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Abstract

Aim - to study the kinematics and kinetics of walking in children with rigid
flatfoot by comparing data before and after surgical operations.

Material and methods. The study included 51 patients (42 boys, 9 girls) with
rigid flatfoot, with a mean age of 10.5 + 1.4 years. They were stratified by
disease stage and underwent surgical treatment using the author’s technique:
‘transposition of the m. peroneus longus tendon medially, shortening of the
m. tibialis posterior tendon, and arthrodesis of the cuneo-navicular joint’.
Results. It was found that higher disease stages correlated with increased step
time and support time, and decreased swing time, average walking speed,
and step frequency (<0.01 to <0.001). Disease progression also exacerbated
pathomorphological changes in the foot, driven by biomechanical dysfunction

of the lower leg’s pronator and supinator muscles, alongside reduced gait
energy efficiency.

Conclusion. Gait kinematic assessment, when combined with standard
diagnostic tools for rigid flatfoot (e.g., radiography and podometry),
enhances the identification of effective and precise treatment strategies.
The proposed disease stage-adjusted corrective approach addresses all
components of rigid flatfoot: it eliminates pathological pronation, restores
supination and plantar flexion function, and achieves adequate foot arch
reconstruction.
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MUccnepoBaHue KMHEMaTUKKU Xxoabbbl aeten
C PUrMaHbLIM NJIOCKOCTONUEM A0 U nocne
XUPYPru4ecKoro nevyeHums

N.10. XomxaHoB!, X.U. YMapoB?, LLL.K. Xakumog3, A.l. Mup3aeB!

II'Y «PecnybnumkaHck1il cneumnanmanpoBaHHblil Hay4YHO-NPaKTUYECKUIA MEOULVHCKUIA LEHTP
TpaBMaTonorum n optoneammy (TawkeHT, Pecnybnuka Y36ekucTaH)
2AHOWKAHCKMIA roCyapCTBEHHbIA MEAMUMHCKUIA UHCTUTYT (AHawkaH, Pecnybnuka Y3bekuncraH)
3Byxapckuit rocyaapCTBEHHbIA MEANUUHCKUIA MHCTUTYT uMeHn ABy Ann nbH CuHa
(Byxapa, Pecnybnuka Y36ekucTaH)

AHHOTauusa

Ilenb — U3y4nTh KUHEMATHKY U KUHETHKY XO[IbOBI y eTell C PUTH/IHBIM I1JIO-
CKOCTOIIMeM IIyTeM CpaBHEHMs JIaHHBIX /10 U 110CJIe IPOBeJIeHHBbIX XUPYPrH-
YeCKUX OIleparui.

Marepuai u Merofbl. B nccienosanye BrmodeH 51 manuenT (42 Mansauka
1 9 IeBoYeK) C pUTHAHBIM IUIOCKocTonueM. CpeHuUit BO3PACT TAlMeHTOB CO-

www.innoscience.ru

craBwi 10,5 + 1,4 ropa. [TanyeHTHI pa3neneHbl Ha FPYIIIBL C YYeTOM CTauu
3abosieBaHus. BceM narueHTam IpoBeieHO XUPYPrudecKoe jiedeHue C Ipu-
MeHeHHeM aBTOPCKOW MeTO[IMKH — «TPAHCIIO3ULUSI CyXOXKUJIUS M. Peroneus
longus B MefpanbHYI0 CTOPOHY CTOIIBI, YKOpOUeHHe CyXOXKIIvs m. tibialis
posterior ¥ apTpojie3UpOBaHue KJIMHOJIaIbeBUHOTO CyCTaBay.
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TPABMATOJIOTMNA N OPTOMNEANA

Tom 10 (2) 2025

Hayka n UHHOBauUuK B MeauLuHe

Pesynbrarsl. OmpesiesieHo, 9TO 4eM BHIIIe CTafus 3abojeBaHus, TeM 60-
Jlee YBeJIMYeHE! TTI0Ka3aTelll «BpeMsl [I1ara», «BpeMsl OIOPbI» ¥ YMeHbIIeHb
[I0KA3aTeJll «BpeMs IIepeHoCay, «CPeIHssI CKOPOCTh XOALOBI» U «4acToTa
maroBy» (<0,01-0,001). Takke oT cTaguu 3a00IeBaHUS 3aBUCAT CTEIEHb
1aToMopOIOrHIeCKUX U3MeHeHHH B 06/IacTH CTOIbI Ha GOHe HapyIIeHus
6roMexaHNIeCKON 0COOEHHOCTH MBIIII-IPOHATOPOB U MBIIIII-CYyITMHATOPOB
00JIaCTH TOJIEHH U TIOTePs BLICOKOX SHEPTUH TIPU Xozbhe.

3axumouenne. OneHKa KMHEMaTHKH XOL0b! B OIIOJITHEHHE K TAKUM MeTo-
JlaM JUarHOCTHKY PUTMIHOTO INIOCKOCTONHS, KaK peHTreHorpadus U I1o-

JIOMeTpus, IoJle3Ha i onpefiesieHUs 3pGeKTUBHBIX U TOUHBIX MeTOJ0B
JedeHus 3abosneBanusl. [IpeniokeHHBIN MeTOZ KOPPEKIUU C y4eTOM CTailul
3ab0J1eBaHUs MTO3BOJISIET YCTPAHUTh BCe KOMIIOHEHTH! PUTUAHON GOPMBI
IJIOCKOCTOIMS, JIMKBUUPOBATh [1aTOJIOTUYeCKYIO NIPOHAIUIO, YIy4IIUTh
GYHKIUIO CYITMHALMY U TIOJOLIBEHHOTO CrubaHus C afleKBaTHBIM BOCCTa-
HOBJIEHHEM CBOZIa CTOIIBI.

KinoueBnble cj10Ba: IJIOCKOCTOIMe, MblllIeYHasl pUTHIHOCTb, KUHEMaTHKa,
JIeTH.
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m INTRODUCTION

igid flatfoot represents the most prevalent form of foot

dysfunction [1]. It is characterized by a lowered longitudinal
foot arch, but in fact represents a three-dimensional deformity
comprising hind-foot valgus, forefoot abduction, and pronation
due to the severity of foot pathology [2, 3]. Rigid flatfoot disrupts
the normal gait pattern and establishes a new pathological
walking type. Analysis of these abnormal movement patterns
enables diagnosis of disease etiology and pathogenesis, while
identifying individual and clinical variants [4, 5].

The treatment of rigid flatfoot differs significantly from
the mobile form of this pathology and often requires invasive
surgical interventions [6]. Surgical correction of rigid flatfoot
varies in technique and scope, from soft tissue procedures
involving talar bone reshaping with tendon/muscle transfers
to osseous methods utilizing various metal fixation devices
[7]. However, long-term postoperative outcomes remain
unpredictable and often prove unsatisfactory for patients,
their parents and orthopedic surgeons, particularly due to the
need for permanent orthotic use to manage clinical symptoms
[8]. This stems from insufficient data on pathogenetic features
of rigid flatfoot, biomechanical impairment of lower leg/foot
neuromuscular structures across disease stages and severity
levels, and the disregard of these factors when selecting
corrective procedures for rigid flatfoot patients [9].

A current priority is investigation of rigid flatfoot kinetics
and kinematics using advanced methods such as gait
videography and 3D motion capture in gait laboratories.

m AIM

To study the kinematics and kinetics of walking in children
with rigid flatfoot by comparing data before and after surgical
operations.

m MATERIAL AND METHODS

The study group included 51 patients (42 boys and 9 girls)
with rigid flatfoot, who were observed and treated in the
Andizhan Children’s Multi-disciplinary Clinic in 2019-2024.
The mean age of patients was 10.5 years (from 7 to 16).

Based on the classification of M.S. Myerson (1997), we
developed a new algorithm for classification of children with
rigid flatfoot!. Unlike the Myerson classification, we included
the spastic contracture of the tendon of m. peroneus longus,
which has a special role in the pathomorphological changes of
the lower leg and foot in rigid flatfoot (Table 1).

It is seen from Table 1 that among clinical forms the acquired
form was most prevalent, in 41 (80.5%) vs. 10 (19.5%) cases
of congenital form of the disease. Most frequently, patients
were registered with stage III, in 22 (43.1%) cases, and there
were also cases with spastic contracture of the tendon of m.
peroneus longus, in 13 (25.5%) cases (subgroup III B) among
patients with stage III, and in 8 (15.7%) cases (subgroup IV
B) among patients with stage IV of the disease.

The functional condition of the m. peroneus longus is
principal in the transformation of the mobile flatfoot into rigid
flatfoot. Tendon reposition to the supinator side is also critical
for surgical correction.

All patients (n=51) underwent surgical treatment using
following technique: ‘transposition of the m. peroneus longus
tendon medially, shortening of the m. tibialis posterior tendon,
and arthrodesis of the cuneo-navicular joint’2.

The technique involves the following steps: wedge
resection of the navicular and cuneiform articular surfaces
(wedge angle oriented plantarly), creating a cuneiform bone
tunnel; reinserting the m. tibialis posterior tendon attachment,
shortening its tendon via tensioning and embedding into the
formed tunnel of the cuneiform bone; transferring the m.
peroneus longus tendon medially to attach to the m. tibialis
posterior tendon; and triangular pin fixation of the cuneo-
navicular joint to reconstruct the foot arch.

It is to be remembered that in rigid flatfoot, even after its
restoration, the patients’ gait will vary. To distinguish between
these variations of gait, we analyzed it in the gait laboratory.
Our study considered the severity of the disease, age of patients
and their anthropometric data. The study involved 13 patients
with stage II of disease, 22 patients with stage III, and 16
patients with stage IV. The mean height of patients was 126.5
cm (126-162 c¢m) for boys and 138.6 cm (133-146 cm) for

1 The Algorithm is registered in the Agency for Intellectual Property of the Republic of Uzbekistan (No. DGU42326, 2024).
2 Invention patent No.FAP 2416 (2024), registered in the Agency for Intellectual Property of the Republic of Uzbekistan.

156

www.innoscience.ru


http://www.innoscience.ru

Science & Innovations in Medicine

Vol.10 (2) 2025

TRAUMATOLOGY AND ORTHOPEDICS

T oo [ waen | veen

Congenital, n=10 (19.5%)
Acquired, n=41 (80.5%) 0

2 (3.9%)
11 (21.6%)

Table 1. Distribution of patients by clinical form and stage of rigid flatfoot

2 (3.9%)
7 (13.7%)

2 (3.9%)
11 (21.6%)

3 (5.9%)
5 (9.9%)

1(1.9%)
7 (13.7%)

Tabnuua 1. PacnpedeneHue 60/bHbIX NO KnuHU4eckol popMe u cmaduu puaudHo20 niocKkocmonust

girls. The mean weight of patients was 32.5 + 2.4 kg (21-
62 kg) among boys, and 28.2 + 3.1 kg (26-41 kg) among girls,
respectively.

Gait analysis was performed using video recording
and 3D motion capture at the Gait Laboratory of the
Republican Specialized Scientific-Practical Medical Center
of Traumatology and Orthopedics.

Range of motion for each joint was measured using a
goniometer, including ankle plantarflexion and dorsiflexion.
During dorsiflexion measurement, the foot was slightly everted
to stabilize the subtalar joint and prevent compensatory motion.

For 3D motion capture, passive reflective markers were
placed according to the Helen Hayes protocol. Marker
trajectories were recorded using the BTS Bioengineering
system (Italy, 2023) with eight digital infrared cameras.

The participants’ gait was recorded during multiple trials
on a 12-meter walkway at self-selected speed, with motion
capture at 120 frames per second (120 Hz).

Ground reaction force (GRF) was measured using four force
plates embedded in the midpoint of the walkway. GRF between
the limb and surface during stance phase was quantified by
the force platforms.

The coordinate system of Euler angles for measuring GRF
was placed as shown in Fig. 1.

m RESULTS

In the gait laboratory, we tested such parameters as step time
(sec), stance time (sec), swing time (sec), stance phase (%),
swing phase (%), single-limb support phase (%), double-limb
support phase (%), average velocity (m/s), and cadence (steps/

A B

Figure 1. A — appearance of the patient under study;
B — coordinate system of Euler angles for measuring GRF.

PucyHok 1. A — BHewHull BUO ucciedyemMozo nayueHma;
B — cucmema koopduHam yznos 3linepa ons usmepeHusi GRF.

min). The obtained results were compared with normative
values. Step time, the key gait parameter, was calculated as
the sum of ‘stance time’ and ‘swing time’.

The analysis of data of 13 patients with stage II of the
disease showed that the step time of both lower limbs were
43% above normative values (p=0.001). The values of such
parameters as stance time and swing time were 52% and 31%
higher than the normative values, respectively. Statistical
significance was found between the results (p=0.001).

Analysis of pre-operative gait data (videography and 3D
motion capture) in stage II rigid flatfoot revealed minimal

1.33+0.07

1.33+0.04

. 0.93 + 0.04
Step ti 0.001
ep time (s) 0.98 + 0.05 0.97 + 0.04 )
0.82+0.04 0.80 + 0.03
Stance time (s) 0.54 + 0.05 <0.001
0.60 + 0.02 0.56 + 0.05
0.51 + 0.03 0.53+0.01
Swing time (s) 0.39 + 0.03 0.01
0.38 + 0.02 0.41 +0.02
61.2+2.88 61.2+3.4
Stance phase (%) 57.97 +1.93 <0.05
60.2+2.1 60.1+1.4
386+24 388+21
Swing phase (%) 42.03 +1.93 <0.001
40.5+2.6 41.8+25
37.3+29 405+1.4
Single-limb support phase (%) 39.28£0.25 <0.05
38.3+29 40.1+1.1
10.75+ 2.4 85+23
Double-limb support phase (%) 124£2.21 >0.05
115+22 119+21
0.86+0.1
Average velocity (m/s) 1,2+0,2 1.2+0.2
1.16+0.3
. 86.3£56 1296+ 8,4 129.6 + 8.4
Cadence (steps/min) 1255+ 45

Table 2. Comparative analysis of results of 13 patients with stage Il of the disease before and after surgery
Ta6nuua 2. CpaBHumenbHsbIl aHanu3 peaynbmamos 13 6onbHbIx co || cmaduel 3aboneBaHusi 0o U noce onepayuu
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1.39 £ 0.07 1.40 £ 0.04
Step time (s) 0.93 + 0.04 <0.001
1.15+0.05 1.16 £0.03
) 0.83 + 0.04 0.87 + 0.02
Stance time (s) 0.54 + 0.05 0.01
0.61 + 0.03 0.60 + 0.02
0.56 + 0.03 0.53 + 0.02
Swing time (s) 0.39 £ 0.03 0.01
0.54 + 0.02 0.56 + 0.01
61.6+3.6 61.8+28
Stance phase (%) 57.97 +£1.93 0.01
59.6 £ 4.4 59.8+1.8
S - - 38.4+19 38.2+22 Lo 6
wing phase (%) 39.1+29 403+3.1 oES '
. . 37.4+27 409+17 39.28 + 0.25
- h % o= .01
Single-limb support phase (%) 386435 39.9+1.1 0.0
10.75+ 2.4 9.7+26
Double-limb support phase (%) 124+221 <0.05
116+16 11.8 +1.04
. 0.79+0.1
Average velocity (m/s) 1,2+0,2 1.2+02
1.12+0.2
) 82.7+5.2
Cadence (steps/min) 129,6 + 8,4 129.6 +8.4
1249+ 3.1

Table 3. Comparative analysis of results of 22 patients with stage of the disease before and after the surgery
Tabnuua 3. CpaBHumenbHsbIl aHanu3 pesynbmamoB 22 6onbHbix ¢ Il cmaduell 3aboneBaHus 0o U nocne onepayuu

energy loss during walking, attributable to the following:
absence of rigid contracture or spasm of the m. peroneus
longus tendon, and preserved foot arch mobility with minimal
degenerative changes in tarsometatarsal joints. Fibrous
coalition between metatarsals was also diagnosed in patients
with stage II of the disease.

The preoperative values of such parameters as step time,
stance time, and swing time significantly influenced the
average velocity and cadence, which were below the norm.
The average velocity was 0.86 + 0.1 m/s (norm: 1.2 + 0.2
m/s), cadence, 86.3 + 5.6 steps per minute (norm: 129.6 +
8.4). The obtained results demonstrated statistical significance
(p=0.001) (Table 2).

The surgical interventions created optimal conditions for
improving foot spring function with minimal energy loss
during gait, eliminating the need for metatarsal coalition
resection. Postoperative correction in stage II patients
demonstrated statistically significant improvements: step time

bilaterally reached 0.93 + 0.05 sec (p<0.01-0.001), stance time
0.60 £ 0.02 sec (all p=0.001), and swing time 0.38 + 0.02 sec
(p=0.001). The enhancements of parameters of step increased
average walking velocity from 0.86 + 0.1 m/s to 1.16 + 0.3
m/s (normal range: 1.2 + 0.2; p=0.001) and cadence from 86.3
+ 5.6 to 125.5 + 4.5 steps/min (norm: 129.6 + 8.4; p=0.001).

In 22 patients in stage III of the disease, the step time, stance
time and swing time parameters were significantly above the
norm, by 49%, 54% and 43% respectively (p=0.001). The
parameters of the step significantly influenced the average
velocity and cadence. The average velocity in the preoperative
period was 0.79 + 0.1 m/s, which is significantly lower than
the normative value of 1.2 + 0.2 m/s. The cadence was 82.7
+ 5.2 steps per minute, also significantly below the norm of
129.6 + 8.4. The results demonstrated statistical significance
(p=0.001) (Table 3).

In stage III rigid flatfoot, prolonged arch collapse and the
rigid spasm of the m. peroneus longus tendon induce severe

1.43+0.04 1.44 £ 0.05
Step time (s) 0.93 + 0.04 <0.001
1.18 +£0.06 1.19 £+ 0.06
0.86 + 0.02 0.86 + 0.03
Stance time (s) 0.54 + 0.05 <0.001
0.63 +0.02 0.62 + 0.03
0.57 + 0.02 0.58 + 0.02
Swing time (s) 0.39 +0.03 <0.001
0.55 + 0.04 0.57 + 0.03
63.1 + 4.6 63.5 + 4.6
Stance phase (%) 57.97 +£1.93 <0.05
60.8 + 4.5 60.9 + 4.6
Swing phase (%) 359253 392%51 42.03+1.93 <0.001
WI d * 1. Y
=l ! 382+23 38.8+6.1
Single-limb support phase (%) 356£4.7 386+ 4.9 39.28 + 0.25 <0.05
= Gt i 38.4+22 38.9+0.35 B '
Double-limb rt phase (% - S 124221 0.05
- 4t 2. <0.
ouble-imb support phase (%) 1079+ 3.9 1089+ 1.85
0.73+0.30
Average velocity (m/s) 1,2+0,2 1.2+0.2
1.05+0.05
. 76.2+9.1
Cadence (steps/min) 129,6 + 8,4 129.6 +8.4
1152+ 7.4

Table 4. Comparative analysis of results of 16 patients with stage IV of disease before and after the surgery
Tabnuuya 4. CpaBHumenbHbIlU aHanu3 peadynbmamos 16 6onbHbix ¢ 1V cmaduell 3aboneBaHusi 00 U nocae onepayuu
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degenerative changes, producing fibrous or cartilaginous
tarsometatarsal coalitions. Concomitant dysfunction of the
m. tibialis posterior tendon further compromises the spring
function of the foot, resulting in excessive energy expenditure
during gait.

In stage III of the disease, priority is given to coalition
resection that yields limited intermetatarsal joint mobility.
This step is followed by the transfer of the m. peroneus longus
tendon to the supinator side and shortening of the m. tibialis
posterior tendon. This converts rigid flatfoot to a mobile form,
significantly improving muscle function supporting lower leg
and foot spring mechanics while minimizing gait energy loss.
Postoperative outcomes demonstrated near-normal improvement
of parameters (p=0.001).

In 16 patients with stage IV of the disease, the values of
step time, stance time and swing time were significantly
increased versus the norm by 54%, 59% and 46% respectively
(p<0.001). The values of average velocity and cadence were
also significantly lower: in the preoperative period, the average
velocity was 0.73 £ 0.03 m/s, statistically significantly lower
than the norm of 1.2 + 0.2 m/s, and the cadence was decreased
to 76.2 £ 9.1 steps per minute versus the normative value of
129.6+8.4 steps per minute (p=0.001) (Table 4).

Stage IV patients exhibit bony or cartilaginous tarsometatarsal
coalitions with severe rigid spasm of the m. peroneus longus
tendon, indicating profound arch spring dysfunction and
talocalcaneal osteoarthritis. The energy-absorbing capacity of
the foot is markedly impaired, resulting in excessive energy loss
even during short-distance walking.

We first resected the bony or cartilaginous coalition, then
performed medial transfer of the m. peroneus longus tendon
with shortening of the m. tibialis posterior tendon, thus
achieving essential mobilization of the foot arch.

Postoperative supinator muscle function and foot spring
mechanics were adequately restored, though ankle pain persisted
due to tarsometatarsal osteoarthritis. Postoperative values of the
step time, stance time and swing time parameters significantly
decreased to 1.18 + 0.06 from 1.43 + 0.04 sec, to 0.63 + 0.02
from 0.86 + 0.02 sec, and to 0.55 + 0.04 from 0.57 + 0.02 sec,
respectively (p<0.001). The average velocity increased in the
postoperative period to 1.05 + 0.05 m/s (norm: 1.2+0.2 m/s).
The cadence value also increased to 115.2 + 7.4 steps per
minute, which is significantly closer to the norm (129.6 + 8.4

steps per minute). The obtained results demonstrated statistical
significance (p<0.001).

m DISCUSSION

Rigid flatfoot is characterized with lever arm shortening due
to forefoot abduction and heel valgus, reducing lever strength
and mid-foot flexibility, respectively [10]. This impairs
kinetic lever function, causing loss of kinetic energy. From
the standpoint of clinical symptoms, this manifests as muscle
fatigue after prolonged walking, discomfort or pain the in foot,
leg, or knee [11,12].

Studies revealed comparable reductions in both
plantarflexion and dorsiflexion range of motion at the ankle
joint in these patients. Flatfoot was associated with an increased
angle between the talar and navicular bones. Consequently,
greater energy expenditure was required for supination and
inversion to achieve foot stabilization during gait [13,14].

Podiatric practice recognizes over 100 surgical techniques
for the correction of the planovalgus deformity, yet no optimal
treatment protocol exists. Pediatric surgical interventions are
categorized as follows: soft-tissue procedures, extra-articular
bony operations, and intra-articular surgeries [15,16]. Combined
approaches yield superior outcomes in most cases [17,18].

At the same time, the incidence rate of various complications
and relapses is rather high reaching 23.7%. Given the
multicomponent nature of the morphological changes of the
foot joint and the multifactorial etiology of the flatfoot, each
case requires individual indications and corrective method
selection [19-22].

m CONCLUSIONS

1. Gait kinematic analysis complements standard rigid
flatfoot diagnostics (radiography, podometry) to optimize
treatment precision.

2. The analysis included measurements of the degree of
kinetic energy loss in the gait of flatfoot patients and identified
a biomechanical correlation between the degree of energy loss
and the stage of rigid flatfoot.

3. The suggested method of correction, taking into
account the disease stage, allows immediate elimination
of all components of the rigid form of flat foot, eliminate
pathological pronation, improve supination and plantar flexion
of the foot, and adequate restoration of the foot arch. #=
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