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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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MCCAEAOBAHUE METOAOM MAAHTOIPA®UUN ONMOPHOM
®OYHKLUHMU CTOIblI Y AETENM C MOPOKAMMU PA3BUTUA
EE NMEPEAHEIO OTAEAA

© HU.E. Hukumwx, H.A. Kosaneuxo-Knviuxkosa

OIBY «HMJOU nm. [.U. Typrepa» Munsnpasa Poccun, Cankr-Ilerep6ypr

Cratba noctynuna B pegakumio: 21.09.2016 Cratba npuHATa K nevatn: 25.11.2016

Pesitome. VccnenoBaHie aHaTOMO-(QYHKI[IOHAIBHOTO COCTOSHUSA CTOII Y JIeTell ¢ IIOPOKOM PasBUTHS IIEPEHEro OT/ena
ABNIAETCA AKTYa/lbHON 3ajjadeii, pellleHNre KOTOPOJ MMeeT CYLIECTBEHHOE TeOPeTHYECKOe M IPaKTHUecKoe 3HadeHMUe.
Llenp mccnefoBaHMA — U3YYeHME C MOMOIIbI0 METOAVKM KOMIIBIOTEPHOI! ImaHTorpaduy MoppodyHKIIMOHATBHBIX
IapaMeTpPOB CTOII y JieTell ¢ HOPOKaMM PasBUTH IEePeJHEero OT/eNna JIA OLeHKM AucbanaHca HarPy3OK U BBIABICHIS
CTPYKTYPHBIX U (YHKI[OHA/IbHBIX HapylIeHuit. BbUl MpoBefieH aHaaM3 IUVIAHTOTpaMM 64 feTeil B BO3pacTe OT 5 1O
16 meT ¢ yka3aHHOJ MAaTOJIOTMeEl C MOC/IEAYIOIell MaTeMaTUIeCKO 06paboTKOM IIaHTOrpaguIecKnx XapaKTepPUCTIK
cron (yr/1oB, MH/IEKCOB 1 K0adduunenTos). XapaKkTep BbIABIECHHBIX OTKIOHEHNUI CBUETENbCTBYET O HapyIIeHUN CTa-
TUKM TIOPa>KeHHOII CTOIIBI ¥ HEIIOJTHOL[EHHOCTY ee AMHaMMdecKoit GpyHKImyu (HapylueHa ¢asa IepeKkara depes Iepes-
HUIT OT/le7l CTOIBI IIPU XOfb0e), UTO yKasblBaeT Ha I[efeCOOOPA3HOCTb XMPYPrUYECKOTO BOCCTAHOBICHNS aHATOMUI
CTOIBI C IIENbI0 YMYYIIeHNs ee QYHKINU.

KiroueBbie cmoBa: IIOPOKM Pa3BUTUA IEPEAHETO OTHAENIA CTOIIbI, KOMIIBIOTEpPHAA nnaHTorpa(i)M;{, nnaHTorpa(i)quCKme
XapaKTEPpUCTUKN.

Introduction shape of its anterior region and impair its support
Developmental defects of the forefoot are function [3]. An accurate evaluation of functional

one of the most difficult challenges in pediatric parameters of the affected foot, particularly its
orthopedics [1, 2]. Changes in the foot affect the 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.

Fig. 1. The scheme of calculating the anatomical and
functional parameters of a healthy child’s foot

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
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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,

OG, OD, 0S8, OW, and OH - 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,

G,, D}, S}, W}, and H, - 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,

X - 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 coeflicients
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,

- k, = GGy: /;0Z - 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,

- k, = DD;: '/;O0Z - 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,

- k; = 88;: Y/;0Z - 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,

- k, =WW;: 1/,O0Z - 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,

- ky34 =13 x (K, + K; + K,) - the average
coeflicient 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:
- ks = HH;: '/50Z - 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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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; ¢) the defect of the outer region

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)

Patients with the forefoot developmental defect
Healthy
Parameters children Defect of the Defect of the Defect of the
(n = 56) inner region median region outer region
(n = 36) (n = 40) (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%
Coeflicient of the distal support I of the 0.70 + 0.01 0.27 + 0.02* - —
ray k,
Support index of the ray I (x 107?) 233 +0.44 11.7 + 1.01% - -
Angle of the toe [, ° 12.0 + 0.48 -0.03 + 1.32% - -
Coeflicient of the distal support II of 0.99 + 0.01 - 0.78 + 0.02* -
the ray k,
Coefficient of the distal support III of 0.97 £ 0.02 - 0.65 + 0.03* -
the ray k;
Coefficient of the distal support IV of 0.81 + 0.01 - 0.42 + 0.02* -
the ray k,
Average coefficient of the distal support 0.92 + 0.01 - 0.62 + 0.02* -
II, IIL, IV of the rays k, 5 4
Support index of the median region 245 £ 0.32 - 22.4 + 0.48* -
(x 102)
Coeflicient of the distal support V of 0.54 + 0.01 - - 0.26 + 0.04*
the ray k;
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.
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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 coeflicients
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) x
102 compared to that of the healthy children, which
was (23.3 £ 0.44) x 1072 (p < 0.05). Also, the patients
showed a 2.6 times decrease of the coefficient of
the distal support I of the ray k, 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) x 102 compared to
the healthy children (24.5 + 0.32) x 102 (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: k,, k;, and k,, 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 k,,
while the highest deviations are observed in the
coefficients k; and especially k,. 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 k, 5 ,, 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 kg 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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