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Abstract: Interface pressure applied by compression bandages is the therapeutic action of the treat-
ment of some venous or lymphatic pathologies. The so-called Static Stiffness Index, which quantifies
the pressure increase from supine to standing position, is usually used to differentiate compression
bandages. It was hypothesized that this pressure increase was the consequence of a change in leg
geometry (blood and muscle falling down) and a change in calf soft tissue mechanical properties
(muscles contraction). Calf soft tissue global stiffness of both legs of 25 patients was characterized
in a sitting and standing position. This characterization was combined with interface pressure mea-
surements applied by six different bandages. Though soft tissue mechanical properties significantly
increased from sitting to standing position, no correlation was observed with the corresponding
pressure increase. Thus, pressure increase is mainly attributed to a change in leg geometry.

Keywords: compression bandages; interface pressure; static stiffness index; soft tissue mechanical
properties; calf

1. Introduction

Interface pressure is a key aspect of compression bandage therapy [1], which depends
on the bandage mechanical properties [2], but also on the patient morphology [3] and body
position [4]. Bandages can be differentiated with regards to the interface pressure variation
from supine to standing position, the so-called Static Stiffness Index [5], which is commonly
used in clinical studies [6-8]. From supine to standing position, calf muscles and blood
tend to fall down and muscles contract to stabilize the standing position [9], modifying
both the calf geometry and apparent soft tissue mechanical properties.

This study aimed at investigating the possible relationship between interface pressure
and calf soft tissue global stiffness. The latter was measured on both legs of 25 patients in
sitting and standing position. In addition, pressure applied by six different bandages was
measured in supine, sitting, and standing position. The correlation between the variation
in soft tissue stiffness and interface pressure was then investigated.

2. Materials and Methods

This protocol was approved by the local Committee for the Protection of Persons (CPP
Sud-Est 1-2015-34) (NCT 02803398).
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2.1. Population

A total of 26 patients were included in the study (16 women and 10 men; mean
age = 48-years old (19-72)), with only 25 undergoing measurements. These patients were at
risk of venous thrombosis and were hospitalized in the Department of Physical Medicine
and Rehabilitation of the University Hospital of Saint-Etienne, France. They were treated
with compression therapy (stockings or bandages) and had to be able to stay in a standing
frame for at least 10 min (Figure 1A). Signed informed consent was obtained from each
patient before inclusion in the study.
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Figure 1. Patient’s position for the compression test of the calf soft tissue and pressure measurements:
(A)—in a standing frame, (B)—sitting; (C)—Illustration of the compression test of soft tissues;
(D)—Medical compression bandages applied in a spiral pattern with a 50% overlapping.

2.2. Compression Bandages

Single component or multi component bandages were composed of elastic (Biflex® 16,
Thuasne, Levallois-Perret, France) and /or inelastic (Rosidal® K, L &R, Neuwied, Germany)
bandages, giving six possible combinations. They were applied on the patients’ leg, in a
spiral pattern with a 50% overlapping technique (i.e., a two-layer bandaging technique)
following a previously described protocol [10].
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2.3. Characterization of the Lower Leg Soft Tissue Global Stiffness

The methodology implemented for the characterization of the calf soft tissue global
stiffness was the combination of experimental compression tests and finite element (FE)
model updating [11].

2.3.1. Compression of the Calf Soft Tissues

Compression of the posterior part of the calf was performed on both legs of 25 patients
in a sitting and standing position (Figure 1A,B). The order in which patients’ legs underwent
the tests was randomly determined for each patient. To limit tiredness, the compression
test was first performed in standing position and then in sitting position.

The compression device was described in a previous article [11]. The displacement of
a 50 mm long, 30 mm diameter cylinder and the force needed to compress the calf were
acquired thanks to displacement and force sensors. The cylinder was placed at the height
of measurement point C (where the calf circumference is the largest [12]) on the posterior
face of the calf (Figure 1C). The depth of compression ((0, 24) mm) was adapted to each
patient and their position, so that the compression was not sensitive.

2.3.2. Finite Element Model Updating

A 2D FE model of the compression test was built for every test (i.e., 100 FE models).
The leg geometry was obtained from a 3D optical scan (ArtecTM MHT 3D scanner, ArtecTM
Group) performed before the compression test (Figure 2). A section of the scan was taken
at the mid plane of the compression cylinder. This scan provided the external leg geometry,
the position of the cylinder, and the direction of its translation (Figure 2). The sections of
generic bones geometry, obtained from the Visible Human Server [13], were scaled and
implanted in the leg section. Finally, the leg and cylinder sections were meshed in Abaqus®
with 3-node and 4-node linear plain strain finite elements with hybrid formulation to
manage quasi-incompressibility.

2
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Figure 2. Design of the finite element model, from the 3D scan to the finite element mesh.

As the 3D optical scan only provided the external geometry of the calf, the leg soft
tissues were considered as one homogeneous material whose behavior was modeled with
a neo-Hookean hyperelastic constitutive law:

U=co(f=3)+5 (11 =1)2, (1)
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with T the first deviatoric strain invariant, J¢ the elastic volume ratio, « the bulk modulus
(equal to 88.9 kPa as in the previous study [14]), and ¢y the global stiffness parameter to
be identified.

The inverse identification process was very similar to the one described in a previous
study [8]. An initial value was given to the parameter to identify: the global stiffness cyg.
The simulation of the compression of the calf was run and the force needed to compress
the tissue (F) was collected as a function of the displacement of the cylinder (y). As
previously described [8], a correction was applied to the force, to compensate for the
underestimation of the reaction forces made with the 2D-plane strain model. The numerical

response Fy,; was then compared to the experimental response Fexp via a cost function
y=dmax
(E= Y (Fum(y) — Fexp (y))2, dmax being the maximum displacement of the cylinder
y=0
obtained in the experiments). Using an optimization function, the value of the global
stiffness was modified, and the simulation was re-run. The process was repeated until the
difference between the numerical and experimental responses (i.e., the cost function E) was
lower than the acceptation threshold (E < 10~2). The value of the global stiffness used for
the last simulation was considered as the identified value.

2.4. Interface Pressure Measurements

After the compression test, interface pressure applied by the six different bandages
(Figure 1D) was measured for both legs with pressure sensors Picopress® (Microlab Elettron-
ica, Ponte S. Nicolo, Italy), whose use is commonly accepted for such applications [15-17].
A previous evaluation of this sensor demonstrated high linearity (R* = 0.9999) and very
low hysteresis (1%) [3]. The pressure was measured at 4 measurement points (at the height
of measurement point Bl and C (Figure 1C) [12] on the medial and lateral side of the leg)
and in 3 positions: supine, sitting, and standing.

Only the pressure applied at the height of measurement point C on both sides of the
leg in sitting and standing positions was considered for analysis in the present study.

2.5. Statistical Analysis

The normality of the distribution of soft tissue stiffnesses was tested with the Shapiro—
Wilk test (nsitting = 50, Nstanding = 47)- Because of the non-normality of the distributions, the
significance of the difference in soft tissue stiffnesses between sitting and standing position
was then tested with the Wilcoxon paired-test (n = 47). The same approach was repeated
to test the significance of the difference in interface pressure between the two positions
(6 bandages x 50 legs = 300).

The correlation between the variation in interface pressure and calf soft tissue stiffness
was evaluated with the Pearson’s correlation coefficient (6 bandages x 47 differences in
stiffness = 282).

3. Results
3.1. Compression Test and Calf Soft Tissue Global Stiffness

Large discrepancies were observed among the mechanical responses (force vs. dis-
placement) of the calf soft tissues (Figure 3A,B). They were the consequence of differences
in morphology, pathology (especially muscle spasticity), and sensitivity to the compression
tests within patients.

Calf soft tissue global stiffness cjq significantly increased from sitting to standing
position, respectively, 1.71kPa (range: (1.02;3.08)kPa) and 3.04kPa (range: [1.40; 8.69]kPa).
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Figure 3. (A)—Example of mechanical responses of the calf soft tissues compressed by a 50 mm long,

30 mm diameter cylinder; (B)—Mechanical response of the compression of the calf soft tissues for all

patients, legs, and positions; (C)—Examples of experimental and approximated responses to compression.

Table 1. Calf soft tissue mechanical properties identified for 25 patients.

C]() (kPa)
# Patient Sitting Position Standing Position
Right Leg Left Leg Right Leg Left Leg
#1 1.61 1.48 3.33 5.85
#2 1.33 1.12 2.54 2.23
#3 1.36 2.00 1.98 1.46
#4 1.70 1.97 3.40 2.32
#5 1.32 1.14 1.60 1.72
#6 1.23 1.12 - 1.40
#7 1.16 1.74 473 3.45
#8 2.10 1.46 2.53 2.63
#9 1.02 1.51 1.63 1.51
#10 1.86 2.10 1.75 1.98
#11 2.79 2.18 2.24 5.32
#12 1.93 1.65 1.70 2.05
#13 1.27 1.44 2.59 2.92
#14 3.08 2.68 8.69 7.56
#15 1.61 1.51 2.68 5.87
#16 1.22 1.62 1.51 2.20
#17 1.09 1.06 2.39 2.50
#18 224 2.08 3.32 2.34
#19 1.24 1.72 1.82 3.24
#20 1.42 2.52 - 1.46
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Table 1. Cont.

ClO (kPa)
# Patient Sitting Position Standing Position
Right Leg Left Leg Right Leg Left Leg
#21 2.18 2.14 4.37 5.47
#22 1.39 1.48 2.40 2.01
#23 2.43 2.65 3.96 3.49
#24 1.59 1.82 3.92 -
#25 1.66 1.49 4.33 2.62

3.2. Calf Soft Tissue Global Stiffness and Interface Pressure

The compression test was followed by the application of six different bandages and
pressure measurements. Interface pressure significantly increased from sitting to standing
position (p < 0.0001) (Figure 4A). This pressure variation from sitting to standing position
was plotted as a function of the variation in calf soft tissue global stiffness in Figure 4B.
Though both soft tissue stiffness and pressure increased from sitting to standing posi-
tion, no significant correlation was found between their variations (for the six bandages:
max(R?) = 0.071,p = 0.09).
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Figure 4. (A)—Mean pressure in standing position as a function of the mean pressure in sitting
position for the six bandages at measurement point C; (B)—Interface pressure variation at measure-
ment point C from sitting to standing position as a function of the variation in leg soft tissue elastic
modulus from sitting to standing position.

4. Discussion
4.1. Compression Test and Calf Soft Tissue Global Stiffness

A significant increase in soft tissue global stiffness was observed from sitting to
standing position, resulting from the muscle contraction required to stabilize the standing
position [9].

Patients included in the clinical study suffered from motor or balance deficiency and
about half of them could not walk at all. This heterogeneous population may explain the
very large discrepancies in the identified soft tissue global stiffnesses.

Eleven patients showed spasticity of the lower limb (for one leg in the case of hemi-
plegic patients and both legs for paraplegic patients). The biomechanical component of
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spasticity is known to be an increase in muscle stiffness [18,19]. In the present study, for
five out of eight spastic hemiplegic patients the paretic leg showed higher stiffness than
the healthy one at rest. In addition, the highest global stiffnesses were measured for a
paraplegic patient with high spasticity. Though this approach may be a quick tool for the
evaluation of spasticity, the number of spastic patients included in the study was too small
to conclude about the efficiency of this identification method.

4.2. Calf Soft Tissue Global Stiffness and Interface Pressure

It was hypothesized that the pressure increase from supine to standing position
was the consequence of two phenomena: a change in leg geometry (consequence of the
gravity) and a change in muscle mechanical properties induced by muscle contraction. A
significant change in mechanical properties from sitting to standing was observed but was
not correlated to the corresponding pressure variation.

Thus, it can be concluded that this pressure variation is mostly due to the geometrical
changes in the leg (volume for instance). However, even though soft tissue mechanical
properties do not seem to impact interface pressure, it is important to remember that they
may impact its transmission through soft tissues to the veins [20].

4.3. Limitations

The main limitation of this method is the lack of internal anatomical data, especially
the accurate bones geometry and location. To evaluate this uncertainty, the identification
process was implemented for six different geometries, all based on the same initial leg
geometry. The standard deviation of the identified global stiffnesses was equal to 8.6%
for the initially identified value (s.d. = 0.22kPa, c%iti“l = 2.65 kPa). This variation is much
lower than inter-individual variability, which is equal to 53.2% for the mean global stiffness
in standing position (s.d. = 1.62kPa, ¢1g = 3.04 kPa).

In addition, as the identification was only based on the external geometry of the leg,
muscular and adipose tissues could not be differentiated. Moreover, only the stiffness
parameter was identified in this study, when the bulk modulus was kept constant for all
legs. The assumption of quasi-incompressibility of the calf soft tissues was supported by
previous experimental observations [14].

Finally, all bandages were applied in supine position. Calf mechanical properties in
supine position would have been of great interest but their identification is for now not
possible with this method.

5. Conclusions

Calf soft tissues global stiffness was characterized for both legs of 25 patients in a
sitting and standing position, thanks to the combination of a compression test and a finite
element model updating method. This identification was coupled with interface pressure
measurements applied by six compression bandages.

Interface pressure and soft tissue global stiffness increased from the sitting to standing
position. However, no correlation was found between interface pressure and stiffness
increase. This result suggests that interface pressure variations with body positions are
mostly the consequence of changes in leg geometry. Based on these observations made in
static positions, future work could focus on the effect of dynamic changes in leg geometry
and mechanical properties while walking, and their effect on interface pressure applied by
compression bandages.
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