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Assessment of the anatomical and functional state of the feet in of children with malformations of the anterior foot has 
significant theoretical and practical value . The purpose of this study was to investigate the morphological and functional 
parameters of the feet in children with malformations of the anterior foot to assess load imbalance and to identify 
structural and functional disorders using computed plantography techniques . A plantogram analysis was conducted 
in 64 children aged 5–16 years with foot malformations followed by mathematical processing of plantographical 
characteristics of the feet (angles, indices, and ratios) . The nature of the revealed deviations indicates disturbances 
of the statics of the affected foot and the inferiority of its dynamic functions (disturbed phase of rolling through the 
forefoot when walking), which indicates the appropriateness of surgical reconstruction of the anatomy of the foot to 
improve function .
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Резюме. Исследование анатомо-функционального состояния стоп у детей с пороком развития переднего отдела 
является актуальной задачей, решение которой имеет существенное теоретическое и  практическое значение . 
Цель исследования  — изучение с  помощью методики компьютерной плантографии морфофункциональных 
параметров стоп у детей с пороками развития переднего отдела для оценки дисбаланса нагрузок и выявления 
структурных и  функциональных нарушений . Был проведен анализ плантограмм 64 детей в  возрасте от 5 до 
16 лет с  указанной патологией с  последующей математической обработкой плантографических характеристик 
стоп (углов, индексов и коэффициентов) . Характер выявленных отклонений свидетельствует о нарушении ста-
тики пораженной стопы и  неполноценности ее динамической функции (нарушена фаза переката через перед-
ний отдел стопы при ходьбе), что указывает на целесообразность хирургического восстановления анатомии 
стопы с целью улучшения ее функции .

Ключевые слова: пороки развития переднего отдела стопы, компьютерная плантография, плантографические 
характеристики .

introduction

Developmental defects of the forefoot are 
one of the most difficult challenges in pediatric 
orthopedics [1, 2] . Changes in the foot affect the 

shape of its anterior region and impair its support 
function [3] . An accurate evaluation of functional 
parameters of the affected foot, particularly its 
support ability, is of critical importance . Data 
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regarding the correlation between the foot’s support 
function and its geometric features are relevant 
while selecting a surgical treatment and designing 
and manufacturing corrective devices and products . 
Decisions regarding corrective clinical solutions are 
complicated by the enormous variability in what 
could be considered a normal foot shape for the 
affected foot . Therefore, the evaluation of individual 
morphology and function in both the pathological 
and unaffected foot is important . Currently, the 
most successful diagnostic tool for foot conditions 
is computer plantography [4], which considers 
both static and kinetostatic foot deformities in the 
upright position . Computer plantography reveals 
the severity of the deformity not only by displaying 
the foot loading contour but also by showing the 
load distribution on the various foot structures . 

Despite the various plantography methods 
available for the assessment of pathologies of the 
foot, a universal method has not been established . 
Therefore, study of the anatomical and functional 
states of the feet with forefoot developmental 
defects in pediatric patients, through plantography, 
is a relevant task with significant theoretical and 
practical value . This is the rationale for the present 
study .

The study aimed to explore the morphological 
and functional parameters of feet in pediatric 
patients with developmental defects in the forefoot 
to assess load imbalances and to reveal the structural 
and functional disorders .

material and methods

The study of the supporting function of feet 
was performed using the software and hardware 
diagnostic complex “Podoskan” (MBN, Russia) . 
It enabled the evaluation of morphological and 
functional parameters of feet in pediatric patients 
with developmental defects in the forefoot . 
Plantography characteristics were determined in 92 
children aged 5–16 years, including a control group 
consisting of 28 healthy children (56 feet) . In the 
group of 64 pediatric patients with a developmental 
forefoot defect, 30 had lesions of both feet and 34 
had lesions of only one foot (right foot in 20 cases 
and left foot in 14) . Thus, 94 feet with different 
localization of the anterior lesions were examined: 
36 feet had lesions in the inner region, 40 feet 
had lesions in the median region, and 18 feet had 
lesions in the outer region .

To improve the method of computer 
plantography analysis of feet with developmental 
forefoot defects, the existing methods for calculating 
the plantography characteristics were used [5, 6], 
which were specifically modified for the pathology 
under study .

First, the calculations on the healthy children’s 
plantograms were performed, with identification 
points placed in the footprints and interconnected 
with lines (Fig . 1) for measuring angular and linear 
characteristics of the feet, as well as for calculating 
the plantography indices and normal coefficients .

The scanned footprint was processed by the 
algorithm below . The reference points were set on 
the plantogram and connected with the lines:

O – the rearmost point of the heel of the 
footprint,

P – the foremost point of the V toe contour,
Q – the foremost point of the I toe contour,
BC – the line of the transverse arch of the foot, 

connecting the points B and C,;
B – the most protruding inward point of the 

forefoot contour,
C – the most protruding outward point of the 

forefoot contour,
K – the point of intersection of the transverse 

arch line of the foot BC with the most protruding 
inward point of the loaded fore footprint (equivalent 
to the head I of the metatarsal bone),

E – the point of intersection of the transverse line 
in the arch of the foot BC with the most protruding 

Fig. 1. The scheme of calculating the anatomical and 
functional parameters of a healthy child’s foot
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outward point of the loaded fore foot print (equivalent 
to the head I of the metatarsal bone),

KE – the line of the loaded transverse arch of 
the foot, connecting the points K and E,

Z – the middle of the line of the transverse arch 
of the foot BC,

OZ – the notional axis of the foot,
BN and CR – the lines drawn from points B 

and C parallel to the notional axis OZ of the foot,
BP and CQ – the lines drawn from points B 

and C, passing through the foremost points of the 
V toe (P) contour and the I toe (Q) contour,

NBP and QCR – the angle of the V toe and the 
I toe, respectively,

ОG, ОD, ОS, ОW, and ОH – Dyukendzhiev’s 
lines – 1, 2, 3, 4, and 5 (power rays of load direction 
to I, II, III, IV, and V toes respectively),

G, D, S, W, and H – points of intersection of 
the corresponding Dyukendzhiev’s lines – 1, 2, 3, 
4, and 5 with the front edge of the fore footprint,

G1, D1, S1, W1, and H1 – points of intersection of 
the corresponding Dyukendzhiev’s lines – 1, 2, 3, 4, and 
5 with the line of the transverse arch of the foot BC,

U – the intersection point of the Dyukendzhiev’s 
line - 1 with the rear contour line of the print of 
the anteromedial part of the foot,

Х – the intersection point of the Dyukendzhiev’s 
line - 2 with the rear contour line of the print of 
the median region of the foot,

A – the center of the heel print,
LM – the line intersecting the center A and the 

edges of the heel print in the widest place, that is 
in the points L and M .

The plantography indexes were calculated, 
which were used for the characterization of normal 
foot prints and for all the defects of the forefoot:

 – KE/BC – load capacity index of the forefoot, 
which reflects the completeness of the load on 
the forefoot,

 – LM/KE – the Chipaux–Smirak index which 
shows the load distribution between the forefoot 
and the rearfoot .
Furthermore, for the characterization of feet 

combined in groups with localization of lesions in 
the forefoot, the additional indices and coefficients 
were calculated:

For the defect of the inner region of the forefoot
 – GU/GO – the ray I support index, which 

reflects the support ability of the head I of the 
metatarsal bone,

 – k1 = GG1: 1/5OZ – the coefficient of the 
distal support of the ray I for detection of 
displacement of the front contour of the spot of 
the metatarsal bone support I;
For the defect of the median region of the forefoot:

 – DX/DO – the support index of the median 
region, which reflects the support ability the 
metatarsal bone heads II-III,

 – k2 = DD1: 1/5OZ – the coefficient of the 
distal support of the ray II for detection of 
displacement of the front contour of the spot of 
the metatarsal bone support II,

 – k3 = SS1: 1/5OZ – the coefficient of the 
distal support of the ray III for detection of 
displacement of the front contour of the spot of 
the metatarsal bone support III,

 – k4 =WW1: 1/5OZ – the coefficient of the 
distal support of the ray IV for detection of 
displacement of the front contour of the spot of 
the metatarsal bone support IV,

 – k2-3-4 = 1/3  ×  (K2 + K3 + K4) – the average 
coefficient of the distal support of the median 
rays for evaluation of the deformity of the front 
contour of the spot of the median foot part 
support;
For the defect of the outer region of the forefoot:

 – k5 = НН1: 1/5OZ – the coefficient of the 
distal support of the ray V for detection of 
displacement of the front contour of the spot of 
the metatarsal bone support V .
Statistical analysis of the study results was 

conducted using Microsoft Excel, including 
calculation of the mean variation series M, mean-
square deviation m and 95% confidence interval . 
The threshold level of statistical significance was 
taken at the value of the criterion p < 0 .05 .

Results

In the patients with forefoot developmental 
defects, the plantograms were divided into three 
groups, depending on the lesion location, with 
the corresponding identification points set with 
subsequent connections between lines, and the 
angular and linear characteristics of the feet were 
calculated (Fig . 2) .

Plantography characteristics in children with 
forefoot developmental defects, specific to location 
of the lesion, are presented in Table 1 . Analysis 
of the table showed that the average value of the 
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forefoot load capacity index in healthy children 
was 94 .7% ± 0 .39% . In patients with forefoot 
developmental defects the average value of this 
index decreased significantly, up to 71 .6% ± 1 .55% 

in the location of pathology in the inner region; up 
to 74 .0% ± 1 .57% where pathology was found in the 
median region, and up to 78 .6% ± 2 .04% in cases 
where pathology was in the outer region (p < 0 .05) .

Table 1
comparative� assessment� of� plantography� characteristics� of� healthy� children’s� feet� and� those� of� patients� who� have�

forefoot� developmental� defects,� categorized� by� lesion� location� (M ± m)

Parameters
Healthy 
children
(n = 56)

Patients with the forefoot developmental defect
Defect of the 
inner region 

(n = 36)

Defect of the 
median region 

(n = 40)

Defect of the 
outer region 

(n = 18)
Load capacity index of the forefoot, % 94 .7 ± 0 .39 71 .6 ± 1 .55* 74 .0 ± 1 .57* 78 .6 ± 2 .04*
Chipaux–Smirak index 0 .53 ± 0 .006 0 .79 ± 0 .024* 0 .75 ± 0 .023* 0 .63 ± 0 .022*
Coefficient of the distal support I of the 
ray k1

0 .70 ± 0 .01 0 .27 ± 0 .02* – –

Support index of the ray I (× 10−2) 23 .3 ± 0 .44 11 .7 ± 1 .01* – –
Angle of the toe I, ° 12 .0 ± 0 .48 –0 .03 ± 1 .32* – –
Coefficient of the distal support II of 
the ray k2

0 .99 ± 0 .01 – 0 .78 ± 0 .02* –

Coefficient of the distal support III of 
the ray k3

0 .97 ± 0 .02 – 0 .65 ± 0 .03* –

Coefficient of the distal support IV of 
the ray k4

0 .81 ± 0 .01 – 0 .42 ± 0 .02* –

Average coefficient of the distal support 
II, III, IV of the rays k2-3-4

0 .92 ± 0 .01 – 0 .62 ± 0 .02* –

Support index of the median region
(× 10–2)

24 .5 ± 0 .32 – 22 .4 ± 0 .48* –

Coefficient of the distal support V of 
the ray k5

0 .54 ± 0 .01 – – 0 .26 ± 0 .04*

Angle of the toe V, ° 13 .4 ± 0 .52 – – –2 .5 ± 1 .62*

* The values varied significantly from the nor, with accuracy of at least p < 0 .05 .

а b c
Fig. 2. The scheme of calculation of the anatomic and functional parameters of the patients’ feet with developmental 
defects of the forefoot, depending on the lesion location: a) the defect of the inner region; b) the defect of the median 

region; c) the defect of the outer region
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Thus, in patients with developmental defects 
of the forefoot, the load distribution in this region 
was uneven; therefore, the deficit of the forefoot 
support capability was considerable: 32%, 28%, and 
20% for the defects of inner, median, and outer 
regions, respectively .

Addition of the Chipaux–Smirak index to the 
analysis of plantograms provides insight into nature 
of the load displacement on the different regions of 
the foot . Thus, if the ratio of load on the rearfoot to 
the load on the forefoot is 0 .53 ± 0 .006 in healthy 
pediatric patients, then in patients with a forefoot 
defect the Chipaux–Smirak index was increased to 
0 .79 ± 0 .024 with the localization of pathology in 
the inner region, 0 .75 ± 0 .023 with the localization 
of pathology in the median region, and 0 .63 ± 0 .022 
with the localization of pathology in the outer 
region (p < 0 .05) .

Thus, in patients with a forefoot developmental 
defects, the “calcaneusation” of the plantar load 
occurs, namely significant displacement of the 
support capability from the forefoot to the rearfoot 
on the calcaneus: with a surplus of 49% in case 
of pathology localized to the inner region; 42% 
in cases with pathology localized to the median 
region; and 19% in cases of pathology localized 
to the outer region . The most significant increase 
in the Chipaux–Smirak index was detected in 
patients with deformities in the inner and median 
regions . This indicates that, with this localization of 
pathology, the load distribution in the forefoot is 
so significantly impaired that it causes a combined 
load displacement both within the forefoot and 
posteriorly . This leads to long-term inadequate 
overload of some parts of the foot and lack of load 
in other parts of the foot, which is the cause of 
impairment of the statnamic foot function in both 
cases .

The use of additional indexes and coefficients 
enabled more detailed assessment of impairment of 
the foot function, depending on the localization of 
the pathology in the forefoot .

The developmental defect of the inner region of 
the forefoot (Fig . 2, a) . In the group of patients with 
this pathology the support index of ray I appeared 
to be reduced by two times, up to (11 .7 ± 1 .01) × 
10−2 compared to that of the healthy children, which 
was (23 .3 ± 0 .44) × 10-2 (p < 0 .05) . Also, the patients 
showed a 2 .6 times decrease of the coefficient of 
the distal support I of the ray k1 to 0 .27 ± 0 .02, as 

compared with this parameter in healthy children: 
0 .70 ± 0 .01 (p  < 0 .05) . In the observed group of 
patients the angle of the toe I was also significantly 
reduced, which was to −0 .03° ± 1 .32° compared 
to the same index in the norm: 12 .0° ± 0 .48° (p < 
0 .05) .

Thus, in patients with the forefoot developmental 
defects with pathology localized to the inner region 
there is a significant deviation from the norm in 
plantography characteristics, which indicates the 
uneven load distribution on the foot regions, 
rough rear displacement of the inner point of the 
foot support, the load deficit on the head I of the 
metatarsal bone .

The developmental defect of the median region of 
the forefoot (Fig . 2, b) . In this pathology localization, 
though the parameters of the plantography 
characteristics were not drastically deviated from 
the norm, they were statistically significantly and 
consistently reduced . The support index on the 
median region of the foot was slightly reduced: 
by 9% - up to (22 .4 ± 0 .48) × 10-2 compared to 
the healthy children (24 .5 ± 0 .32) × 10-2 (p <0 .05) . 
Much more indicative values were the consistently 
low values of the coefficients of the distal support II, 
III, and IV of rays: k2, k3, and k4, with a reduction 
magnitude of 27%, 49%, and 93% respectively . 
It is noteworthy that the smallest deviation 
from the norm is observed in the coefficient k2, 
while the highest deviations are observed in the 
coefficients k3 and especially k4 . This is due to a 
large proportion of patients with such forms of 
nosology as brachymetatarsia with shortening of 
either one (usually IV) or two (III and again IV) 
metatarsals . An average rearward displacement of 
the front contour of the median region of the foot 
is characterized by a coefficient k2-3-4, which was 
reduced in the patients by 48% as compared with 
the healthy children: 0 .62 ± 0 .02 and 0 .92 ± 0 .01, 
respectively (p < 0 .05) .

Thus, in patients with forefoot developmental 
defects with the pathology localized to the median 
region, there is a deformity of the distal contour of 
the foot median region support with a significant 
displacement anterior to the loaded zone, especially 
in the projection of the heads III and IV of the 
metatarsal bones . At the same time there is the 
uneven load distribution on the foot regions, which 
indicates the impairment of its support function .

The developmental defect of the outer region of 
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the forefoot (Fig . 2, c) . The analysis of additional 
plantography characteristics in the group of patients 
with the said pathology revealed a significant 
deviation from the norm of linear and angular 
parameters of the footprints . The coefficient value 
of the distal support V of the ray k5 in this group 
of patients was significantly reduced: by 108% 
to 0 .26 ± 0 .04 compared to the normal value of 
0 .54 ± 0 .01 (p  < 0 .05) . The angle of the toe V was 
significantly reduced: up to −2 .5° ± 1 .62° compared 
with the normal value of this angle of 13 .4° ± 0 .52° 
(p < 0 .05) .

Thus, in patients with forefoot developmental 
defects with the localization of pathology in the 
outer region there is significant deviation from the 
norm of the plantography characteristics, indicating 
the uneven load distribution on the foot regions, 
pronounced posterior displacement of the outer 
point of the foot support, and lateralization of the 
distribution of the forefoot support capability .

Discussion

The plantography data showed that in patients 
with forefoot developmental defects, a significant 
deviation from the norm of plantography 
characteristics from 10% to 150% is noted . The 
extent of disorder in pathological foot parameters 
is reasonable to compare with the parameters 
of physiological changes in the normal foot . It is 
known that in the vertical position in the healthy 
body, weight is distributed on the forefoot as 20 .5% 
for the anterior-inner region, and nearly the same 
amount for the anteroexternal region, which is 
18 .5% [7] . When walking, the load on the forefoot 
increases to a greater extent due to the inner 
region, that is up to 36%, and the contribution of 
the outer region is 26% [8] . That is, under normal 
load on the foot in the normal the variation of the 
load parameters in the forefoot is in the range of 
10-15%, while in case of forefoot developmental 
defect the amount of the load distribution changes 
reaches 32% . This impairment of normal load ratio 
on different regions of the foot leads not only to 
the impairment of its functions [9], but also to the 
deformity of the musculoskeletal system and the 
impairment of various body functions .

Impairment of length proportions of the foot 
rays inevitably has an impact on walking, for 
which there is a certain, fixed sequence of contact 

of the foot regions with the support . In the phase 
of rolling through the forefoot the region of the 
metatarsal head V is the first which comes into 
contact with the support, followed by the region 
of the heads, II, III, IV of the metatarsal bones, 
and the region of the head I of the metatarsal 
bone completes the contact . That is, the rolling of 
the foot in the forefoot occurs in the frontal plane 
[10], and this is the most dynamically loadable 
process along with the rolling through the heel . The 
plantography data analysis showed that in case of the 
forefoot developmental defect there is a significant 
displacement of the front support points of the foot 
in the sagittal plane, which leads to deformity of 
the foot rolling path in the frontal plane . This in 
turn causes the disturbance of spatial, temporal, 
kinematic, and dynamic parameters of the step  
cycle [11] .

Conclusions

1 . The proposed method of analysis of foot 
prints in cases of forefoot developmental defects 
has a high chance of resolution and allows for 
specification and identification of the nature of 
pathologies within the foot support function, 
characterized by location of the lesion .

2 . A foot with the forefoot developmental 
defect is a single functional unit, and the location 
of the pathological process in any region (inner, 
median or outer) has an integrative effect on its 
support function, which leads to disruption of 
biomechanics, not only of individual regions but 
of the entire foot . The most pronounced deviations 
of the reference function of the foot were revealed 
with the location of lesion in the inner region of 
the forefoot, while the less pronounced deviations 
were seen in pathologies of the outer region .

3 . The nature of these deviations indicate the 
impairment of foot statics (support function) 
and the inferiority of its dynamic function (the 
impairment of the rolling phase through the forefoot 
when walking), which indicates the appropriateness 
of the surgical repair of foot anatomy to improve 
its function .
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