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Purpose: Etiology of hallux valgus (HV) remains unclear and effective treatments and prophylaxis for this condition are lacking and
conclusions of researches concerning HV are inconsistent. Recognition of the function-structure interrelation in foot at the early stage
of valgus alignment of first metatarsophalangeus joint (1stMTPJ) would help explain the etiology of HV. Methods: The frequency of
weight-shifting patterns during walking and the body mass index (BMI) were assessed relative to goniometric measurements of the
1stMTPJ angle in adolescents. Weight-shifting patterns were identified with a plantar pressure analysis, performed with the Gaitline-
Maxline Distance method. Results: As the 1stMTPJ angle widened, the frequency distributions of identified weight-shifting patterns became
increasingly lopsided, due to the favoring or disfavoring of one pattern at the expense of the other. The two sexes showed opposite trends in
the weight-shifting patterns that were favored/disfavored, relative to participants with a 0º 1stMTPJ angle. The clear predominance of
a central-shift pattern, at the expense of a medial-shift, occurred with the largest (20º) 1stMTPJ angle among girls. Additionally, the BMI
distributions associated with 1stMTPJ angle characteristics showed opposite trends between the sexes. Conclusions: Valgus alignment of
1stMTPJ among adolescents were associated with limitations in weight-shifting freedom of the foot during walking, that could be involved
in maintaining balance. An 1stMTPJ angle of 20º, where distinct limitations were observed, might serve as a criterion of HV pathology.
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1. Introduction

The valgus alignment of the first metatarsophalan-
geal joint (1stMTPJ) is a feature perceived as a risk
factor for developing the pathology called “hallux
valgus” (HV) [25]. This troublesome deformation of
the foot [5], typically begins in adolescence [25], de-
velops with age and increases a fall risk in older indi-
viduals [22]. The etiology and pathophysiology of HV
are not fully understood, moreover, there is a lack of
effective treatments and prophylaxis for this condition
[12]. Therefore there is a need to investigate func-
tional problems related to different structural states of

hallux and new foot assessment methods. Useful in-
formation about foot function during walking comes
from studies using pedobarography, but they provide
inconsistent conclusions [4], [14], [24]. Some studies
proposed that HV arose from a lateral load transfer that
resulted from a reduction in the weight–bearing func-
tion of the medial toe [20], which suggested a supina-
tion-based mechanism. Others proposed the opposite
load distribution, which suggested a pronation-based
distribution [24]. Still other studies could not confirm
a relationship between hallux deformities and plantar
pressure distributions [14], [29]. In addition, earlier
research mainly targeted valgus states in adults that
were perceived as pathological, consequently, it was
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difficult to identify a structure-function relationship
that might lead to the development of the deformation.

The need to clarify the etiology of HV inspired
this investigation of functional phenomena related to
hallux alignment in healthy individuals, during the
period of life when only poorly expressed valgus
alignment (not yet classified as HV) could potentially be
observed [25]. This study assumed that, if there are spe-
cific structure-function relationships that underlie the
development of HV, distinct functional foot features that
reflect the degree of valgus alignment in the 1st MTPJ
should be identifiable before HV is diagnosed.

The objective of this study was to identify the
early functional expression of a valgus alignment in
the hallux in an unselected group of healthy adoles-
cents based on analyzing how differences in plantar
pressure distributions during walking were related to
the angle of 1stMTPJ alignment.

2. Materials and methods

2.1. Participants

A group of 60 adolescents (33 girls and 27 boys),
was recruited for this study. The inclusion criteria
were: age from 11 to 12 years, written informed con-
sent to participate in the study, and approval by parent
or legal guardians. The exclusion criteria were dis-
eases limiting the efficiency of movement. All partici-
pants were pupils from the same grade level of a pub-
lic school. The representativeness of the study group
was verified, based on a comparison with centile grids,
prepared with 1000-people groups of girls and boys of
the same age from the same city. The mean (standard
deviation) values of body weight, body height, and
BMI, respectively, were: 42.15 (SD = 9.39) kg, 1.53
(SD = 0.09) m, 17.91 (SD = 2.96) kg/m2 for girls and
43.19 (SD = 10.65) kg, 1.53 (SD = 0.08) m, 18.12
(SD = 3.01) kg/m2 for boys. This study was approved
by the Medical Academy’s Bioethics Committee in
Poznań, Poland.

2.2. Measurement methods

The assessment included the weight-shifting by
the foot during walking, body structure described by
body mass index (BMI) and the relationship between
these parameters and goniometric measurements of
1st MTPJ alignment.

Assessment of 1st MTPJ alignment was obtained
by measuring the angle (1stMTPJA) formed by the
longitudinal axes of two joint bones: the first metatar-
sal bone and the proximal phalanx of the hallux. All
measurements were performed in the transverse plane,
with the goniometric method, because it was the sim-
plest, most traditional, most widely available and well
described method [17]. This procedure did not require
X-ray imaging, consequently, data collection was low-
risk and non-invasive. The measurements were per-
formed with the participant lying in the supine position,
with an accuracy of 5. This accuracy and maximum
measured value allowed to adopt the following catego-
ries of 1stMTPJA: 0, for results {0, 5} as a zero-
-1stMTPJA reference group, and non-zero-1st MTPJA
groups: 10, 15, and 20, respectively. The reliability
of goniometric assessments estimated with the Ken-
dall correlation coefficient for two series of measure-
ments was  = 0.55 (approximately 0.76 in a Spear-
man correlation scale).

Assessment of body weight shifting through the
plantar surface of the foot during walking, conducted
according to the second step protocol [12], was based on
measurement results from a pedobarographic platform
(PEL 38; Medicapteurs, Toulouse, France) with an ac-
tive area of 320 × 320 mm, sensor dimensions of 10 ×
10 mm, and a 5-m walkway. Reliability assessment of
the platform, caried out using the intraclass correlation
(ICC) method for model block measurements, presented
0.979 of consistency and 0.961 of agreement.

Fig. 1. Illustration of measurements representing
three weight-shift patterns: medial, central, and lateral.
Abbreviations: Gait Line = a line connecting centroids

of pressures registered in subsequent moments of measurement;
Max Line = a line connecting the positions of pressures
of the maximal value, recorded at subsequent moments
of measurement; Gaitline-Maxline Distance (GMD) =

the shortest distance between the first point of the Max Line
in the forefoot and Gait Line
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Each of the measurements was characterized with
one among three patterns of weight-shifting: medial,
central and lateral (Fig. 1) by the Gaitline-Maxline
Distance (GMD) method [13], identified on the basis
of cluster analysis of the spatial distance in the fore-
foot between two spatiotemporal indices of plantar
pressure distribution: the Gaitline, which represented
the progression of the center of pressure and the Max-
line, which represented the progression of the peak
pressure.

The total number of measurements carried out in
six trials for each participant – three for each foot was
360, i.e., 33 · 6 = 198 in girls and 27 · 6 = 62 in boys.

2.3. Statistical analysis

For each participant, the individual tendency to use
a particular weight-shifting pattern, estimated as the
relative frequencies of weight-shifting patterns (RFSP),
was calculated as the percentage of steps performed
according to a specific pattern among the total number
of steps performed by one participant.

To determine how the RFSPs were affected by
sex, estimation of differences in RFSPs and evaluation
of dissimilarity between girls and boys were carried
out. These evaluations were performed in all partici-
pants, in participants with zero-1stMTPJAs, and in
participants with non-zero-1stMTPJAs.

To assess the functional effect of the hallux align-
ment, the strength of dissimilarity (Cramer’s effect
size – V ) was estimated between sets of RFSPs for
participants with non-zero-1stMTPJAs and participants
with zero-1stMTPJAs. Also, the differences between
corresponding RFSPs in sets (ΔRFSP) were calculated,
as follows:

ΔRFSP = RFSPnon-zero-1stTMPJA – RFSPzero-1stMTJA (1)

for each sex separately.
Statistical analyses and charts were performed and

developed with the R Language and Environment for
Statistical Computing. The strengths of dissimilarity
between the sets of RFSPs determined for particular
1stMTPJA subgroups were assessed with the Cra-
mer’s effect size (V) [21]. The differences between
RFSPs are expressed with 95% confidence intervals
(CIs), the borders of which are presented in square
brackets ([CIlowerCIupper]). The confidence interval
borders for calculated proportions were estimated with
the function of Blaker’s exact CI for a binomial pro-
portion [3]. Differences between two proportions were
calculated with the Wald interval function (“wald2ci”
from package “PropCIs”) [1]. The strength of differ-

ences in BMI values between 1stMTPJA subgroups
was calculated with Cliff’s effect size ( ) [6].

3. Results

The goniometric measurements (Fig. 2) showed
1stMTPJA values of 0 to 20. Girls were more likely
than boys to exhibit a valgus alignment at the 1stMTPJ.

Fig. 2. Sex proportion in terms of 1stMTPJA in studied group.
The proportion of girls (light gray) increases

as the 1stMTPJA increases. The data in each field and above
the bars denotes number of participants.

1stMTPJA = first metatarsophalangeal joint angle

A preliminary analysis of the differences in RFSPs
between boys and girls, conducted for all participants,
for participants with zero 1stMTPJAs, and for those
with non-zero 1stMTPJAs (Fig. 3, Table 1), revealed
that boys exhibited the central pattern more frequently
than girls, independently of the 1stMTPJA. In con-
trast, the frequencies of lateral and medial patterns
among the sexes depended on the 1stMTPJA. In the
zero-1stMTPJA group, boys used the medial pattern
less frequently and the lateral pattern more frequently
than girls. Conversely, in the non-zero-1stMTPJA
group, boys used the medial pattern more frequently
and the lateral pattern less frequently than girls. Con-
sequently, participant sex was taken into account in
further analyses.

The comparison between RFSPs at individuals with
non-zero-1stMTPJAs and those with zero-1stMTPJAs
revealed that sets of RFSPs in the non-zero-1stMTPJA
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Fig. 3. Comparison of RFSPs between boys and girls,
based on 1stMTPJ structure. Bar graphs show that sex

affected the frequency of shift patterns: the central pattern
was more common in boys than in girls, independent

of 1stMTPJA. The sex preponderance of medial and lateral
pattern frequencies depended on the 1stMTPJA.

Line graphs show sex differences in RFSPs (boys – girls)
for the three patterns with 95% confidence intervals.

Abbreviations: V – the Cramer’s effect size,
1stMTPJA – first metatarsophalangeal joint angle,

RFSP – relative frequency of weight-shifting patterns

Table 1. Comparison of RFSPs between boys and girls, based on 1stMTPJ structure

RFSP
1stMTPJA Patterns Boys Girls Boys – Girls Cramer’s V

Lateral 25.36 20.24 5.12
[–6.46 16.02]

Central 42.75 33.33 9.42
[–3.79 22.06]Zero (0º)

Medial 31.88 46.43 –14.54
[–27.44 –1.29]

0.146

Lateral 22.22 28.28 –6.06
[–14.89 3.01]

Central 44.44 33.33 11.11
[0.98 21.04]All (≥0º)

Medial 33.33 38.38 –5.05
[–14.85 4.92]

0.115

Lateral 4.17 34.21 –30.04
[–40.20 –13.38]

Central 54.17 33.33 20.83
[–0.78 41.23]Non-zero (>0º)

Medial 41.67 32.46 9.21
[–11.27 30.37]

0.255

Abbreviations: 1stMTPJ – hallux metatarsophalangeal joint, 1stMTPJA – 1stMTPJ angle, RFSP – relative frequency of weight-
-shifting patterns, Cramer’s V – effect size of association between sets of RFSP for boys and girls. Numbers in square brackets de-
note the 95% confidence interval of the value shown above them.
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group became increasingly more distinct from the
sets in the zero-1stMTPJA group, as the 1stMTPJA
increased. Thus, a particularly high absolute ΔRFSP
value presented participants with a 20° 1stMTPJA
(Fig. 4A, Table 2). In that group, the distribution of
RFSPs was lopsided, in terms of favoring or disfa-
voring one RFSP at the expense of another.

Moreover, the distribution of ΔRFSPs varied ac-
cording to sex (Fig. 4B). For girls, when the 1stMTPJA
increased, the frequency of the lateral pattern also in-
creased. For 10 and 15 1stMTPJAs, when the lateral
pattern frequency increased, the medial and central pat-
terns decreased, respectively. For 20° 1stMTPJAs, both
the lateral and central patterns increased at the expense
of the medial pattern. However, for boys, the RFSPs
changed in the opposite directions, which created
nearly a mirror image to the RFSPs for girls. Boys with
non-zero 1stMTPJAs were characterized by a lower
frequency of the central pattern and a higher frequency
of the medial pattern, compared to boys with zero
1stMTPJAs.

BMI values varied with 1stMTPJA values. The
relationships between BMIs and 1stMTPJA values

also depended on sex (Fig. 5). For participants with
zero-1stMTPJA values, the BMIs were similar for both
the sexes. However, for intermediate 1stMTPJA values,
the relationship between the BMI and the 1stMTPJA
depended on sex: in the non-zero-1stMTPJA groups,
girls had higher BMIs and boys had lower BMIs, com-
pared to the corresponding zero-1stMTPJA groups. In
the highest 1stMTPJA groups, the BMIs were similar
and lowest, for the two sexes.

4. Discussion

This study characterized the relationship between
foot function and 1stMTPJ alignment in adolescents.
The essential result was that as the 1stMTPJA grew
larger, distributions of relative frequencies of shift
patterns (RFSP) became increasingly different from
the distributions observed with zero-1stMTPJA. These
differences in RFSPs reflected limitations in the free
use of weight-shifting patterns. Thus, persons with
severe 1stMTPJAs had to rely predominantly on a single

Table 2. Comparison of RFSPs between individuals with non-zero-1stMTPJA and those with zero-1stMTPJA

1stMTPJA
Sex Patterns Quantity 0º 10º 15º 20º

RFSP 20.24 33.33 40.00 30
Lateral ∆RFSP 

13.10
[–2.09 28.09]

19.76
[0.63 38.76]

9.76
[–7.90 28.54]

RFSP 33.33 29.63 13.33 60
Central ∆RFSP 

–3.70
[–19.01 12.28]

–20.00
[–34.16 –2.03]

26.67
[5.92 45.39]

RFSP 46.43 37.04 46.67 10
Medial ∆RFSP 

–9.39
[–25.50 7.48]

0.24
[–19.89 20.61]

–36.43
[–49.58 –18.44]

Cramer’s V  0.15 0.274 0.406

Girls

BMI 17.78
[16.16 20.14]

18.96
[14.01 19.7]

19.04
[16.88 21.21]

16.14
[13.91 17.83]

RFSP 25.36 0.00 16.67 
Lateral

∆RFSP 
–25.36

[–32.70 –8.73]
–8.70

[–31.58 30.15] 

RFSP 42.75 66.67 16.67 
Central

∆RFSP 
23.91

[–0.31 44.60]
–26.09

[–48.96 13.25] 

RFSP 31.88 33.33 66.67 
Medial

∆RFSP 
1.45

[–19.43 25.15]
34.78

[–4.07 64.78] 

Cramer’s V  0.691 0.357 

Boys

BMI 17.83
[16.25 19.61]

16.2
[15.56 17.51] 16.22 

Abbreviations: 1stMTPJA – hallux metatarsophalangeal joint angle, RFSP – relative frequency of weight-shifting patterns,
∆RFSP – difference between RFSP for participants with non-zero 1stMTPJA and participants with zero-1stMTPJA, Cramer’s V – ef-
fect size of association between sets of RFSP for participants with non-zero 1stMTPJA and participants with zero-1stMTPJA. Num-
bers in square brackets denote the 95% confidence interval of the value shown above them.



E. LATOUR et al.100

shift-pattern, when the feet performed weight-shifting.
Indeed, for girls with the largest 1stMTPJAs (20°), the
RFSP distribution represented considerable limitations
in using the medial shifting pattern, and the central
pattern was preferred. This information was supple-
mented by the mirror-image sex-related inversion of
1stMTPJA characteristics associated with both the
RFSP (Fig. 4) and the BMI (Fig. 5). Correspondence
in these results taken together indicated that they were
reliable, despite the relatively small sample sizes in the
subgroups of patients with 1stMTPJA values greater
than 0°.

Motor control theories [18] indicate that individu-
als naturally use a variety of shift patterns to shift the
weight through the plantar surface while walking. This
property is hereinafter referred to as “weight-shifting
freedom”. The results from analyzing the structure-
function relationship revealed that structural features
mediated this natural variety in RFSPs by shaping the
motion strategy, under the general rule of functionally
freezing the degrees of freedom [26], [28]. Thus, fa-
voring one shift-pattern over the other patterns meant
a limitation in weight-shifting freedom. This limita-
tion was expressed most noticeably with the largest

Fig. 4. Comparisons of RFSPs between individuals
with non-zero-1stMTPJA and those with

zero-1stMTPJA (bar graphs). The ΔRFSP, for girls
is more observable with growth of 1stMTPJA value.

ΔRFSP is shown with 95% confidence intervals
(line graphs). The simplified drawings (B) comprise
a qualitative representation of ΔRFSP shown in A.

Red areas marked with (+) and blue areas
marked with (–) indicate that the absolute value

of ΔRFS was greater than 3/4 the margin of error.
Grey areas indicate that the difference described by

ΔRFSP was not clearly observable. The asterisk
denotes that the difference was distinctly evident.

The relative differences changed in opposite directions
between girls and boys, resulting in almost mirror images.
Abbreviations: 1stMTPJA – first metatarsophalangeal

joint angle, RFSP – relative frequency of weight-shifting
patterns, ∆RFSP – difference between RFSP

for participants with non-zero 1stMTPJA
and participants with zero-1stMTPJA,

V – the Cramer’s effect size
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alignment deflections, even in a group of adolescents
with generally small physiological valgus alignments.
Consequently, this limitation should be considered
a factor in HV etiology.

Fig. 5. 1stMTPJA characteristics of BMI for both sexes.
The differences between subgroups were evaluated with Cliff’s

effect size (δ) (9). Boys and girls with zero-1stMTPJA
had similar BMI values ( = 0.006). Boys and girls
with 1stMTPJA of 10–15 showed opposite trends

in the association between 1stMTPJA and BMI ( = 0.41)
compared to the zero-1stMTPJA. However, girls and boys

with the most extreme 1stMTPJA values had similar ( = 0.19)
BMI values, and these BMIs were the lowest in the study groups

(for girls  = 0.54, for boys  = 0.33, with respect to
BMIs associated with zero-1stMTPJA)

The observation of a predominantly high level of
weight-shifting freedom in the study group was con-
sistent with the earlier hypothesis that variability in
the human motor system is the pervasive “healthy
norm” [26]. The adaptability and flexibility of a dy-
namic system are expressed as a multiplicity of modes
of action [2], consequently, weight-shifting freedom
appears to be a desired feature for gait efficiency. The
purpose of the foot is to perform propulsion while
maintaining balance; thus, the foot requires freedom
of motion to adapt to various terrains. Therefore, the
limitation in weight-shifting freedom featured in the
valgus alignment of the hallux might reduce an indi-
vidual’s environmental adaptability. In particular, ad-
vanced deformations can lead to gait instability and
falling susceptibility, as reported in studies on HV
[22]. Indeed, studies have shown that HV and fall risk
converged with reduced gait stability, and this conver-
gence was reflected in the increased intra-individual
variability in time parameters [15]. However, no no-
ticeable changes in intra-individual variability were
reported in the plantar pressure distributions of the

forefoot, mid-foot, or rear-foot areas, either in older
individuals [9] or in individuals with HV [12]. Insuffi-
cient gait stability in advanced HV states might be
explained by revealed in the study limitation in foot
motor behavior featuring valgus structure. This find-
ing supports the need of taking into account the phe-
nomenon of movement variability to a greater extent
in studies on HV and fall risk.

The comparison of ΔRFSPs (Fig. 4) revealed also
their mirror-image sex-relation. This suggested that
a valgus alignment involves different, sex-related foot
movement strategies, characterized by relatively higher
incidences of the lateral-shift pattern in girls and the
medial-shift pattern in boys. In turn, this hypothesis
suggested that valgus formations of the hallux develop
along two different, sex-specific pathways. Addition-
ally, differences in sex characteristics of pattern pro-
portions have also been disclosed: boys more fre-
quently used the central-shift pattern compared to girls
(Fig. 3), which is consistent with the earlier studies on
healthy individuals in this age group [27]. These sex-
related specificities in hallux structure-function effects
provide a rationale for performing gait analyses sepa-
rately for each sex, as it was done in some previous
studies on HV [11], [16], [23].

Participants with valgus hallux alignment (non-zero-
-1stMTPJA) represented a relatively large part of the
study group, particularly among girls, consistent with
the known female preponderance in the HV incidence
[23]. However, a relatively small group of girls had the
largest deflections (20°), which suggested a pathological
state. Indeed, this group showed the greatest dissimi-
larity in pattern frequencies with an exceptionally fre-
quent use of the central-shift pattern, compared to the
zero-1stMTPJA group. In addition, the vast majority
of participants had smaller 1stMTPJAs (10 and 15°)
and showed a much smaller degree of dissimilarity
than participants with 20° 1stMTPJAs, in terms of
pattern frequencies, compared to the zero-1stMTPJA
group. Thus, it is likely that the dissimilarities be-
tween the zero-1stMTPJA group and the 10° and 15°
1stMTPJA groups reflected different physiological
ways of shifting weight in both pathways to valgus
formation. Therefore, these dissimilarities should, at
most, be considered only risk factors for HV, which
might not necessarily lead to pathology. These obser-
vations can be used as a starting point for research on
the determination of diagnostic criteria that are cur-
rently lacking for HV pathology, and the angle at
which a distinct functional sign is observed might
serve as a diagnostic criterion for HV pathology.

Analogously to the weight-shifting patterns, the BMI
distributions across 1stMTPJAs, displayed mirror-image
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sex-related effects. These two 1stMTPJA-related dis-
tributions led to the inference that the limitation in
weight-shifting freedom in valgus alignment of the
hallux might to be related to BMI. This suggests, that
assuming that the BMI represents the whole-body
structure, and thus, determines the general movement
strategy for maintaining balance while performing
a weight shift [13], the functional limitations of the
foot might reflect a body-structure-determined strat-
egy for maintaining balance [7].

The sex-related opposite BMI – 1stMTPJA asso-
ciations also supported the hypothesis that there are
two pathways for valgus alignment. This hypothesis
was previously proposed in a study on BMIs in an
older group (mean age of 78) with at least 15° HV
[23], which hypothesized that the two different path-
ways to HV might be explained by sex-specific shoe
choices. However, the construction of shoes for
younger adolescents is determined much less by sex
than shoes for adults. Thus, the BMI-determined strat-
egy for maintaining balance during whole body
movements could be an important factor in the devel-
opment of hallux structure.

An exceptionally frequent use of the central-shift
pattern among individuals with the largest hallux de-
flections (Fig. 4) was consistent with central over-
loading in the forefoot reported in two recent HV
studies conducted in large groups of participants with
disproportionate numbers of women (95% of 679
HV patients [30] and 74% of 764 HV patients [10]).
Whereas deflection-size dependence of RFSP distri-
butions in girls might explain inconsistent, often con-
tradictory results presented by previous studies on
HV-related loadings [24]; this could make a substan-
tial impact on results, due to the known preponderance
of women in HV-studies. Girls exhibited a higher fre-
quency of the lateral-shift pattern, which supported
a supination HV etiology, irrespective of the size of
deflection, even for very small deflections. Although
a distinct reduction in the medial RFSP would also
support this etiology, however that type of reduction
only appeared with the largest deflection size. Previ-
ous analyses applied a 15 deflection size as the HV
detection threshold, despite the fact that an earlier
HV study [25] emphasized that the 15 value, which
was the mean of radiologically measured 1stMTPJAs
in adolescents, should not be used as a diagnostic HV
criterion. Therefore, because they did not detect lat-
eral overloadings with the 15 threshold, they might
not have detected a supination mechanism. For this
reason, only size-dependent load characteristics might
have been observed, i.e., central overloading with
medial offloading. Additionally, because the medial

RFSP is reduced concomitantly with increases in the
central RFSP, a medial RFSP reduction might be in-
terpreted as a symptom of central overloading, or even
a pronation-based mechanism, because the medial
forefoot regions might be poorly visible and some-
times not detected at all. Recent studies that employed
the radiological imaging method [24] could not con-
firm that the pronation mechanism was a distinguish-
ing feature of HV, because this mechanism was also
commonly observed during loading in asymptomatic
feet.

The findings on how the hallux alignment medi-
ates weight-shifting by the foot represents a new ave-
nue of research in HV pathology. Observation that the
weight-shifting freedom by the foot was limited by the
whole-body movement strategy might promote the
development of new diagnostic approaches in HV pa-
thology. Indeed, the apparent “otherness” of the limita-
tion at the largest observed hallux deviation, com-
pared to the limitations associated with any of the
lesser deviations, might serve as a functional marker
of HV risk. Thus, a disparity in the frequency of central
and medial patterns of weight-shifting by the foot might
serve as a functional criterion that sets the boundary
between pathological and physiological states of hal-
lux deflection. Maintaining or restoring physiological
variety in performing weight-shifting by the foot dur-
ing walking should be tested as a basis for HV thera-
pies and for the prevention of HV, in the early stages
of pathology. The complexity of the phenomena in-
volved in hallux alignment could explain the dis-
crepant conclusions from previous studies on HV
aetiology.

The individual tendency of using particular weight-
-shifting patterns should be taken into account, when
creating new approaches in HV therapy. To date, HV
treatments have focused exclusively on the affected
part of the foot; these treatments include passive cor-
rections or active strengthening of the toe muscles.
Considering the way that long-term foot function
contributes to shaping foot structure, a novel HV rem-
edy could be to restore or maintain physiological vari-
ability in the whole-body movements performed in
walking. For example, facilitating or forcing the exe-
cution of movements that are lacking could induce the
appropriate variability in foot patterns [8]. This type
of treatment might also improve balance and prevent
falls associated with HV. Future longitudinal studies
that include individuals with advanced deformities
could facilitate the identification of cause-and-effect
relationships of observed phenomena and the determi-
nation of their practical significance in therapeutic or
prophylactic procedures in HV.
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The methodical research approach presented here
allowed capturing motor control phenomena involved
in hallux alignment, observable thanks to the new
plantar pressures assessment – GMD method. This
method is not yet quite automatic, which in practice
limited the number of data. Nonetheless, findings of
this study proved the concept of this method, justify-
ing the start of design work towards its full automa-
tion, which would allow for the repeat of the research
presented in the article on a larger number of partici-
pants or samples. Moreover, the framework adopted
in the study: the GMD as a functional index, the fre-
quency analysis in assessment of movement variabil-
ity, and a BMI as an index of mechanical properties
seems to be useful in studies on function – structure
relationships.

5. Conclusions

Valgus alignment of hallux limits the freedom in
realization of body weight-shifting through the plantar
surface of the foot. Motor control processes should
therefore be considered as an etiological factor of HV.
Individuals with valgus alignment of the hallux fa-
vored or disfavored one weight-shifting pattern at the
expense of another along two different sex-related
pathways: girls displayed a relatively higher incidence
of the lateral weight-shifting pattern, and boys dis-
played a relatively higher incidence of the medial
weight-shifting pattern. Distinct limitations observed
at 20 1stMTPJ angle in girls relied on the frequent use
of a central, rather than medial, shift pattern and might
serve as a criterion of HV pathology. Limitations in
foot movements that affected natural gait variability
seemed to result from a whole-body movement strategy
for maintaining balance during walking.

References

[1] AGRESTI A., CAFFO B., Simple and effective confidence intervals
for proportions and difference of proportions result from adding
two successes and two failures, Am. Stat., 2000, 54 (4), 280–288.

[2] BAIDA S.R., GORE S.J., FRANKLYN-MILLER A.D., MORAN K.A.,
Does the amount of lower extremity movement variability dif-
fer between injured and uninjured populations? A systematic
review, Scand. J. Med. Sci. Sports, 2018, 28 (4), 1320–1338.

[3] BLAKER H., Confidence curves and improved exact confidence
intervals for discrete distributions, Can. J. Stat., 2000, 28 (4),
783–798.

[4] CHOI Y.R., LEE H.S., KIM D.E., LEE D.H., KIM J.M., AHN J.Y.,
The diagnostic value of pedobarography, Orthopedics, 2014,
37 (12), e1063–e1067.

[5] CHOPRA S., MOERENHOUT K., CREVOISIER X., Characteriza-
tion of gait in female patients with moderate to severe hallux
valgus deformity, Clin. Biomech., 2015, 30 (6), 629–635.

[6] CLIFF N., Dominance statistics: Ordinal analyses to answer
ordinal questions, Psychol. Bull., 1993, 114, 494–509.

[7] DAVIDS K., GLAZIER P., ARAÚJO D., BARTLETT R., Movement
systems as dynamical systems: the functional role of vari-
ability and its implications for sports medicine, Sports Med.,
2003, 33 (4), 245–460.

[8] DHAWALE A.K., SMITH M.A., ÖLVECZKY B.P., The Role of
Variability in Motor Learning, Annu. Rev. Neurosci., 2017,
40, 479–498.

[9] FRANCO P.S., SILVA C.B., ROCHA E.S., CARPES F.P., Variability
and repeatability analysis of plantar pressure during gait in
older people, Rev. Bras. Reumatol., 2015, 55 (5), 427–433.

[10] GALICA A.M., HAGEDORN H.J., DUFOUR A.B., RISKOWSKI J.L.,
HILLSTROM H.J., CASEY V.A. et al., Hallux valgus and plan-
tar pressure loading: the Framingham foot study, Foot Ankle
Res., 2013, 6, 42.

[11] GIMUNOVÁ M., ZVONAŘ M., MIKESKA O., The effect of aging
and gender on plantar pressure distribution during the gait
in elderly, Acta Bioeng. Biomech., 2018, 20, 139–144.

[12] GLASOE W.M., Treatment of Progressive First Metatarso-
phalangeal Hallux Valgus Deformity: A Biomechanically
Based Muscle - Strengthening Approach, J. Orthop. Sports
Phys. Ther., 2016, 46 (7), 596–605.

[13] GREVE J., ALONSO A., BORDINI A.C., CAMANHO G.L., Cor-
relation between body mass index and postural balance,
Clinics., 2007, 62, 717-720.

[14] HAGEDORN T.J., DUFOUR A.B., RISKOWSKI J.L., HILLSTROM H.J.,
MENZ H.B., CASEY V.A. et al., Framingham Foot Disorders,
Foot Posture, and Foot Function: The Framingham Foot Study,
PLOS, 2013, 5, https://doi.org/10.1371/journal.pone.0074364

[15] HAUSDORFF J.M., Gait variability: methods, modeling and
meaning, J. Neuroeng. Rehabil., 2005, 2, 19.

[16] HIROTO O., SACHIKO J., AI U., TOMOHIRO M., MASAYUKI S.,
Factors Related to Prevalence of Hallux Valgus in Female
University Students: A Cross-Sectional Study, J. Epidemiol.,
2014, 24 (3), 200–208.

[17] JANSSEN D.M., SANDERS A.P., GULDEMOND N.A., HERMUS J.,
WALENKAMP G.H., VAN RHIJN L.W., A comparison of hallux
valgus angles assessed with computerised plantar pressure
measurements, clinical examination and radiography in pa-
tients with diabetes, J. Foot Ankle Res., 2014, 21, 7–33.

[18] LATASH M.L., The bliss (not the problem) of motor abun-
dance (not redundancy), Exp. Brain Res., 2012, 217(1), 1-5.

[19] LATOUR E., LATOUR M., ARLET J., ADACH Z., BOHATYREWICZ A.,
Gait functional assessment: Spatio-temporal analysis and
classification of barefoot plantar pressure in a group of 11–
12-year-old children, Gait Posture, 2011, 34, 415–420.

[20] MEYERS-RICE B., SUGARS L., MCPOIL T., CORNWALL M.W.,
YAVUZ M., HETHERINGTON V.J., BOTEK G., HIRSCHMAN G.B.,
BARDSLEY L., DAVIS B.L., Forefoot plantar shear stress dis-
tribution in hallux valgus patients, Gait Posture, 2009, 30 (2),
257–259.

[21] MICHAEL F., Visualizing Categorical Data, SAS Institute,
Cary, NC, 2000.

[22] MICKLE K.J., MUNRO B.J., LORD S.R., MENZ H.B., STEELE J.R.,
Gait balance and plantar pressures in older people with toe
deformities, Gait Posture, 2011, 34 (3), 347–51.

[23] NGUYEN U.S., HILLSTROM H.J., LI W., DUFOUR A.B., KIEL D.P.,
PROCTER-GRAY E. et al., Factors associated with hallux valgus
in a population - based study of older women and men:



E. LATOUR et al.104

the MOBILIZE Boston Study, Osteoarthritis Cartilage, 2010,
18 (1), 41–46.

[24] OTA T., NAGURA T., YAMADA Y., YAMADA M., YOKOYAMA Y.,
OGIHARA N., MATSUMOTO M., NAKAMURA M., JINZAKI M.,
Effect of natural full weight - bearing during standing on the
rotation of the first metatarsal bone, Clin. Anat., 2019, 32 (5),
715–721.

[25] PIGGOTT H., The natural history of hallux valgus in adolescence
in early adult life, J. Joint Bone Surg., 1960, 42, 749–760.

[26] STERGIOU N., DECKER L.M., Human movement variability,
nonlinear dynamics, and pathology: is there a connection?,
Hum. Mov. Sci., 2011, 30(5), 869–888.

[27] TUNA H., YILDIZ M., CELTIK C., KOKINO S., Static and dy-
namic plantar pressure measurements in adolescents, Acta
Orthop. Traumatol. Turc., 2004, 38, 200–205.

[28] VAN EMMERIK R.E.A., DUCHARME S.W., AMADO A.C.,
HAMILL J., Comparing dynamical systems concepts and
techniques for biomechanical analysis, J. Sport Health Sci.,
2016, 5 (1), 3–13.

[29] WALDECKER U., Pedographic analysis of hallux valgus de-
formity, Foot Ankle Surg., 2004, 10, 121–124.

[30] WEN J., DING Q., YU Z., SUN W., WANG Q., WEI K., Adap-
tive changes of foot pressure in hallux valgus patients, Gait
Posture, 2012, 36 (3), 344–349.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


