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Abstract Stabilometry is a technique that aims to study the
body sway of human subjects, employing a force platform.
The signal obtained from this technique refers to the position
of'the foot base ground-reaction vector, known as the center of
pressure (CoP). The parameters calculated from the signal are
used to quantify the displacement of the CoP over time; there
is a large variability, both between and within subjects, which
prevents the definition of normative values. The infersubject
variability is related to differences between subjects in terms
of their anthropometry, in conjunction with their muscle acti-
vation patterns (biomechanics); and the intrasubject variabil-
ity can be caused by a learning effect or fatigue. Age and foot
placement on the platform are also known to influence vari-
ability. Normalization is the main method used to decrease this
variability and to bring distributions of adjusted values into
alignment. In 1996, O’Malley proposed three normalization
techniques to eliminate the effect of age and anthropometric
factors from temporal-distance parameters of gait. These tech-
niques were adopted to normalize the stabilometric signal by
some authors. This paper proposes a new method of normal-
ization of stabilometric signals to be applied in balance stud-
ies. The method was applied to a data set collected in a previ-
ous study, and the results of normalized and nonnormalized
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signals were compared. The results showed that the new meth-
od, if used in a well-designed experiment, can eliminate un-
desirable correlations between the analyzed parameters and
the subjects’ characteristics and show only the experimental
conditions’ effects.
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Anthropometry - Stabilometry

Stabilometry is a technique employed to study the body sway
of human subjects in a standing position using a force plat-
form (Kapteyn et al., 1983). Similar to a weighing scale, a
force platform is a device that uses a set of force transducers
to quantify the ground-reaction vector force and its point of
application, known as the center of pressure (CoP). Usually
the device is connected to a computer which records the dis-
placement of the CoP for a preset period, forming the CoP
signal. The CoP signal can be visualized as two forms: a
stabilogram, a representation of CoP displacement in one di-
rection, either anterior—posterior or medial-lateral, presented
as a function of time; and a statokinesigram, a graphic repre-
sentation of CoP displacement, presented in the horizontal
plane (Prieto, Myklebust, Hoffmann, Lovett, & Myklebust,
1996).

The CoP signal is the source for the extraction of
stabilometric parameters, which provide important insights
into the process of balance control. The parameters are used
to quantify the migration of the CoP in terms of its area,
displacement speed, trajectory length, mean position, mean
oscillation frequency, and mean power frequency (Prieto et
al., 1996). Each of these parameters may help to clarify some
aspect of the balance control system from neurophysiological
and biomechanical points of view.
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There is a large variability in these parameters, both be-
tween and within subjects (Chiari, Rocchi, & Cappello,
2002). Repeated measurements on consecutive days of the
same individual may show a large spread of values, reflecting
high intrasubject variability (Samson & Crowe, 1996). In
some cases, this variability can be explained by a learning
effect resulting in a progressive reduction in body sway over
repeated trials (Tarantola, Nardone, Tacchini, & Schieppati,
1997) or, in extreme cases, long-term trials can lead to fatigue
and an increase in body sway (Corbeil, Blouin, Bégin,
Nougier, & Teasdale, 2003; Gribble & Hertel, 2004;
Nardone, Tarantola, Giordano, & Schieppati, 1997).

The intersubject variability is related to differences between
subjects in terms of their anthropometry, in conjunction with
their muscle activation patterns (biomechanics) ( Alonso et al.,
2012; Chiari et al., 2002). Age and foot placement are also
known to influence postural stability and may contribute to
increased signal variability (Hageman, Leibowitz, & Blanke,
1995; Mcllroy & Maki, 1997; Prieto et al., 1996). The vari-
ability of all such measures in normal subjects has been widely
debated and has prevented the definition of normative values
for stabilometric parameters (Ruhe, Fejer, & Walker, 2010;
Samson & Crowe, 1996; Yamamoto et al., 2015).

In 2002, Chiari and collaborators highlighted the impor-
tance of the application of a normalization method to compen-
sate for the bias that biomechanical factors may introduce in
the estimation of stabilometric parameters. Normalization al-
lows the comparison of corresponding normalized values from
different datasets in a way that eliminates the effects of certain
major influences. Until now, some authors have applied the
methods proposed for gait studies by O’Malley to eliminate
the effects of age and of anthropometric factors on the
stabilometric parameters (O’Malley, 1996). The present article
aims to propose a new normalization method to be applied
specifically in balance studies. It is a self-normalization tech-
nique where each individual is considered separately from all
others. No attempt is made to look at trends in the entire data
set, resulting in a normalized statokinesigram without measure-
ment units; however, by computing the mean area of the sam-
ple before normalization, the new method permits the resulting
statokinesigrams to show parameter values around the average
of the sample, maintaining the original units. After the
statokinesigram normalization, all the other classical parame-
ters cited in this article might be shown more accurately since
the normalized signals highlight the experimental effects.

Method
Statokinesigram normalization

The normalization is based on conversion from the Cartesian
into the polar coordinate system, where normalization is

performed, and the data are then reconverted back to the
Cartesian system. It is applied to each subject, on
statokinesigrams containing CoP coordinates for the whole
period of the experiment. The normalization procedure fol-
lows these five steps:

1. Centralization Centralization of the statokinesigram to
the origin of the Cartesian axes (0, 0) by subtracting the
average value of medial-lateral displacement (X) and an-
terior—posterior displacement (Y) of the CoP:

Xi = Xl'_y
Vi = Yi*Y

2. System conversion Conversion from the Cartesian system
(v, v) to the polar system of coordinates (modulus/angle):

Modulus; = /x;2 + y2

Angle; = arctan i
Xi
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Fig. 1 Above, the statokinesigram of subject “A”; below, the
statokinesigram of subject “B.” In the left column, 100 % of the
statokinesigrams’ points were enclosed in circumferences of radius
equal to 1; in the right column, 95 % of the statokinesigrams’ points
were enclosed in similar circumferences. Note that the confidence
ellipse area is highly dependent on the magnitude of loops when
adopting the 100 % circumference
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Fig. 2 Example of a subject’s statokinesigram, before and after normalization. The red circumferences contain 95 % of the points

3. Determination of the farthest point from the origin To
remove any interference that may be caused by areas of
spurious loops in the CoP path, only 95 % of the original
statokinesigram’s points are taken into account in the nor-
malization procedure. If all the points were taken into
account, the normalized area would be affected by the
amplitude of any large loops present in the CoP path:
The larger the magnitude of the loop, the smaller the con-
fidence ellipse area (see Fig. 1).

Ripax = max (Modulus gse;) )

4. Normalization

Modulus;

MOdnormi = R
max

By using Mod,om, above, the resulting statokinesigram
will be confined in a circumference of a radius equal to 1, with
no measurement unit. To make its area assume a value equal to
the average of the sample, maintaining the measurement unit,

this modulus has to be multiplied by ,/4/ :
‘/

where A is the average area of the sample.

Modulus;
— X

MOdnorm[ = R
max

Habituation (48s)

Condition 1 (48s)

Interval (48s)

5. System conversion Conversion of the normalized values
back to Cartesian coordinates:

Xnorm; = Modperm, X cos(Angle;)
Ynorm, = Modnom, X sin(Angle;)

The (X¥norm» Vnorm) Matrix contains the coordinates of all
points of the normalized statokinesigram.

The proposed normalization does not introduce any spatial
distortion in the statokinesigram and affects only its scale (see
Fig. 2). This is equivalent to fitting the statokinesigram of each
subject into respective circumferences of same area.

To proceed with further statistical analysis, the normalized
statokinesigram must be split according to the experimental
paradigm, and parameters of interest must be calculated for
each phase of the experiment.

A MATLAB function called statoknorm.m, for
statokinesiogram normalization, is available at the
Mathworks site, in the “File exchange” session; furthermore,
a code and some data exemplifying the application of the
method are available at https://dl.dropboxusercontent.com/u/
70636046/SNMethod_App.zip or at https://dx.doi.org/10.
6084/m9.figshare.2066718.v2.

Testing the method

To test the method, it was applied to a statokinesigram data set
collected in a previous study, comparing results obtained from
nonnormalized and normalized statokinesigrams. In that

Condition 2 (48s) Recovery (48s)

Fig. 3 Example of normalized statokinesigrams split into the five phases of experiment
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Fig. 4 Correlations of raw area versus weight (left) and normalized area versus weight (right)

study, 71 subjects (mean age: 23 + 4 years; 36 men, 35 wom-
en) standing on a force platform underwent five different ex-
perimental phases: “Habituation,” “Condition 1,” “Interval,”
“Condition 2,” and “Recovery” (see Fig. 3).

During the experimental session, part of the measuring pro-
tocol was zeroing the platform before the subject proceeded
with the experiment. The first phase of the experiment
(“Habituation) was used to measure the subject’s weight and
to calculate the area parameter from both nonnormalized and
normalized statokinesigrams. The area calculated from the
nonnormalized statokinesigram was called the “raw area,” and
the area calculated from the normalized statokinesigram was
called the “normalized area.” The “Raw area” and “normalized
area” from the “Habituation” phase were correlated with weight
and height of all subjects in order to appreciate the effect of
normalization over anthropometric factors. We then tested to
establish whether the effect of gender, found in the “Condition
1” area when analyzing nonnormalized data, would be main-
tained after normalization. Subsequently, the difference between
the “Condition 1” and “Condition 2” areas was computed for
both the nonnormalized and normalized data. Finally, the area
behavior during the experiment was verified with the area in the
“Habituation” phase being correlated with the area in the
“Interval” and “Recovery” phases, to attempt to confirm the
elimination of subjects’ individual characteristics. All the areas
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cited above were computed employing the 95 % confidence
ellipse (Duarte & Zatsiorsky, 2002).

Results
Effects of height and weight over area

The results showed a significant correlation (Spearman Rho =
.25, p = .038) between weight and raw area. Applying the
normalization method, the results showed no correlation be-
tween weight and the normalized area (Spearman Rho = —.06,
p =.60) ( sce Fig. 4).

The same procedure was performed with height. The results
showed a significant correlation (Spearman Rho = .26, p = .026)
between height and raw area. This was expected since weight
and height had a strong correlation in this sample (Spearman
Rho = .80, p <.001). After applying the normalization method,
the results showed no correlation between height and normal-
ized area (Spearman Rho = .007, p = .95; see Fig. 5).

Effect of gender

When analyzing nonnormalized data, a Mann—Whitney U test
was employed to investigate any gender difference. The results

64

Raw area (mm?)

’Height (fn)

Fig. 5 Correlations of raw area versus height (left) and normalized area versus height (right)
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Fig. 6 The effect of gender found in raw data (left) disappeared in normalized data (right)

showed that the area in “Condition 1” was larger for men [Z(71)
=-2.20, p = .027]. However, performing the same analysis with
normalized data, the areas of women and men did not differ
[Z(71) =—-1.21, p = .23]. See Fig. 6.

The difference between men and women in terms of their
heights and weights was also computed. Men were taller and
heavier than women (see Table 1).

Testing differences between “Condition 1” and “Condition
2” areas

A Wilcoxon matched pair test was applied to check differ-
ences between “Condition 1” and “Condition 2.” The area
in “Condition 1” was found to be smaller than the area in
“Condition 2” for nonnormalized data [Z(71) = 2.85, p =
.004]. Similar results were obtained for normalized data
[Z(71) = 3.23, p = .001]. See Fig. 7.

Correlations between areas in different phases
of the experiment

For raw data, a high correlation was found between areas in
the “Habituation” phase and the “Interval” phase (Spearman
Rho = .74, p < .001), and the “Habituation” phase and the
“Recovery” phase (Spearman Rho = .72, p < .001). No cor-
relations were found using normalized data (“Habituation” vs.
“Interval,” Spearman Rho = .07, p = .58; “Habituation” vs.
“Recovery,” Spearman Rho = .003, p = .98; see Fig. 8).

Table 1  Gender characteristics of the sample

Men Women Statistics
Mean weight 691.00 N 549.80 N #(69) = -5.62, p < .001
Mean height 1.76 m 1.63 m #69) = -7.66, p < .001

@ Springer

Discussion

The results showed significant correlations between weight
and raw area, and height and raw area, confirming the influ-
ence of these factors on the statokinesigram’s area (Alonso
et al., 2012; Hue et al., 2007). The correlation between
“Height” and “Weight” with “area” parameter was eliminated
when the normalization method was applied to the sample.

The effect of gender found in the raw data analysis
disappeared after normalization, suggesting that the gen-
der effect could be due to anthropometric factors. Men
were taller and heavier than women, somen showed
greater area values than women.

For the experimental conditions, however, the difference
found when analyzing the raw data was similar to the differ-
ence found when analyzing the normalized data: the area in
“Condition 1” was smaller than the area in “Condition 2” but
in the normalized data, the significance level of the statistical
test applied was higher.

A correlation between the “Habituation,” “Interval,” and
“Recovery” areas supported the evidence that factors related
to the subjects’ individual characteristics were eliminated
from the sample by the normalization process. In these phases,
subjects had simply to remain motionless on the platform
looking ahead at a gray screen. The high level of correlations
found in the raw data suggests that the characteristics of the
sample, due to anthropometry and other factors, which were
present in the first phase, remained during all the experimental
phases. The absence of any correlation in the normalized data
suggests that those factors were eliminated from the sample.
The proposed method removes individual differences and
highlights the effects of the experimental conditions.

Among the possible factor which can interfere in the CoP
signal, fatigue and learning effects tend to remain after nor-
malization, so they should be avoided through good experi-
mental design. Another important aspect that needs to be
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Fig. 7 Difference between the “Condition 1” and “Condition 2” areas, for raw (left) and normalized (right) area

standardized in experimental design is foot placement, since
subjects with different foot positions will show different CoP
displacement patterns (Mcllroy & Maki, 1997). All the sub-
jects must assume an identical foot position on the platform in
order to decrease both inter- and intrasubject variability.
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The proposed method reduces the variability of the CoP
signal by confining the statokinesigram of each subject in
circumferences with the same area, or equal to 7, or equal to
the average area of the sample, or proportionally to any value
that you multiplied Modom, by. The advantage of performing
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the average area computation before normalizing the data is to
maintain the measurement unit. The disadvantage is more
programming and processing time. At the end of the statistical
analyses, all cases will show the same result.

The sway area is a widely used parameter for the analysis
of body balance. It is considered the most important among a
great variety of parameters (Schubert & Kirchner, 2014); how-
ever, all other parameters can be calculated from the normal-
ized statokinesigram and used for statistical tests. After nor-
malization, the comparative analysis of any stabilometric pa-
rameter can be made with more confidence, as the normalized
signal allows the experimental conditions’ effects to be shown
without interference from other factors. The application of a
normalization method does not affect the “Mean Power
Frequency” parameter, which maintains the same value after
normalization; since the method does not spatially distort the
signal, the shape of its stabilogram frequency spectrum is not
changed.

The variability of the CoP signal is a limiting factor of
posturography using a force platform. This variability
generates difficulty in interpreting results obtained from
prospective studies, designed to distinguish the postural
control of different populations (Yamamoto et al., 2015);
however, the application of the proposed normalization
method permits the balance control of specific groups to
be compared more faithfully, without worrying about
matching groups with similar characteristics.

Regarding experimental paradigm that allows the applica-
tion of this new method, it is important that participants expe-
rience several phases on the platform, which must be tested
separately. Normalization must be applied to each subject’s
statokinesigram containing data of all phases of the experi-
ment; then the normalized statokinesigram must be split, ac-
cording to the experimental paradigm to calculate the param-
eters of each phase and perform the statistical analysis. Once
the normalized signal is almost free of any interference, the
methodology presented in this work may allow more reliable
investigation of other questions in stabilometry studies, such
as balance visual dependence, fatigue effect, learning effect,
and aging.

This method does not work with data collected from exper-
iments employing single-condition paradigms. This is the
main limitation of the method. The subjects must stay on the
platform while experiencing at least two conditions.

Conclusion

The application of the proposed normalization method elimi-
nates the height and weight effects on the posturographic
“area” parameter. In carefully designed stabilometric studies,
the application of this method can eliminate all confounding
variables from the sample, leaving only the effects of the

@ Springer

experimental conditions. The method proposed in this article
adds reliability to the classical sway area parameter and allows
the comparison of normalized values across different datasets.

Author note I thank Aline Furtado Bastos, Maria Fernanda Santos, and
Luis Aureliano Imbiriba for their support and encouragement in the prep-
aration of this article. [ also thank Pedro Luis Magalhaes de Oliveira for
his suggestions given for writing the article, and for the constant support
and consideration.

References

Alonso, A. C., Luna, N. M., Mochizuki, L., Barbieri, F., Santos, S., &
Greve, J. M. (2012). The influence of anthropometric factors on
postural balance: The relationship between body composition and
posturographic measurements in young adults. Clinics, 67, 1433—
1441. doi:10.6061/clinics/2012(12)14

Chiari, L., Rocchi, L., & Cappello, A. (2002). Stabilometric parameters
are affected by anthropometry and foot placement. Clinical
Biomechanics, 17, 666—677. doi:10.1016/S0268-0033(02)00107-9

Corbeil, P, Blouin, J. S., Bégin, F., Nougier, V., & Teasdale, N. (2003).
Perturbation of the postural control system induced by muscular fatigue.
Gait & Posture, 18, 92-100. doi:10.1016/S0966-6362(02)00198-4

Duarte, M., & Zatsiorsky, V. M. (2002). Effects of body lean and visual
information on the equilibrium maintenance during stance.
Experimental Brain Research, 146, 60—69. doi:10.1007/s00221-
002-1154-1

Gribble, P. A., & Hertel, J. (2004). Effect of lower-extremity muscle
fatigue on postural control. Archives of Physical Medicine and
Rehabilitation, 85, 589-592. doi:10.1016/j.apmr.2003.06.03 1

Hageman, P. A., Leibowitz, J. M., & Blanke, D. (1995). Age and gender
effects on postural control measures. Archives of Physical Medicine
and Rehabilitation, 76, 961-965.

Hue, O., Simoneau, M., Marcotte, J., Berrigan, F., Dor¢, J., Marceau, P, . . .
Teasdale, N. (2007). Body weight is a strong predictor of postural sta-
bility. Gait and Posture, 26, 32-38. doi:10.1016/j.gaitpost.2006.07.005

Kapteyn, T. S., Bles, W., Njiokiktjien, C. J., Kodde, L., Massen, C. H., &
Mol, J. M. (1983). Standardization in platform stabilometry being a
part of posturography. Agressologie, 24, 321-326.

Mcllroy, W. E., & Maki, B. E. (1997). Preferred placement of the feet
during quiet stance: Development of a standardized foot placement
for balance testing. Clinical Biomechanics, 12, 66-70. doi:10.1016/
S0268-0033(96)00040-X

Nardone, A., Tarantola, J., Giordano, A., & Schieppati, M. (1997).
Fatigue effects on body balance. Electroencephalography and
Clinical Neurophysiology—Electromyography and Motor Control,
105, 309-320. doi:10.1016/S0924-980X(97)00040-4

O’Malley, M. (1996). Normalization of temporal-distance pediatric gait.
Journal of Biomechanics, 29, 619—-625. doi:10.1016/0021-9290(95)
00088-7

Prieto, T. E., Myklebust, J. B., Hoffmann, R. G., Lovett, E. G., &
Myklebust, B. M. (1996). Measures of postural steadiness:
Differences between healthy young and elderly adults. /EEE
Transactions on Biomedical Engineering, 43, 956-966. doi:10.
1109/10.532130

Ruhe, A., Fejer, R., & Walker, B. (2010). The test-retest reliability of
centre of pressure measures in bipedal static task conditions—A
systematic review of the literature. Gait & Posture, 32, 436-445.
doi:10.1016/j.gaitpost.2010.09.012

Samson, M., & Crowe, A. (1996). Intra-subject inconsistencies in quan-
titative assessments of body sway. Gait & Posture, 4, 252-257. doi:
10.1016/0966-6362(95)01050-5


http://dx.doi.org/10.6061/clinics/2012(12)14
http://dx.doi.org/10.1016/S0268-0033(02)00107-9
http://dx.doi.org/10.1016/S0966-6362(02)00198-4
http://dx.doi.org/10.1007/s00221-002-1154-1
http://dx.doi.org/10.1007/s00221-002-1154-1
http://dx.doi.org/10.1016/j.apmr.2003.06.031
http://dx.doi.org/10.1016/j.gaitpost.2006.07.005
http://dx.doi.org/10.1016/S0268-0033(96)00040-X
http://dx.doi.org/10.1016/S0268-0033(96)00040-X
http://dx.doi.org/10.1016/S0924-980X(97)00040-4
http://dx.doi.org/10.1016/0021-9290(95)00088-7
http://dx.doi.org/10.1016/0021-9290(95)00088-7
http://dx.doi.org/10.1109/10.532130
http://dx.doi.org/10.1109/10.532130
http://dx.doi.org/10.1016/j.gaitpost.2010.09.012
http://dx.doi.org/10.1016/0966-6362(95)01050-5

Behav Res (2017) 49:310-317

317

Schubert, P., & Kirchner, M. (2014). Ellipse area calculations and their
applicability in posturography. Gait & Posture, 39, 518-522. doi:10.
1016/j.gaitpost.2013.09.001

Tarantola, J., Nardone, A., Tacchini, E., & Schieppati, M. (1997). Human
stance stability improves with the repetition of the task: Effect of

foot position and visual condition. Neuroscience Letters, 228, 75—
78. doi:10.1016/S0304-3940(97)00370-4

Yamamoto, T., Smith, C. E., Suzuki, Y., Kiyono, K., Tanahashi, T.,
Sakoda, S., . .. Nomura, T. (2015). Universal and individual char-
acteristics of postural sway during quiet standing in healthy young
adults. Physiological Reports, 3,¢12329. doi:10.14814/phy2.12329

@ Springer


http://dx.doi.org/10.1016/j.gaitpost.2013.09.001
http://dx.doi.org/10.1016/j.gaitpost.2013.09.001
http://dx.doi.org/10.1016/S0304-3940(97)00370-4
http://dx.doi.org/10.14814/phy2.12329

	Statokinesigram normalization method
	Abstract
	Method
	Statokinesigram normalization
	Testing the method

	Results
	Effects of height and weight over area
	Effect of gender
	Testing differences between &ldquo;Condition 1&rdquor; and &ldquo;Condition 2&rdquor; areas
	Correlations between areas in different phases of the experiment

	Discussion
	Conclusion
	References


