabetes: rationale and methodology. Foot
1994; 4: 123-135.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Cousins SD, Morrison SC and Drechsler WI. The reliability
of plantar pressure assessment during barefoot level walking
in children aged 7-11 years. J Foot Ankle Res 2012; 5: 8.
Putti AB, Arnold GP, Cochrane LA, et al. Normal pres-
sure values and repeatability of the Emed ST4 system. Gait
Posture 2008; 27: 501-505.

Riad J, Coleman S, Henley J, et al. Reliability of pediobaro-
graphs for paediatric foot deformity. J Child Orthop 2007; 1:
307-312.

Hughes J, Pratt L, Linge K, et al. Reliability of pressure
measurements: the EM ED F system. Clin Biomech 1991; 6:
14-18.

Unger H and Rosenbaum D. Gender-specific differences of
the foot during the first year of walking. Foot Ankle Int 2004;
25: 582-587.

Bosch K, Gerss J and Rosenbaum D. Development of
healthy children’s feet — nine-year results of a longitudinal
investigation of plantar loading patterns. Gait Posture 2010;
32:564-571.

Dulai S, Ramadi A, Lewicke J, et al. Functional character-
ization of plantar pressure patterns in gait of typically devel-
oping children using dynamic pedobarography. Gait Posture
2021; 84:267-272.

Hennig EM, Staats A and Rosenbaum D. Plantar pressure
distribution patterns of young school children in comparison
to adults. Foot Ankle Int 1994; 15: 35-40.

Miiller S, Carlsohn A, Miiller J, et al. Static and dynamic
foot characteristics in children aged 1-13 years: a cross-sec-
tional study. Gait Posture 2012; 35: 389-394.

Demirbiiken I, Ozgiil B, Timurtas E, et al. Gender and age
impact on plantar pressure distribution in early adolescence.
Acta Orthop Traumatol Turc 2019; 53: 215-220.

Scherff E, Schnell SE, Siebert T, et al. Reference measures of
lower-limb joint range of motion, muscle strength, and selec-
tive voluntary motor control of typically developing children
aged 5-17 years. J Child Orthop 2024; 18: 404—413.

Oladeji O, Stackhouse C, Gracely E, et al. Comparison of
the two-step and midgait methods of plantar pressure mea-
surement in children. J Am Podiatr Med Assoc 2008; 98:
268-277.

Melai T, IJzerman TH, Schaper NC, et al. Calculation of
plantar pressure time integral, an alternative approach. Gait
Posture 2011; 34: 379-383.

Buldt AK, Forghany S, Landorf KB, et al. Foot posture is asso-
ciated with plantar pressure during gait: a comparison of nor-
mal, planus and cavus feet. Gait Posture 2018; 62: 235-240.
Menz HB. Two feet, or one person? Problems associated
with statistical analysis of paired data in foot and ankle med-
icine. Foot 2004; 14: 2-5.

McKay MJ, Baldwin JN, Ferreira P, et al. Spatiotemporal
and plantar pressure patterns of 1000 healthy individuals
aged 3-101 years. Gait Posture 2017; 58: 78-87.

Kasovié M, Stefan L and Zvonar M. Foot characteristics dur-
ing walking in 6-14-year-old children. Sci Rep 2020; 10: 9501.
Alvarez C, Vera M de, Chhina H, et al. Normative data
for the dynamic pedobarographic profiles of children. Gait
Posture 2008; 28: 309-315.

Morag E and Cavanagh PR. Structural and functional predic-
tors of regional peak pressures under the foot during walk-
ing. J Biomech 1999; 32: 359-370.


https://orcid.org/0009-0008-8362-3591

188

Journal of Children’s Orthopaedics 19(3)

29.

30.

31.

32.

33.

34.

Liu XC, Thometz JG, Tassone C, et al. Dynamic plantar
pressure measurement for the normal subject: free-mapping
model for the analysis of pediatric foot deformities. J Pediatr
Orthop 2005; 25: 103-106.

Deschamps K, Eerdekens M, Monbaliu E, et al.
Biomechanical maturation of foot joints in typically devel-
oping boys: novel insight in mechanics and energetics from
a cross-sectional study. Gait Posture 2021; 85: 244-250.
Asghar A and Naaz S. The transverse arch in the human feet:
a narrative review of its evolution, anatomy, biomechanics
and clinical implications. Morphologie 2022; 106: 225-234.
Haywood K and Getchell N. Life span motor development.
7th ed. Champaign, IL: Human Kinetics, 2020.

Wu H-H, Zhang Y-Q, Yu C-D, et al. Association of height,
foot length, and pubertal development in children aged 3—18:
a cross-sectional survey in China. Front Public Health 2024;
12: 1322333.

Phethean J and Nester C. The influence of body weight,
body mass index and gender on plantar pressures: results of a
cross-sectional study of healthy children’s feet. Gait Posture
2012; 36: 287-290.

35.

36.

37.

38.

39.

40.

Catan L, Amaricai E, Onofrei RR, et al. The impact of
overweight and obesity on plantar pressure in children and
adolescents: a systematic review. /nt J Environ Res Public
Health 2020; 17: 6600.

Dowling AM, Steele JR and Baur LA. What are the effects
of obesity in children on plantar pressure distributions? /nt J
Obes Relat Metab Disord 2004; 28: 1514—-1519.
Gotz-Neumann K. Gehen verstehen: Ganganalyse in der
Physiotherapie. 4th ed. Stuttgart: Georg Thieme Verlag,
2016.

Wallace J, White H, Augsburger S, et al. Foot pressure anal-
ysis using the emed® in typically developing children and
adolescents: a summary of current techniques and typically
developing cohort data for comparison with pathology. Foot
2018; 37: 28-37.

Burnfield JM, Few CD, Mohamed OS, et al. The influence
of walking speed and footwear on plantar pressures in older
adults. Clin Biomech 2004; 19: 78-84.

Segal A, Rohr E, Orendurff M, et al. The effect of walk-
ing speed on peak plantar pressure. Foot Ankle Int 2004; 25:
926-933.



