Biomechanica Hungarica XII. évfolyam, 1. szdm

VEZERCIKK
Kiss Rita M.

vendégszerkesztd
rita.kiss@mogi.bme.hu DOI: 10.17489/biohun/2019/1/0h

A Biomechanica Hungarica 6sszes lapszdmara jellemz8 a sokszintség. Vendégszerkeszt6ként a
szam Osszedllitdsakor is e hagyomdny folytatdsdra torekedtem. Professzorok, doktoranduszok és
témavezetdk, orvosok és mérnokok, edz8k és mérndkok kutatdsait dsszefoglalé cikkek egy j6
kaleidoszképként nem csak az egyes tudomdanyteriiletek sokszintségét, hanem a biomechanika
egységes, de egyben sokszind, mindig a valtozé igényekhez alkalmazkod6 képességét is megmu-
tagjdk.

A lapszdmban 6sszefoglalt egyik kutatds felhivja a figyelmet arra, hogy a pes planus (lddtalp)
hogyan befolyésolja a gerinc alakjit, mig egy masik cikk fiatal sportolék esetén a gerinc alakjdnak
és a torzsizomzat aktivitdsdnak véltozdsit mutatja be a térzserd tesztek esetén. A 3D nyomtatds-
nak egyre fontosabb szerepe van az orvostudominyban, kiilonésen a protetikiban. Két cikk is
foglalkozik e témdval: a titdn alapt 3D nyomtatissal el8éllitott egyedi protézisckkel, mig a mésik
cikk az UHMWPE anyagb6l 3D nyomtatéssal eléllitott protézisck mechanikai tulajdonsigait
elemzi. A protetika témakorhoz tartozik a tranexamin sav hatdsdnak elemzése a teljes térdiziileti
protézis beiiltetés sordn. Ebben a lapszdmban a sporttudomédnyhoz, az ortopédidhoz kéthetd
kutatdsok mellett a lapszdm egyik cikke az dramldstan alapvet§ egyenleteit felhasznélva a drain-
katéterekben t6rténd epedramlds modellezhetdségét mutatja be.
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Abstract

Obstructive jaundice in the biliary tract can infect blood and result in mortality with a high rate.
Percutancous transhepatic biliary drainage (PTBD) with catheters is a useful solution discharging
the obstructive jaundice. However, the elements of fluid mechanics showing clinical performance of a
PTBD catheter have been documented little so far. In the article, empirical relationships between bile
flow rate and pressure gradient in PTBD catheters were studied in terms of equivalent friction factor
for the first time. Firstly, an equivalent friction factor in a catheter was raised and determined based on
existing in vitro experimental data of bile flow through the catheters with different materials, various
inner diameters and lengths under various pressure differences. Then, an empirical correlation of bile
flow rate through a catheter was established based on pressure gradient, inner diameter and bile viscosity.
The correlation was used to identify effects of catheter inner diameter and bile viscosity on the bile flow
rate under the physiological bile pressure difference across obstructed common bile ducts. The feature
of minor hydraulic losses in the catheters was clarified, too. The proposed equivalent friction factor was
proportional to Reynolds number in a power of -0654 in comparison with a power of -1 for the fully
developed laminar flow in circular pipes. The bile flow rate through a catheter was proportional to inner
diameter, kinematic viscosity, and pressure gradient in the powers of 32, -0.5 and 074, respectively. The
minor hydraulic losses could be significant when Reynolds number was greater than 100.

Keywords: percutaneous transhepatic biliary drainage; biliary drainage catheter; bile; flow rate; friction
factor; Reynolds number

Introduction of the human body (external drainage in

Figure la) or the duodenum through the

Obstructive jaundice is a special situation of
jaundice when the bile is stopped flowing
into the duodenum and remains in the blood
due to gallstones in the common bile duct or
extrinsic compression by tumours external
to the common bile duct. The obstructive
jaundice is a serious condition associated
with high mortality rates and should be
treated instantly by wusing percutaneous
transhepatic biliary drainage (PTBD). PTBD
is a procedure based on which the blocked
bile is discharged into a drainage bag outside

common bile duct (internal drainage in
Figure 1b) by using a catheter” The internal
drainage, the bile can flow in the internal
catheter or flow into the bag thorough the
external drainage catheter, depending on the
resistance in the two catheters.

Even though PTBD is palliative, but it can
improve quality of life for patients with benign
and malignantbiliary diseases with success rates of
82-99 %3 PTBD has been become an effective
method for relief of biliary obstruction associated
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Figure 1. The external (a) and internal (b) percutancous transhepatic biliary drainage, the pictures are

from https:

with both benign and malignant conditions.

Even though PTBD in patients is replaced
every 4 or 6 weeks, unfortunately, PTBD is
subject to complications after patients with
malignantbiliary disease undergo placement of
drainage catheter®® 101213 The complications
can be cholangitis, catheter dislodgement,
leaking around catheter, obstructed catheter,
bilio-

pleural fistula, bile duct perforation and

hemobilia, hypersecretion of bile,

pneumothorax!, their occurrence percentages
in 179 patients are illustrated in Figure 2. The

www.mskcc.org/cancer-care/patient-education/about-

our-biliary-drainage-catheter

total percentage of the complications related to
catheter is as high as 43%. This means that the
catheter performance plays a vitally important
role in PTBD technique.

The

complications connect with catheter design

catheter dislodgement and leaking
and soft tissue bimechanical property, while the
catheter obstruction is associated with catheter
design and bile fluid mechanics inside. Even
though the catheter obstruction has made a
12.3% contribution to the total complication

occurrence, it can cause catheter malfunction
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Figure 2. The percentages of complications after PTBD occurred in 179 patients with malignant biliary
obstruction, the percentages were recalculated based on the data in the table in!*
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Flow rate Q(ml/s) under a
Material (Frglch) (m(in) (cIr_‘n) pressure difference (cmH,0)
1 2 [ 9
6.3 14 65 0.023 0.056 0.088 0.153
Polyethylene 7.1 1.5 65 0.028 0.068 0.110 0.165
8.3 1.8 50 0.114 0.184 0.296 0.428
10 2.2 50 0.210 0.385 0.495 0.701
Polyurethane 10 2.0 50 0.094 0.182 0.300 0.450
12 2.7 50 0.256 0.456 0.769 1.110
Polyvinyl- 10 2.2 60 0.111 0.250 0.410 0.620
chloride (PVC) 10 2.2 50 0.153 0.333 0.500 0.800
Silicon 16 2.8 65 0.294 0.549 0.694 1.000
elastomer 16 2.8 50 0.310 0.595 0.833 1.330
12 3.0 65 0.303 0.400 0.690 0.952
Teflon 3.0 31 1300 1.540 2.000 2.500

Table 1. Measured flow rates through selected drainage catheters under specified pressure differences
Effective length of catheter is the distance from catheter hub to first side hole, 1 French=1/3 mm

and eventually result in PTBD failure. From
this point of view, attention should paid to de-
sign and fluid mechanics of catheter in PTBD.

Presently, investigations into design and fluid
mechanis of catheter in PTBD are lack. Kerlan
etal,” in the first time, measured bile flow rates
through a series of different catheters at various
pressure differences across the catheters in vit-
ro, but their raw data remained unprocessed.
Bret et al,® clinically applied large size silicone
catheters with 12, 15, 18 French outer diameters
(I mm=3 French), 2, 3, 4 mm inner diameters
and 3X5, 4X7 5 mmX9 mm side holes into
30 patients with obstructive jaundice due
to stenoses and tumours in bile ducts for a
long-term. It was shown that PTBD was
effective in treating benign and mailignant bile
duct strictures for a long-term, but frequently
minor problems, mostly catheter-related, did
persist.”

A few in vitro experiments on fluid flow in
percutaneous drainage catheters have been
made by measuring drainage time at various

catheter sizes and fluid viscosities.® It was
demonstared that a more viscous fluid required
more large catheter to secure a rapid drainage.
The flow rates of commerical multipurpose
pigtail drainage catheters were measured in
vitro at 30 mmHg presssure difference. Since
their inner diamter sizes were compariable,
their flow rates were simliar in values!” The
effects of number and location of drainage
catheter side holes on liquid flow rate were
measured in vitro by emplying unilateral and
bilateral side hole models, the catheters with
bilateal side holes had a higer flow rate than
those with unilateral side holes, adding more
side holes could not improve flow rate once the

number of the holes beyond a critical number
of holes.2

The flow rates of simulated bile such as water,
three additional water solutions of guar gum
(four dynamic viscosities) through three kinds
of pigtail cathetes (two multipurpose drainage
catheters, one bilary drainage catherter) were
measured in vitro at 12 cmH,O pressure
difference under side hole unobstructed and
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Catheter Bile
d L P H VZ Ap
(mm) (cm) (kg/m3) (Poise) (mm?*/s) (cmH,0)
1.4 50 1000| 0.01,0.02 1,2 11.8-18.4
1.8 50 1000| 0.01, 0.02 1,2 11.8-18.4
2.2 50 1000| 0.01,0.02 1,2 11.8-18.4
2.7 50 1000| 0.01, 0.02 1,2 11.8-18.4

Table 2. The known parameters for a clinical application

obstructed conditions, and it was identified
that the number of side holes did not affect in
vitro biliary catheter drainage.”! The influence
of catheter connections of catheter drainage
flow rate was identified in vitro experimentally,
it was shown that flow rates could be decreased
significantly by connections, especailly when
the inner diamater of a connection was smaller
than the inner diameter of the catheters
connected.?2

A method was proposed to predict the clogging
effect drainage catheters based on in vivo rab-
bit experiments by monitoring intra-catheter
pressure.”> The commerical catheter for PTBD
was ligated with a nylon thread just proximal
to the first side hole to pervent the catheter
obstruction caused from jejunobiliary reflux
of the intestinal contents in internal PTBD2*
Fracture of the PTBD catheter could occure and
cause bile peritonitis.”> Three new techniques
were developed to retrieve fractured and

intrahepatically dislodged PTBD catheters.26

Based on existing results on PTBD catheters

mentioned above, bile fluid mechanics

associated with clinical performance of
catheters has been documented a little so far,
and there are no empirical relationships for
bile flow through biliary drainage catheters to
assess their clinical performance in the literature
currently. In the paper, the raw experimental

data of a series of catheters on bile flow rate and

pressure difference were analysed based on the
elements of fluid mechanics to make the dead
experimental data alive. An equivalent friction
factor through the catheters was proposed and
determined by using these observed data. An
empirical relationship of bile flow rate through
a catheter was estabilshed accordingly and
applied to predict the bile flow rates through
the catheters with various inner diameters
under measured normal and abnormal biliary
pressures and two bile viscosities in a common
bile duct. The effects of catheter inner diameter
and bile viscosity were clarified. The work can
be meaningful to catheter fluid mechanics in

biomedical/biomechanical engineering and

clinical practice in PTBD procedure.

i \

Figure 3. The experimental set-up for bile flow
measurement through catheter in Kerlan et al.!®
Abile stream is established in the catheter segment
C by the pressure difference from chamber 1 to
chamber 2 when the bile is at 37°C temperature
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Experimental data

Catheters for PTBD are a flexile, plastic
central-hollowed tube with taping head and
side holes as shown Figure 3a. In vitro bile
flow meansuremts through the catheters have
been very rare in the literature so far. At the
moment, just one relatively complete data set
for such flow measurement was identified
in Kerlan et al”® The experimental set-up in
the mesurements is illustarted in Figure 3. A
catheter (C) connects chamber 1 and chamber
2. Chamber 1 is pressurised and depressurised
by adding and removing air with syringe A to
maintain a constant pressure difference across
the catheter and estabilsh a bile flow in it.
This pressure difference is measured by using
U-tube manometer (M). Bile level is held to
be contant with syringe A by infusing bile. All
chambers are submerged in a water bath to
allow bile temperautre to be at 37 °C.

Freshly aspirated human hepatic bile with a
dynamic viscosity of 001 Poise (0001 Pas) and
a density of 1000 kg/m?> serves as experimental
fluid.® The experimental pressure differences,
catheter sample lengths and diameters and
measured bile flow rates are listed in Table 1.

These raw exprimental data are going to be
utilised to estabilish an empirical relationship
between flow resistance factor/equivalent friction
factor and Reynolds number and a correlation
between bile flow rate and pressure gradient.

Empirical relationships
Equivalent friction factor

The hydraulic losses in the catheter shown
in Figure 36 include the friction loss over the
wet surface, the incidence loss at the inlet of
catheter, the secondary flow loss in the 180°
bend, and the diffusion loss across the side

holes. At first, these losses are supposed to
contribute an equivalent friction factor to
simplify the problem; then, according to the
skin friction factor formula for ducts,” the
equivalent friction factor  will be calculated
based on a known pressure difference, bile
flow rate, effective length of the catheter and
inner diameter of the catheter in the following
manner
PR
VL (1)
2gd

where is the gravity acceleration, g = 981 m/s?,
Vis the mean bile flow  velocity.
Because of ¥V = Q/(ﬂ'dz/4) 77 Eq. (1) can

be rewritten as

/I:gﬂ_ldS%
80° L

2)

As a result, the corresponding A- Re
scattered data points based on the experimental
data in Table 1 is present in Figure 4, where

10

~

T
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Figure 4. The scattered equivalent friction factors

based on the experimental data in Table I and the

analytical friction factor are plotted as a function
Reynolds number
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Figure 5. The fitted empirical correlation of

equivalent friction factor in terms of Reynolds

number and its comparison with the analytical

friction factor for a catheter, the scattered data

points are the same as those in Figure 4, the inner
diameter is no longer indicated

Re = 4Q/7Z'dV, is the bile kinematic
viscosity, v = 1
Re < 1000, the bile flow in the experimental

catheters was in

mm?2/s> Because of

laminar regime. For
comparison, the analytical friction factor for
the fully developed laminar flow in a circular
pipe in% is plotted, too.

In the figure, some experimental points are
below the 64/Re curve as Re <200, and
some points are above the curve, suggesting
the experimental  shares a different slope
with the analytical friction factor curve. The
experimental has been best fitted by a power

function of , the empirical formula is read as

12265

- Re65 ’

A R* =0.7389 G)

where is the correlation coefhcient. A
comparison of the experimental with the fit-

ted curve is made in Figure 5.

The relationship of bile flow rate to pressure
gradient

An empirical correlation for A has been
established by Eg. (3) based on fluid mechanics
method, the A expression is involved into Eg.
(2), and following equation is achieved

12.265 gr’d’ Ap (4)

Reo® - 8Q2 T

Putting the Reynolds number Re = 4Q/zdv
into Eq. (4), and the following equation is
established

12.265 gr’d’ (Ap (5)
06540 > | 1
( 40 j 80 L
zdv

From Eg. (5), the bile flow rate
catheter with the length driven by a pressure

through a

gradient can be solved and expressed by

0- 8.3186g0,7429ﬂ_d3,2288 (Apjm‘*
(6)

128145 T

where the units of Q,d , L, Ap and v are m?/s,
m, m, mH20O, kg/m3, m?%/s, respectively. In the
equation, Q o d** v¥ (Ap/L)O'74 is held

approximately.

For the fully developed laminar flow in
a catheter, the friction factor is expressed
analytically byl=64/Re 27 TInvolving the
Re =4Q/zdv  into
Eg. (2), an analytical relationship between bile

number

Reynolds

flow rate and pressure gradient is worked out

12265 grd® Ap

Re"*% - 8Q2 T (7)

where the dynamic viscosity g is related to
the kinematic viscosity with g = pv, pis the

bile density, the unit of Ap is mH,O. In these
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expressions, Q o« d* v (Ap/L)1 , suggesting
parameters d ,v and Ap/L exhibit a stronger
effect on Q in comparison with those in Eq. (6)
originated from experimental observations.

Another sort of relation between bile flow rate
and pressure gradient

In the relationship of bile flow rate to pressure
gradient section, an empirical friction factor
is determined first, then it replaces thelin
Eg. (2), and Re is experienced in terms of bile
rate; finally, a relationship between bile flow rate
and pressure gradient is sought as expressed
with Eg. (6). In fact, we can derive an empirical
relationship between bile flow rate and pressure
gradient directly based on analytical Eq. (7).
This method has used in the determination of
an empirical expression between bile flow rate
and pressure gradient across animal biliary tree
in vitro in.?® This method will be tried on the
experimental data on the catheters! here.

A few perfusion experiments were performed
on the biliary tree (hepatic, cystic and common
bile ducts) of six fasting mongrel dogs?® by
using saline and bovine bile at different bile

0.2
128vQ,/mgd*=0.3244(Ap/L)0-6458
R?=0.74
g7
0.15 - i .
o A ,u’
E 01 et A
a ﬁ 2,‘ é
>
& X
i AR E T,
- ﬂ = ﬁ
0.05 - ﬁ e
o A
a
£ (a)
0 . .
0 0.1 0.2 03
Ap/L(-)

perfusion flow rates, respectively. The pressure
differences across the tree were recorded.
It was identified that the
scattered points of (Ap/L ) and (pgAp/L,
128uQ/zd* ) can be best fitted with a linear
relationship in a log-log plot. Then the bile

experimental

flow rate can be obtained in terms of pressure
gradient, like Eq. (7).

In doing so, the experimental data points
of Ap/L—lZSVQ/ﬂgd4 and pgAp/L
-are plotted and fitted, respectively, for the
experimental data in the catheters in [15].
The experimental scattered data points and
the corresponding regression formulas are
illustrated in Figure 6. Based on these formulas,
the bile flow rate through a catheter under a
known pressure gradient is given by

o 03234red’ (Ap
128v \ L

0= 8.573xd* (pgAp

0.6458
Fe20 1 R =0.7487 (8
28 ) 0.7487 (8)

L
where the unitsof O, d, L, Ap, p, v and
M are m3/s, m, m, mH20O, kg/m3, m2/s, Pa.s,
respectively.

2000
128uQ/nd*=8.573(pghp/L)*-6458
R®=0.7487
1500 N )
i -
E = d”' A
< A o B
B 1000 - LoTA
E A 2’. A
g a
) Aﬁ&” A A
N 500 A 5 By
SR L
(b)
£ »
0 i [
0 1000 2000 3000
pgAp/L(N/m?3)

Figure 6. The scattered data points of ( Ap/L , 128VQ/7ng4) and (pgAp/L , 128,L1Q/7Z'd4) as well as

the corresponding regression formulas, the scattered data points are the same as those in Figure 4, the inner

diameter is no longer indicated
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A comparison of two kinds of relationship

From the same set of experimental data, two
relationships  have been obtained for bile
flow rate in terms of pressure gradient across
a catheter expressed by Eq. (6) and (8). Two
relationships may result in a different bile flow
rate under the same clinical condition. To
confirm this effect, a computational example
is provided here.

1.6

(a) u=0.01Poise

0.6

0.4

4 [ 10
Ap(emH,0)

2.5

(c) u=0.01Poise
d=2.7mm

amifs) .

10 12 14 16 18 20
Ap(cmH,0)

The biliary mean resting pressure in normal
human common bile duct is 11.8 cmH,O, but
in the duct with obstructive jaundice, it is
184 cmHzO.zg’30 It is assumed that a 50 cm long
catheter 1s connected to a common bile duct
with obstructive jaundice at the 184 cmH,O
initial pressure, after drainage persists for
a certain long of time, the biliary pressure
restores to the normal level of 11.8 cmH, O. This
means that the pressure difference across the

1=0.02Poise

(b)

4 6 10
Ap(cmH,0)

2.5

=0.02Poise
(d) .

d=2.7mm

10 12 14 16 18 20
Ap(cmH,0)

Figure 7. The predicted bile flow rate through four catheters in terms of bile pressure difference across the
catheters at two viscosities, the thick lines are for Eq. (6), but the thin lines for Eq. (8); in (2) and (5), the
pressure difference is the range of the experiments in Table 1; while in (¢) and (d), the pressure difterence is

based on clinical observation?®> 3¢

36



Biomechanica Hungarica XII. évfolyam, 1. szdm

catheter varies to 1.8 cmH, O from 184 cmH,O.
The bile dynamic viscosity is 001 Poise 15 and
002 Poise 31 with a density of 1000 kg/m3. The
catheter inner diameters are d =14, 1.8, 2.2 and
2.7 mm, respectively, based on Table 1. These
known parameters are summarised in Table 2.

Firstly, Eq. (6) and (8) are used to predict the bile
flow rates under the experimental conditions
such as 1, 2, 6 9 emH,O pressure differences
and 001 Poise viscosity as shown in Table 1
and at four inner diameters in Table 2. The two
equations result in nearly the same bile flow
rate profiles as shown in Figure 7a. This is not
surprised because they have originated from
the same experimental data set and applied
under nearly the same condition in terms of
pressure difference, viscosity and catheter inner

diameter as in the experiments.”

Secondly, two equations are employed to
estimate the bile flow rates at 002 Poise
viscosity, while the rest condition remain the
same as those for Figure 7a. In the experiments
of® the tested liquid viscosity was kept being
001 Poise. The prediction at 002 Poise viscosity
is an extrapolation from the results at 001 Poise
viscosity. The flow rates from Eq. (6) are larger
than those from Egq. (&), as demonstrated
in Figure 7b because of Qo v
in Eq.(6) rather than Q o« v™'in Egq. (8). These
suggest that the flow rates predicted with two
equations at a viscosity more than 001 Poise
are not accurate as those at 001 Poise.

Finally, two equations are utilized to calculate
Q- Ap curves at four inner diameters and two
viscosities in Table 2 and under the pressure
differences higher than those in Tuble 1. The
predicted Q-Ap curves are illustrated
in Figure 7c¢ and d. These predictions are
extrapolation from an experimental pressure

difference in®®

to a higher-pressure difference in
clinical observation. Once again two equations

lead to a very similar flow rate curve at to 001

Poise viscosity, but a very different curve at 002
Poise viscosity.

Clearly, the bile flow rate rises with both

increasing pressure difference and inner
diameter but reduces with increasing viscosity.
The eftect of inner diameter on the flow rate is
the most significant in comparison with that of
the other factors. To secure a relatively high bile
flow rate and better drainage, a catheter should
prefer an inner diameter as big as possible,

especially for thick bile.

From Figure 7c¢ and d, since the bile flow rate
is inversely proportional to the viscosity in
Egq. (8),theviscosity in Eg. (8) exhibits a stronger
effect on the flow rate than the viscosity does
in Eq. (6). As a result, the flow rates predicted
with Eg. (8) are smaller than those with Egq.
(6) in most cases. In the case of d =27 mm
and p =001 Poise, two equations result in
nearly the same flow rate. This is because of
the dominated effect of inner diameter on the
flow rate.

In the experiments in [15], the fluid viscosity
was kept constant. Thus, there is no effect of
fluid viscosity reflected both Eq. (6) and (8).
If the viscosity varied in the experiments in,
Egq. (6) and (8) should lead to a nearly identical
bile flow under the same clinical condition.
To validate two empirical relationships of
Egq. (6) and (8), more experimental data on in
vitro bile flow measurements in catheters are
desirable with more viscous liquids and under

pressure differences higher than 9 cmH, 0.
Discussions

In the paper, a set of raw experimental data on
in vitro bile flow through a series of catheter

samples in®

was analysed in fluid mechanics
context. An empirical equivalent friction factor
was figured out and the corresponding flow

rate formula of bile through a catheter was

37

ORIGINAL ARTICLES



ORIGINAL ARTICLES

Biomechanica Hungarica XII. évfolyam, 1. szdm

10

...
@
=
o
=
=

M(64/Re) = 0, =
R* = 0.4417

k"

A/(64/Re)

15y

0.1
10 100 1000
Re
Figure 8. The ratio of the equivalent friction

factor to the theoretical friction factor of the fully

developed laminar flow in a circular pipe, i.e. as

a function of Reynolds number, the scattered data

points are the same as those in Figure 4, the inner
diameter is no longer indicated.

established. Finally, an application example
was demonstrated and the effects of catheter
inner diameter, pressure difference and bile
viscosity were clarified. Such a study has not
been found in literature so far. The study in the
paper has contributed to the elements of fluid
mechanics of catheter in PTBD.

In the equivalent friction factor, there are mi-
nor hydraulic losses, namely entry loss at the
catheter inlet, secondary flow loss in the bend
of a catheter, and diffusion loss through the
side holes in the catheter. It is not easily to
measure and estimate these minor losses. Here
using the ratio of the equivalent friction factor
to the theoretical friction factor for the fully
developed laminar flow in a circular pipe, i.e.
2/(64/Re) is used to estimate these minor
losses. As a result, the scattered data points
and a regression equation are illustrated in
Figure 8. Clearly, ratio augments with increasing
Re, particularly, if Re>100, then A/(64/Re) > 1,

indicating the dominant minor losses. When
Re< 100, the ratio is less than one. This effect
may be due to some errors in the experiments
or the thickening effect of non-Newtonian bile
at low flow rate.

Note that, in clinical practice, the bile flows into
the side holes of a catheter rather than out of
the holes as shown in the experiments as shown
in Figure 3. The diffusion loss in two scenarios
may be different each other. This issue needs
to be confirmed experimentally in the future.
CFD studies on the minor hydraulic losses in
biliary drainage catheters are also worthy of be-
ing attempted.

Recently, the flow rates in three commerical
multipurpose pigtail drainage catheters at 30
mmHg presssure difference  were measured
in vitro with water by Macha, Thomas and
Nelson in 20062 The flow rates of water, three
water solutions of guar gum across three pigtail

10 ————
H O Letal(2017)
1 & Macha et al{2008)
[ YT
la
1 A=8545092,5124Re2 501
R*=0.8721 i
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Sl i
<01 5 \{.
] - Y
) S b, WY
194k 1
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0.01 h=10.5946Re =757
# = (,2397
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Figure 9. The experimental equivalent friction

factors respectively by Macha, Thomas and

Nelson! and Li, Ballard and D’Agostino?! and

fitted empirical correction of in terms of Reynolds

number and its comparison with the analytical
friction factor for a catheter.
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cathetes (two multipurpose drainage catheters,
one biliary drainage catherter) were in vitro
measured at 12 cmH,O pressure difference
under side hole unobstructed and obstructed
conditions, and it was identified that the
number of side holes don’t affect in vitro bilary
catheter drainage.?! The catheter geometrical
parameters were presented in ° and 2! The
flow rates in Figure 4 in ¥ and Figure 2 in 2!
for the unobstructed catheters were read and
the equivalent frictiom factors were calculated
by them with Eq (2), and the results are
illustrated in Figure 9.

Clearly, the data points in two experiments
are quite few and the Reynolds number is in
the range of 300-4000, which is higher than
that (20-1000) in Figure 4. The factors from
the experimental data in' exhibit siginifcant
variation. Even though the resgrssion equation
for them is sightly below the analytical curve
of 64/Re, its correlation coefficent is as small
as 0.24.

The friction factors from the experimental

data in 2!

are considerably higher than the
analytical curve as Re <2000. Nonetheless
further experimental comfirmation is on

demand.

Since there is one viscosity in the experiments
and no information about the used bile
rheology in %, the bile in fluid mechanics model
is considered Newtonian. Ooi et al measured
the bile dynamic viscosity and found that the
bile rheology of 20 out of 59 patients is Newto-
nian.* Reinhart, Naf and Werth found the bile
of the majority samples from the common bile
duct of 138 patients (64.5 %) are Newtonian.>
These facts suggest that the Newtonian bile
model seems to be reasonable. In some cases,
however, the bile can be non-Newtonian,3>-°
therefore the correlation needs be updated in
the future based on in vitro experimental data

on non-Newtonian fluid flow through PTBD
catheters.

The bile viscosity can vary significantly across
patients, for example, the dynamic viscosity
of gallbladder bile is 00177-008 Poise®, and
even higher in gallbladder bile of patients
with cholesterol (0.05 Poise) and mixed stones
(0035 Poise) compared to hepatic bile (0.02
Poise) [31]. Therefore, more in vitro studies
on bile flow through a catheter with a variety
of viscosities need to be launched in the future.

Conculisons

Based on a set of existing in vitro bile flow
measurements through the catheters made
with five kinds of material and in various inner
diameters and lengths for PTBD application
under different pressure differences across the
catheters, an equivalent friction factor was put
forwarded and determined. Furthermore, an
empirical correlation of bile flow rate through
a catheter to pressure gradient, inner diameter
and bile viscosity was developed and applied to
clarify effects of variable catheter inner diameter
and bile viscosity under the physiological bile
pressure differences in obstructed common
bile ducts. The effect of minor hydraulic losses
in the catheters was identified. It was shown
that the proposed equivalent friction factor was
proportional to Reynolds number in a power of
-0.654 rather than -1 for the fully developed limner
flow in circular pipes. The bile flow rate through
a catheter was proportional to inner diameter,
kinematic viscosity, and pressure gradient in
the powers of 32, -0.5 and 0.4, respectively. The
minor hydraulic losses could be dominant as
Reynolds number was higher than 100. Further
work includes in vitro bile flow measurements at
different viscosities, non-Newtonian bile effect
on bile flow rate through a catheter and minor
hydraulic losses estimation in biliary drainage
catheters based CFD simulations.
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GERINCALAK ES IZOMAKTIVITAS EGYUTTES VALTOZASA
TORZSERO-TESZTEK SORAN FIATAL KOSARLABDAZOK KOREBEN

Petr6 Balint!, Gal-Pottyondy Anna?, Kiss Rita M.!
! Budapesti Mszaki és Gazdasigtudomanyi Egyetem, Mechatronika, Optika és Gépészeti
Informatika Tanszék

? Testnevelési Egyetem
rita.kiss@mogi.bme.hu DOI: 10.17489/biohun/2019/1/02

Absztrakt

A mindennapi és a sportéletben egyardnt fontos a térzsizmok és mds testtartdsért felelGs izmok meg-
erdsitése és egyensilydnak biztositdsa. A testtartds izmainak tesztelésére jol alkalmazhat6 a plank-teszt,
mely a fekvStdmaszhoz hasonld, csak hajlitott alkartdmaszban kezdddik és ennck a helyzetnek az egy
percig torténd megtartdsa. El6nye, hogy kdnnyen elvégezhetd és nem igényel eszkozt, ugyanakkor a teszt
kiértékelése leggyakrabban csak szubjektiven, szemrevételezéssel torténik. Ezért kialakitottunk egy gj

mérési protokollt a gerinc alakjdnak és az izomaktivitds valtozasinak egyidében valé kovetésére.

A protokoll tesztelésére 11 fid kosdrlabddzé (13-17 év) részvételével végeztiink méréseket; a feladat egy
percig tarté plank-teszt volt. A gerinc alakjat tovisnytlvanyokra helyezett jelol8k optikai kovetésével al-
lapitottuk meg, melybél a gerincgodrbiileti sz6gek (kyphosis és lordosis) szamithat6k minden idépontra.
Feliileti elektromiografidval mértiik 11 izom aktivitdsit; a medidn frekvencia csokkenésének szamitdsa-
val megillapitottuk az izomféradas mértékét.

7 z

A gerincszogek viltozdsa a gyakorlat elsé és utolsé 10 masodperce kozott minden esetben a kyphosis
(jellemz38en nagymértéki) névekedését mutatta; a lordosis vagy kismértékben csokkent, vagy nagymér-
tékben nétt. Ez azt mutaja, hogy a plank-teszt sordn az egyes résztvevdk kiilonbz3 médokon faradnak
el, melyek indikalhatjdk kiilonb6z48 stabilizalé izmok gyengeségét.

Az EMG medidn frekvencidja a gyakorlat sordn jellemz8en vagy kozel dllandé, vagy egyenletesen csok-
kend volt a vizsgalt izmokban (szignifikinsan firadt a m. gluteus maximus, az erector spinae iliocostalis,
a rectus abdominis longus és az obliquus externus abdominis), 4m néhdny izom mutatott hullimzé ak-
tivitdst is. Szignifikdns korreldciét a m. rectus femoris firadésa és a gerincgorbiiletek novekedése kizott
taldleunk. Tovabbi kutatdsi lehetGséget ad a protokoll elvégzése homogén életkord, kiilonbsz8 sportot
z8 csoportok részvételével.

Kulcsszavak: elektromiografia, izomféradds, gerincgorbiiletek, tdrzserd, core izmok

CONCURRENT CHANGES IN SPINAL CURVATURES AND MUSCLE ACTIVITIES DURING POSTURAL MUSCLE
TESTING AMONG YOUNG BASKETBALL PLAYERS

Abstract

Strengthening postural and core muscles and ensuring their balance is vital in everyday and sports life as
well. For functional testing of postural muscles, the plank-test can be used which consists of holding the
plank (prone bridge) position for an amount of time, e.g. 1 minute. This test is easy to administer and
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requires no equipment; however, evaluation is usually done only visually, in a subjective manner. This
motivated the development of a novel measurement protocol simultanecously recording spinal curvatures

and muscle activations.

Testing of the protocol was done involving 11 young boy basketball players (aged 13-17 years); the task was
holding the plank position for one minute. Spinal curvatures were recorded by placing optical motion
capture markers on eleven spinous processes from which the curvature angles (kyphosis and lordosis)
could be obtained for each video frame. Surface electromyography was used to measure activities of 11
muscles; muscle fatigue was obtained by calculating the decrease in median frequency of the electric
signal.

The changes in curvature comparing the first and last 10 seconds of the tests showed for every participant
a (usually large) increase in kyphosis values; lordosis values either decreased to a small extent or
increased to a large extent. This shows that during the plank-test, the fatiguing process is can differ
among individuals which may indicate the lack in power of different postural muscles.

The median frequencies of EMG signals generally either stayed constant during the test or showed
a steady decrease. Significant fatigue was detected for the m. gluteus maximus, the erector spinae
iliocostalis, the rectus abdominis longus and the obliquus externus abdominis. Some muscles showed
a fluctuation in activity. Comparing muscle fatigue and curvature changes, only the m. rectus femoris
showed a significant correlation. Further research should be carried out involving a more homogeneous
participant group and participants from other sports as well.

Keywords: electromyography, muscle fatigue, spinal curvatures, core strength, core muscles.

Bevezetés

A torzsizmoknak és a testtartdsért felelGs egyéb
izmoknak szinte minden mozgis kézben ak-
tiv, stabilizl6é szerepiik is van. Ezen izmok
megfelel§ erdilloképessége és izomegyensilya
egyardnt fontos. Elengedhetetlen a torzsizmok
megerGsitése a helyes testtartds és a magas ter-
helhet8ség érdekében. Erds torzsizomzattal
gyorsabban, pontosabban tudjik a mozgéso-
kat végrehajtani a sportolék. Magasabb szintd
sporteredmény eléréséhez elengedhetetlen a
stlyz6s edzések edzésprogramba valé beépité-
se. Ennek azonban szigor el8feltételei és sza-
balyai vannak, mint a csontosoddsi folyamatok
befejez8dése, a kozel végleges testardnyok ki-
alakuldsa, a gyakorlatok sajat teststllyal torté-
nd tokéletes kivitelezése.

A csont- és izomrendszer egészséges fejlédé-
sét megtartd, el8segitd edzések tervezéséhez

sziikséges a sportolék aktudlis fiziol4gids élla-
potdnak ismerete. A térzsizmok csokkent all6-
képessége és az als6 végtag firaddsos sériilései
szignifikdnsan ~ Gsszefiiggnek.!  Ugyanakkor
Nesser és munkatdrsai szignifikdns, de nem
er@s oOsszefuggést taldltak a toérzserd és az il-
taldnos er6t mérg viltozok kozott sprintfutds,
ingafutds, guggolds és fekvenyomds gyakorlato-
kat vizsgalva.? Kiemelik, hogy a térzs izmai egy
egységet alkotnak, igy egységben, tobb izom-
csoportot egylittesen vizsgédlva célszer( dssze-
hasonlitani azok mkodését sportspecifikus
tesztekkel. A gerinc és az azt koriilvevd izmok
allapotdnak felmérése a sériilések rizikéjanak
becslésénél és az altalanos terhelhet8ség meg-
4llapitdsanal is fontos szerepet jatszik.”

A torzsizmok erejének tesztelésére elterjedten
hasznélnak statikus, izometrikus terhelést je-
lentd teszteket, gyakorlatokat.>~® Ezen egysze-
rl tesztek sportéletben haszndlatinak gyakor-
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lati el8nye, hogy konnyen megismételhetSk és
alacsony eszkozigénytlek. Sok esetben azon-
ban csak a feladatot végeztet§ gybgytorndsz
vagy mds szakember megtekintése alapjin
értékelik a tesztet, tehat egyel8re hidnyoznak
a feladatok objektiv, miszeres kiértékelési le-
het8ségei. Népszertségiik miatt azonban tu-
dominyos kutatdsok is vizsgltdk mar ezeket
a gyakorlatokat. A tdrzserStesztek kiértékelé-
sében a mozgds kinematikai mérése mellett
az izomaktivitds felileti elektromiogrifids
(EMG) vizsgilatat alkalmazzdk. Sportolék
torzsizomzatdnak aktudlis dllapotdnak megfe-
lel§ és hiteles felmérésére alkalmas példdul a
médositott Matthias-teszt® vagy a plank-teszt
ist0 A plank-pozicié egyperces megtartisa a
core izomcsoportok dll6képességi munkajit
igényld sajat testsillyal torténd feladat. Ugyan-
akkor Tillaar és munkatdrsa a rectus abdominis
és az external oblige izmok esetében hasonlé
aktivitdst figyelt meg a hat ismétléses maxima-
lis guggolds és az egyperces plank gyakorlatok
kivitelezése kzben.”

Az utdnpétlds kord sportoléknak nemcsak a
novekvs edzés- és versenyterheléssel kell meg-
kiizdenitik, hanem testiik gyors titemd vilto-
zdséaval, novekedésével is. Serdiilékorban nagy
figyelmet kell szentelni a kondicionilis képes-
ségek megfeleld fejlesztésére. A hosszutiva és
magas szint{ sporteredmény eléréséhez elen-
gedhetetlen, hogy a sportdgspecifikus erdsi-
tések mellett helyet kapjanak a helyes testtar-
tast és izomegyenstlyt el8segitd feladatok is.
Jellemz@8en az aszimmetrikus terheléssel jaré
sportdgak sportoléi a veszélyeztettek, azonban
a nem tipikus testalkatot igényl8 sportokat is,
mint példdul a kosarlabdét, kiemelten kell
kezelni. Lark és munkatdrsai megmutattdk,
hogy a plank-teszt alkalmas aktiv kosdrlab-
ddzék torzsizomzatianak felmérésére Ezért
célul tdztik ki egy vizsgilati protokoll kifej-
lesztését és tesztelését, amely lehetévé teszi a
plank-teszt objektiv kiértékelését. A testtartds
objektiv méréséhez a gerinc alakjdt, és annak

valtozdsit mérjiik; emellett vizsgdlni sze-
retnénk a pozicié megtartdsiban leginkdbb
szerepet jatsz6 izmok firaddsit is. Hasonl6
elrendezésti méréseket nemrégiben kezdtek
kutatdsokban hasznalni.® A gerinc alakjdnak
folytonos kovetése lehetséges fényvisszaverd
jelslsk (markerek) bérre valé felhelyezésével 0
A csigolyatvisnydlvdnyokra helyezett jels-
16k pozicidjat optikai mozgdskovetd (motion
capture, MoCap) rendszerrel meghatirozhat-
juk minden képkockdn; az ezekre illesztett
gorbe kozeliti a gerincoszlop alakjat. Ezzel
a moédszerrel abszolat gerincgérbiileti érté-
kek csak bizonytalansdggal 4llapithat6k meg,
azonban alkalmas a gorbiileti sz6gértékekben
to6rténd  véltozdsok meghatdrozdsaraOll A
modszert kordbban megvaldsitottuk a BME
MOGI Tanszék Mozgasvizsgalé Laboratériu-
maban.? A gerincgorbiiletek mérésével parhu-
zamosan ¢érdekesek lehetnek az egyes izmok
firaddsai is. A fdradds mértékének megilla-
pitdsdhoz az EMG-jelek megfelel§ sziirése
utdn az elektromos jel medidn frekvencidjat
szamithatjuk, amelynek csékkenése indikilja

az izomfaradastH1

Jelen kutatds célja egy olyan vizsgilati médszer
kidolgozasa, amellyel egyidejtileg meghatdroz-
hat6 a gerinc alakjdnak viltozisa és az ehhez
kapcsol6dé izmok aktivitdsa, faraddsa. A méd-
szer kiterjeszthet§ egyéb iziletek szdgének
valtozdsara, igy barmilyen mozgds vizsgélatira
is. Mostani, elézetes méréseinket fiatal kosar-
labddzdk korében végeztiik el.

Moédszerek
Résztvevik

Méréseinken a Szolnoki Kosirlabda Akadé-
mia 1l fid sportoléja vett részt. A résztvevék
életkora 13-17 év (4tlag 14,6 év), testmagassiga
153-199 cm (4tlag 181 cm), testtdmege 37-81
kg (dtlag 63,1 kg). Méréseinket a BME MOGI
Tanszékének Mozgasvizsgilé laborat6riumé-
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ban végeztiik, hirom alkalomra eclosztva. A
mérés elbtt kikérdeztitk a résztvevSket mult-
béli és jelenlegi sportolasi szokasaikrdl, aktu-
alis sportterheléstikrél, a csapatban betoltott
pozici6jukrol, valamint aktudlis 4llapotukrol:
sportoltak-e €l6z8 nap, milyen dllapotban érzik
magukat. Néhany résztvevs enyhe izomlazrél

7z

szamolt be el6z8 napi sportolds miatt.
Mérési protokoll

Az érzékelSk és jeloldk megfelel§ felhelye-
zése és tesztelése utdn a résztvevd a MoCap
rendszer mérdterében, a padlén elhelyezett
polifoam sz8nyegen elhelyezkedik. Felveszi
a fekvStimaszhoz hasonlé plank-poziciét
(1. dbra), behajlitott karokkal, alkarjira t4-
maszkodva; az alkarok pirhuzamosak a ge-
rinceel. A test egyenes; a tarkd, a villak kozti
hati szakasz, a keresztcsont, a térdek és a bo-
kik egy vonalon helyezkednek el. Az instruk-
ci6: A szabdlyos plank-poziciét tartsa meg egy
percig. A szabdlyos pozicié felvételével indult a
60 s-os mérés. A feladat megkezdése utdn mar
nem kapott tovabbi instrukciét a jatékos, még
abban az esetben se, ha méar nem volt szabdlyos
a feladat kivitelezése.

1. dbra. Plank-pozicié, mérési elrendezés

Gerinc alakjdnak mérése

A gerinc alakjdnak és a test poziciéjdnak méré-
séhez retroreflektiv markereket helyeztiink el a
résztvevén. A markerek térbeli pozicijat egy
18 kameras OptiTrack® Motive (NaturalPoint
Inc., Oregon, USA) mozgdsvizsgilé (MoCap)

rendszerrel kovettiik nyomon, 100 Hz-es min-
tavételezéssel. Osszesen 10 csigolya processus
spinosusait jelsltiik meg!? (ldsd 1. dbrin), ezek:
C6, T1,T4,T6, T8, T10, T12, L2, L4 és L5. To-
vabbi markereket helyeztiink el a sacrumon, a
jobb- és baloldali fultévon, véllesticson, konysk
és csukl6 laterdlis biitykén, a nagytomporokon,
a térd és boka laterdlis oldalain, amelyek a
jobb kovethet8ség biztositottdk, adataikat nem
hasznaltuk fel.

Az adatfeldolgozds sordn a mért markerpo-
zici6kat aluldtereszt§ sz(rével, 6 Hz-es va-
gdsi frekvencidval simitottuk. A gerincalak
meghatdrozdsihoz a 10 tvisnydlvinyon 1évé
markerre térbeli spline gorbét illesztettiink
a négyzetes hibaérték minimaliz4ldsival. A
lumbilis lord6zis (LL) és a thorakalis kyphosis
(TK) szogek definiciészerien a mért pon-
tokra illesztett gorbe T1, T2, L5 processus
spinosusokat reprezentilé pontokndl behtzott
érintdk 4ltal bezdrt szogek.

feliileti  elektro-
miografidval — vizsgilt izmok, mérési proto-

koll, jelfeldolgozas

Izomaktivitds mérése

Az izomaktivitds Telemyo tipust feliile-
ti, bipolaris EMG adatgyjtd berendezéssel
(Noraxon Inc., Scottsdale, AZ, USA) tortént.
Az adatgyjt6 16 vezetékes csatorndt haszndl,
valamint elérhet8 hozza egy radidfrekvencias
adévevd is. Az ad6vevd parja egy mobilis felve-
v6 egység, amelyhez 16 csatorna csatlakoztat-
haté. A felvev8ben tizszeres er8sités taldlhatd,
a jel/zaj viszony 65 dB-nél nagyobb. A felvevs
Osszegzett szlrési savja 0-1150 Hz; a minta-
vételezési frekvencia 2 kHz. Az adatgy(jt§ a
hozz4 tartozé gyéri szoftver segitségével kap-
csolédik a mérést vezérld szamitégéphez.

A bipolris, feliileti elektréddkat a SENTAM©
ajdnlédsait kovetve helyeztiik el. A gerincen
eredd izmok koézil két feliiletes izmot vizsgal-
tunk, ezek a m. erector spinae longissimus és
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a m. erector spinae iliocostalis, melyek a ge-
rinc legf6bb feszitd izmai. A hasizmok koziil
szintén kettSt vizsgaltunk, ezek a m. obliquus
externus abdominis és a m.rectus abdominis,
melyek {8 feladata a has(iri nyomés fenntarti-
sa és az als6 és felsd testfél izomldncai kozott
kapcsolat kialakitdsa. A medencefenék izmai
kozil a m. gluteus maximus és m. gluteus
medius izmokat mértiik. Elébbi, a maximus
a csipGizilet feszitGje, ezéltal az egyenes
testtartds legfébb biztositéka, mig a medius a
comb abductora és belsé rotdtora, igy fekvdta-
maszban is rogzit8 szerepe van. A térdiziilet
mozgatdsit végz8 izmok kozil a m. rectus
femoris-t (csipdiziileti flexio), a m. adductor
longus-t (comb adductora) és a m. biceps
femoris-t (térdiziilet flexio) mértiik. A boka-
iziilet mozgatdsiban részt vevd izmok koziil
a m. tibialis anterior-t (a ldbfejet bokabdl 14b-
hati irdnyba hajlitja) és a m. gastrocnemius
medialis-t (térd flexio, boka plantarflexio)

mértiik. Err6l a mérési elrendezésrdl kordb-
ban beszamoltunk” A fsldpontot a térdkala-
cson helyeztiik el.

A hasznilt elektréddk Ambu gyiartmanyd
(Ballerup, Ddania) ,BlueSensor N” tipusq,
egyszer hasznilatos csecsemdékre mérete-
zett EKG-elektréddk voltak, melyek eziist/
eziistklorid anyagdak. Két egymds mellé he-
lyezett elektréda kozt 2 cm tdvolsdg volt. Az
elektr6ddk felhelyezése el6tt a tertiletet frissen
leborotvaltuk, a legfinomabb dérzspapirral a
bér feliiletét lecsiszoltuk, majd egy alkoholos
bérfertStlenits folyadék és vatta segitségével a
béron taldlhaté maradék szennyez8dést is el-
tavolitottuk. Az elektréddkat és azokat a felve-
vGvel 6sszekots kabeleket leukoplaszttal rogzi-
tettiik a brhoz. A kontaktus ellenérzésére az
egyes izmok megfeszitésére, terhelésére kértiik
a résztvevét a SENIAM modellben megadott
testhelyzetekben.

n |

Reflektiv
markerek

Felileti
elektrodak

2. dbra. Felhelyezett feliileti elektrédak és reflektiv markerek
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Az EMG-jelek, mint minden fiziolégids elekt-
romos jel mérése sordn zajokkal terheltek. Az
alacsony frekvencids zajok (0-20 Hz) az elekt-
réda, a bér vagy az elektr6dihoz csatlakoz6
kabelek elmozduldsabdl ered. Ezek a frekven-
ciakomponensek kiilonésen instabilak, mivel
ezeket a motoregységek tiizelési sebességének
kvazi-véletlenszerd jellege befolydsolja. A jel
Osszetevdinek instabil jellegébdl adédéan ta-
ndcsos ezeket zajnak tekinteni és eltdvolitani
Gket a jelbsl. A helyiségben 1évé hilézati 50
Hz-es frekvencia szintén kénnyen megjelenik
a mért jelben. Az is ismert, hogy 500 Hz f5l6tt
mér nem szdmithatunk izomaktivitds eredetd
EMG-jelre, hiszen ennél strdbben tipikusan
nem fordulnak el§ akciés potencidlok. A térzs
izmaira tett elektrédik sok esetben érzékelik a
szivbdl jov6 EKG jeleket, ami az izmok tekin-
tetében szintén zajnak tekinthetd, igy azok ki-
szlirése is indokolt. Ennek megfeleléen a mért
clektromos jeleken sztiréseket végeztiink: az
EKG-+jel kisztirését, feliildteresztd szdrést 20
Hz-es vagési frekvencidval; sdvzaré szrést 45-
55 Hz koézott, illetve aluldteresztd szdrést 500

Hz-es vagési frekvencidval.

A frekvenciatartomdnyi szlrések elvégzése
utdn a mért jel tovabbi, tiiskeszerd mhibak-
kal volt terhelt. Ezek ritkdn, csak egymastol
tobb mdsodpercnyi tidvolsigra helyezkedtek
el, és minddssze 4-8 minta hosszdak voltak,

Gerincalak és pozici6 Plank-teszt soran az idében

felfelé irany (mm)
4

B S i .

0 -100 400 500 2% oldalirany (mm)

-200 -300
elre irany (mm)

azonban amplitddéban a jel t6bbi részének
sokszorosat jelentették és a medidn frekvencia
szamitdsdt irredlisan befolydsoltdk. Ezeket a
tiiskéket hibds mért értéknek tekintve, nullaval
helyettesitettiik.

A MoCap rendszerrel valé mérés idébeli szink-
ronizéldasdhoz, a mérés kezdetének illesztésé-
hez a MoCap rendszer megfelel§ kezelGszer-
vén 1év8 szinkronizdlé kimenetet vezetékkel
osszekotottiik az EMG adatgy(ijts egyik csa-
torndjaval. A vezetéken alapértelmezésben ala-
csony fesziiltségszintd jel van, mely a MoCap
rendszer felvételének inditdsakor magas szint-
re ugrik, igy ez az él egyértelmien jeloli az
inditast.

Vizsgalt paraméterek
Az izomfiradds szdmszerd jellemzésére az

EMG-vel
frekvencidjanak megviltozdsit hasznaltuk.®

mérhet§  izomaktivitdis medidn
Az egyenként 60 misodperces felvételeket 3 s
hossz, egymadssal 50 %-ban atfedd szakaszok-
ra bontva szadmitottuk a medidn frekvencidt,
a szakaszok kézéppontjdhoz rendelve. A 60 s
hossza felvételekre kapott medidn frekvencia
értékekre linedris regressziot illesztettiink. Igy
a regressziés egyenes meredeksége mutatja a
medidn frekvencia dtlagos csokkenését, esetle-
gesen novekedését. Ezt a csokkend meredeksé-

40

sz0g (°)

10 | ]
0 10 20 30 40 50 60
id6 (s)

3. dbra. Gerincalak viltozdsa plank-teszt sordn egy résztvevére
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4. dbra. Szérisdiagram és dobozdbra a TK és LL sz6gek megvaltozdsirdl

a plank-teszt eleje és vége kozott a csoportban

get tekintjiik izomféraddsnak. Az egyes izmok
Osszehasonlithatésdga érdekében a medidn
frekvencidkat azok maximumadval normaltuk 0
és 100% kozé, igy az egyenes meredekségének
szamértéke is igy értelmezendd. Negativabb
meredekség nagyobb mértékd izomfiraddsnak
felel meg.

A gerincalakot leir6 két szog, a TK és LL ér-
tékeléséhez a 60 s hosszu plank gyakorlat alatt
az elsd és utolsé 10 s-es szakaszon mért szogek
atlagdt és szordsat hasonlitottuk 6ssze, minden
résztvevdt sajit magdval. A kilonbség statisz-

tib. ant. far.: 0.073

100 ——
sof
60
0 10 20 30 40 50 60
glut. max. far.: -0.521
10— N
80 S Q{)[}
SJ ]
0 10 20 30 40 50 60
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100~
80 T
60
0 10 20 30 40 50 60
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80 —
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100
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add. long. far.: 0.062
100
80 =
60
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tikai szignifikancidjit Wilcoxon-féle eljeles
rang-teszt alkalmazasdval vizsgéltuk. Szintén
osszehasonlitottuk a TK és LL szog gyakorlat
sordn tortént megvaltozasit az egyes izmok fa-
raddsdval, itt Spearman-féle korreldciés egyiitt-
hatét szdmitottunk.

Eredmények
A MoCap rendszer hasznélatdval a gerinc-
alak a gyakorlat végzése sordn végig meghata-

rozhat6 (példa a 3. dbrin), amelyet vide6ként
megtekintve értékelhetd a gerincben bekdvet-

gast. med. far.: -0.179
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80 t — j
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glut. med. far.: -0.289
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80 ———————
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100
80
60
0 10 20 30 40 50 60

rect. abd. lo. far.:-0.333
— j
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30
bic. fem. far.: 0.034

100
80
60

0
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5. dbra. A vizsgélt izmok medidnfrekvencidja plank-teszt sordn egy résztvevdre
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6. dbra. A vizsgéalt izmok firadédsa a csoportban

kez8 viltozds. Ez a gerincszogeket dbrazolva
szintén kovethetd (példa a 3. dbrin). A gerinc-
szogek viltozdsa a gyakorlat els§ és utolsé 10
s-a kozott minden esetben a TK (jellemz&en
nagymértékd) névekedését mutatta; az LL
sz0g vagy kismértékben csokkent, vagy nagy-
mértékben nétt (4 dbra). A TK megviltoza-
sa erGsen szignifikidns (p<0001), mig az LL
megvéltozdsa a kétféle viselkedés miatt nem
szignifikins (p=04659) a csoportban. A TK
és LL megvéltozdsa nagymértékben korrelalt:
rho=0,57 (p=0,07), két erdsen kiugr6 adatpont
mellett (4. dbra).

Az EMG medidn frekvencidja a gyakorlat
sordn jellemz8en vagy koézel édllandé, vagy
egyenletesen csékkend volt a vizsgdlt izmok-
ban, 4m néhidny izom mutatott hullimz6 ak-
tivitdst is (példa az 5. dbrdin). A csoport tagjai
koziil leggyakrabban ilyen hullimzé aktivitdst
mutatott rendre a m. gluteus maximus, a m.
gluteus medius, a m. gastrocnemius medialis
és a m. biceps femoris.

Az egész csoportra vetitve az egyes izmok
jellemzé firaddsit mutatja a 6. dbra; a sta-
tisztikai szignifikanciaértékeket az 1 tdbld-
zatban foglaltuk ossze. Egyontetien firadist
mutatott a m. gluteus maximus (p=0032), az
erector spinae iliocostalis (p=0102) és a rectus
abdominis longus (p=0001), valamint kis-
mértékben a m. obliquus externus abdominis

(p=0054) is.

A gerincszdgek megvéltozdsa és az izmok fi-
raddsa kozott kevés szignifikdns korrel4cié
volt felfedezhet8 (2. tdblizat). Szignifikdns
korrel4ciét csak a m. rectus femoris és a m.
gastrocnemius medialis mutatott. A m. rectus
femoris esetében a korreldcié negativ, azaz a
nagyobb firadds (csokkend aktivitds) nagyobb
szogvaltozdst eredményezett a gerincben. Ez-
zel szemben a m. gastrocnemius medialis po-
zitivan korreldlt, azaz nagyobb aktivitds esetén
a szogvaltozds nagyobb volt. Feltételezhetden
ez a célzott testtartdstdl val6 eltérés miatt egy
kompenziciés folyamatot jelez.

izom tib ant gast med glut max glut med erec sp lo erec sp il
p-érték 0.240 0.465 0.032 0.123 0.240 0.102
izom oblext| rectabd lo rect fem bic fem add lon
p-érték 0.054 0.001 0.206 0.123 1.000

1. tdbldzar. A vizsgélt izmok faraddsdnak szignifikancidja a csoportban
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izom tib ant gast med glut max glut med erec sp lo erec sp il
TK 0.53" 0.77""" -0.02 0.21 0.46 0.45
LL -0.06 0.55" -0.16 0.15 0.17 0.45
izom obl ext rect abd lo rect fem bic fem add lon
TK 0.44 -0.35 -0.61°" 0.35 -0.15
LL 0.14 0.11 -0.68"" 0.27 0.07

2. tdblizat. Korreldcibs egytitthaté a gerincszégek megviltozdsa és az izmok faraddsa kozott
*p<0.1, **p<0.05, ***p<0.01

Megbeszélés

Jelen munka célja a a gerincgérbiilet valtoza-
sdnak és a testtartdsért felel8s izmok faraddsi-
nak mérése volt egyperces plank-teszt sordn.
A mozgiselemz8 rendszer felvételei alapjin a
processus spinosusok dltal lefrt gorbék valtoza-
sait a két gerincgérbiilet (kyphosis és lordosis)
forméjidban numerikusan rogzitettiik, és a
teszt eleje és vége kozti poziciékban 1évé kii-
lonbséget vizsgéltuk. Mig a TK minden eset-
ben megnoévekedett, az LL bizonyos résztve-
v6knél csokkent vagy stagndlt, mig masoknal
nagymértékben megnétt. Felileti EMG-vel
detektilt jelek alapjdn az izmok aktivicids
szintjének véltozdsat, illetve a kontrakciék so-
rdn bekovetkez§ faradast is kimutattuk. Szig-
nifikdns firaddst mutatott a csoportot tekint-
ve a m. gluteus maximus, az erector spinae
iliocostalis, a rectus abdominis longus és az
obliquus externus abdominis. Szignifikdns
korreldciét a gerincgérbiiletek névekedése és
az izomfdradds kozott csak a m. rectus femoris
esetében taldltunk.

Az egyperces plank-teszt sordn minden eset-
ben észlelhetd volt jelentdsebb testtartdsbeli
valtozds (4. dbra), tipikusan a TK nagymér-
tékd novekedése. A gyakorlat sordn az LL
esetében egyénenként viltozéan elbfordult a
lagyéki hdtszakasz kiegyenesedése, valamint
a medence beejtésével a nagyfokd gorbiileti
novekedés is (4. dbra). Ez azt mutatja, hogy a
plank-teszt sordn az egyes résztvevék kiilon-
b6z8 médokon firadnak el, melyek indikalhat-

jak kiilonb6z8 stabilizalé izmok gyengeségét.
Bohannon és munkatdrsai szintén kifiraddsig
végzett plank-teszt sordn a firadds tobbféle
megjelenését figyelték meg!® A vizsgalati sze-
mélyek (n=103) sajit elmondds alapjin 11 féle
médon indokoltdk a gyakorlat abbahagydsit.
Els6 helyen szerepelt a remegés, masodik he-
lyen a hitfijis, de megjelent tébbek kozott a
has és a comb faraddsa is. Ezért plank-teszt so-
ran a gerincgorbiilet miszeres regisztralasa se-
gitség lehet a térzsizmok allapotfelmérésében.
Czaprowski és munkatédrsai plank-teszt sordn
a m. rectus abdominis, m. obliquus externus,
m. internal oblique/m. transversus abdominis
izmok EMG aktivitdsat vizsgaltak!” Vizsgi-
lataik sordn az m. obliquus externus izomnal
figyelték meg a legnagyobb (42.3 =195 %MVC)
aktivitdst. A m. rectus abdominis é a m.
internal oblique/m. transversus abdominis ese-
tében jéval alacsonyabb izomaktivitdst mértek
(18191 és 185122 %MVC). Ez az ered-
mény a mi eredményeinktdl kiilonbozik, mivel
a m. rectus abdominis-nél egyértelmd firaddst
figyeltiink meg mig az m. obliquus externus
izomndl csak kismértékben jelent meg a me-
didnfrekvencia csokkenése. Escamilla és mun-
katdrsai az m. rectus abdominis alsé részén
(4010 %2MVC) és a m. obliquus externus ese-
tében (40£20 %MVC) viszont kozel azonos
izom aktivitast figyeltek meg?’ Ezek alapjin
arra kovetkeztethetiink, hogy a fent emlitett
izmok mindenképpen jelentds szerepet jatsza-
nak a plank testhelyzet megtartdsiban. Pontos
szereplik és jelentGségiik felmérése a gyakor-
latban még tovabbi vizsgilatot igényel.
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Az eredmények alapjdn a statikus gyakorlat alatt
a gerinc helyzetének és gorbiileteinek, valamint
az izmok aktivicié szintjének idébeli valtozésa,
azaz a firadds, mind kinematikailag, mind izom
aktiviciés oldalrél kimutathaté. A gerincszgek
és az izmok medidn frekvencidjanak sszevetése
alapjan példaul a 3. dbrin lathaté 40 s kérnyéki
TK billenés a m. gluteus maximus és a m. erector
spinae iliocostalis hirtelen aktivitdscsokkenésével

indokolhat6 (5. dbra).

A teljes gyakorlat alatti izomféradést a gerinc-
gorbiilet véltozasival 6sszevetve megillapithatd,
hogy érdekes médon csak a m. rectus femoris
mutatott szignifikins, nagymértékd korreldciét.
Feltételezhetd, hogy egy ilyen hosszisagu gyakor-
lat sordn tobbszor cserélddnek a jobban aktivilt és
éppen pihend izmok, igy is csokkentve a faradast.
Lehetséges, hogy az izmokat funkci6 szerint cso-
portositva, ezen csoportok dsszegzett aktivitdsa
mdr mutatna korreldciét a testtartds valtozdsaval.

Mivel a vizsgalat célja a mérési eljaras ellendrzése
volt, amelyet széles célesoporttal kivintunk meg-
tenni, a vizsgalat elsédleges korlatja az alacsony
létszam, erésen inhomogén résztvevdi csoport.
Tovabbi korl4tot nydjtott, hogy csak feliileti elekt-
réddkat hasznalhattunk, igy a mélyebb tartéiz-

mok firaddsit nem regisztralhattuk.

A kutatis kovetkez§ 1épésében a létszdmot novel-
ve, homogén életkord csoportokban folytatndnk
a vizsgdlatot. A vizsgilédds kiterjeszthetd mds
torzser8t mérd tesztekre is, mint példdul a Matthi-
as-teszt. Fontos feladat az EMG regisztritumon
megjelend, nem a motoros egységekbdl j6v4 je-
lek zajszGrési eljdrdsdnak tokéletesitése. Tovabbi
lehetdség a gerincalak folytonos megviltozasa és
az izomfiradds kozotd kapcsolat meghatdroza-
sahoz keresztkorreldcié szamitdsa a gerincszgek
és az medidnfrekvencia adatok kozétt. Az ana-
lizis kiterjeszthetd oly médon, hogy az izmokat
funkcionilis csoportonként vizsgaljuk, {igy kimu-
tathat6va valhat az akaratlagos és akarat nélkiili
terhelésmegosztds az egyes tartéizmok kozott.
Kiemelendd, hogy a médszer tovabb fejleszthetd
tetsz8leges iziileti szogek megviltozasinak kove-
tésére is.

Osszefoglalva megillapithatjuk, hogy az izomfi-
radds elemzése kimutatta azon f6bb testtartdsért
felel@s izmok féradasat, amelyeket a plank-teszt
megcéloz, mig a gerincgorbiileti eredmények arra
utalnak, hogy a lumbilis gerincszakasz tartdsa-
nak megviltozdsa lehet a teszt sikeres vagy siker-

telen elvégzésének mutatdja.
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Abstract

Due to its properties like high load-bearing capacity, biocompatibility, excellent abrasion resistance,
and strength, ultra-high molecular weight polyethylene (UHMWPE) is widely used as a bearing
material in industrial applications and in the field of joint prostheses. Currently, UHMWPE is
produced by compression molding, ram extrusion, hot isostatic pressing and direct compression
molding followed by post-processing techniques, such as milling or machining to finalize the
prosthesis geometry and to achieve the final tolerances. With post-processing techniques, we
are wasting a high-cost material, energy, and time. In this paper, we collected manufacturing
technologies that have the potential to be used for creating parts with one-step production,
minimalized material loss, and with a view of providing customized manufacturing capabilities.
We compared two technologies: (i) FFF printing and (ii) injection-molding. In addition to the
feasibility, we focus on the investigation of mechanical properties. Three tests were performed
on the manufactured specimens: hardness measurement, tensile test, and scanning electron
microscope (SEM).

Keywords: UHMWPE; prosthetics; injection molding; 3D printing; FFF

UHMWPE on the market, recommended for

injection molding, but it is still hard to process
1

Introduction

Owing to its high load-bearing capacity,
biocompatibility, outstanding  mechanical
properties, and excellent abrasion resistance,
ultra-high molecular weight polyethylene
(UHMWPE) is widely used in the industry
and also in medical fields, such as in joint

prostheses.!

Manufacturing technologies for producing
UHMWPE are compression molding, ram
extrusion, hot isostatic pressing, and direct
compression molding! They use powder resin
produced from ethylene gas by polymerization
with the use of the Ziegler process.” Recently
we can also find granules form of the

the material as it requires high pressure.
Its extremely low melt flow rate (MFR =
006 g/10 min) and high melt viscosity make the
material difficult to process even in the melting
state. Although, most of the powder resin-
based manufacturing technologies require
post-processing techniques, such as milling
to finalize the geometry and to achieve the
final tolerances! With these post-processing
operations, we are wasting material, energy, and
time. This is one of the reasons it is important
to turn to alternative techniques. We focused
on the FFF technology (Fused Filament
Fabrication), a

layer-by-layer  extrusion

technique, and injection molding. FFF

B
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technology is recommended for parts in low
volumes and parts with unique, customized
complex geometries. In the medical field, such
as in temporomandibular joint replacement
and total knee joint replacement®® the
technique could be a beneficial technology
from the production side. In the case of
standard-sized parts with medium or high
volumes, examining injection molding is
recommended, which can be used to create
complex geometries cost-effectively and fast. In
both technologies, we can build the parts from
granule form and create products with material
addition.

We aim to explore the FFF processability of
the material. Based on a literature review,
there are different ways of improvements
in the field of additive manufacturing. One
is working with the SLS® technology, using
the powder form of the material, and others
working with the FFF? technology, using
the filament form of the material. Although
there was no precedent for FFF printing pure
UHMWPE successfully due to its difficulties
in processing, the possibility of additive usage
allows us to optimize processing parameters
and product attribute parameters, hence to
make the processing technology viable. Panin
et al.? optimized the plasticizing components
ratio of the UHMWPE matrix for keeping its
excellent mechanical properties but making
it easier to produce by the FFF technology
(UHMWPE + 15 wt. % HDPE-g-SMA + 15
wt. % PP). With this material, they could even
achieve much better tribological properties
(1,4 times) on the 3D printed parts than on the
parts produced from the same material by hot-
pressed technology. Based on their studies, they
recommend fabricating the material by FFF
printing for tribomechanical purposes. In the
field of injection molding of the UHMWPE
material, we can see that it is challenging to
process. Some of the analyzed literatures deal
with the elimination of the delamination

layers derived from the processing technology,’
while others deal with the development of
the manufacturing technology or additives to
make the raw material easier to process.! Some
researches!? examine the tribological behavior
of injection molded UHMWPE.

In this paper, we examined the novel
manufacturing technologies of the material,
which can be used for creating beneficial
products in the long run. We aim to compare
two technologies: FFF technology and
injection-molding. In addition to the feasibility,
we focus on the investigation of the mechanical
properties. Our future perspective is to optimize
the technology for the UHMWPE material and
check the effects of its mechanical, tribological,
and morphological properties. Our first step,
presented in this paper, is the examination of
the feasibility and the mechanical properties
of specimens fabricated by the FFF technology.

Materials and methods

During the  preliminary  experiments,
the L4000 (Lubmer, Mitsui Chemicals)
commercial-grade UHMWPE was used. The
filament for FFF printing was created by a
twin-screw extruder, FFF printing was done
on a CraftBot3, dual head FFF printer. The
machine settings for sample preparation have
been optimized manually and will be detailed
in a later section. The injection-molded
specimens were fabricated by an Arburg 420 C
injection molding machine. Three tests were
performed on the manufactured specimens:
hardness measurement, tensile test, and
scanning electron microscope (SEM). Plates
were injection molded first then the specimens
were milled out of them. A Roland MDX-
540 milling machine was used for milling.
We used EN ISO 527 5A test specimens for
the examinations. Shore D hardness was
determined with a Zwick 3114. The tensile
tests were performed on a Zwick Z005
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Parameter Value

Injection temperature

225-230-235-240-240

of the zones [°C]|
Mold temperature [°C] 40
Holding pressure [MPa] 70
Time for holding pressure [s] 20
Injection rate [cm?/s] 40

Table 1. Injection molding parameters

universal tensile testing machine. The SEM
investigations were performed with a Jeol JSM
6380LA scanning electron microscope.

The

determined,

injection molding settings  were

taking into account the

recommendations on the raw material
datasheet. 80x80x4 mm plates with film gates
were injection molded using a two-cavity

mold. The test specimens were obtained by

milling from the injection molded plates. The
milling velocity was 12 mm/s, and the speed
was 3000 1/min.

Our experiment focused on finding an FFF
parameter configuration that can be used
from UHMWPE.
The biggest challenge during processing

to produce specimens
the material was to keep the first layer of the
material on the bed. From the originally used
kapton film coated bed the material started
to shrink out immediately. Therefore, we
tried different techniques to ensure the good
adhesion. A positive result was obtained with
a perforated plate. Table 2 summarizes the
process of keeping the first layers attached to
the printing bed. The main problem was the
high shrinkage of the material.

Table 3 shows the constant and changed
parameters used during the process. We worked
with high temperature, high infill densities and

(Vestoplast W-1750)

the material came up when additional
layers were printed.

Type of bed Efficiency Comment/Illustration
Glass with kapton film No adhesion No layers remained on the plate.
Atactic PP liquid The first layer adhered successfully, but

Epoxy-based printed circuit
board perforated plate

Feasible. It warmed up but did not
soften under the applied temperatures.

UHMWPE injection
molded plate

Proper adhesion, but removal is not
feasible from the plate. Furthermore,
the plate melted and the extruder head
moved on it.

Table 2. Bed types and their efficiency for keeping the layers on the bed

5]
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Parameter Value Optimal value
Extrusion temperature [C°] 300 -
Bed temperature [C°] 110 -
Constant Layer height [mm]| 0,2 -
Infill structure parallel lines (-45%/45°) -

Infill density [%] 100

Number of rafts 0-2-5 2
Infill density of the raft layers [%] 10-50-60-70-80-90-100 100
Extruded material [%] 100-110 110
Changed Extrusion speed [mm/s] 10-20 10
Printing orientation flat / on-edge flat
Use of a dome and door yes-no yes

Table 3. FFF printing parameters setup

low printing speed to ensure adequate heating
of the material. We also used a dome and a door
from Craftbot spare parts to achive an increased
temperature of the environment.

The heating and cooling cycles affect the

material behaviour and the non-uniform
thermal gradients evacuation. Consequently,
thermal stresses can accumulate within the part,
which can affect the dimensional accuracy and
quality (e.g. distortion, warpage) of the prin-
ted structure. Thanks to the heated bed, the
temperature of the lower layers is higher and the
effect of the heated bed during the process is less

and less pronounced.”®

To maximize the physical connection between
the specimen and the perforated sheet, we first

printed a “raft” under the specimen. This is a
larger tray of material printed in few layers before
the actual print. In the experiments, printability
worked if this “raft” did not consist of more than
two layers. Figure 1 shows the mentioned raft,
and also shows that in case of more than two
layers of the raft, the material started to shrink
out from the perforated plate.

It was advisable to wait until the whole spe-
cimen cooled down, otherwise, the printed
product would have a greater deformation after
the removal from the perforated plate. From the
printed parts, we firstly removed the raft layer. It
is important to consider that it was impossible to
print thin parts, and also, it was also impossible
to print complex geometries. Figure 2 shows
that we can only print samples with flat print-

Figure 1. Raft layer evaluation during the process
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ing orientation. Although the edges of the
specimens are inaccurate in this case, too. The
cross-section dimensions are well reproducible,

so it can be used for the performed tests.

Figure 2. Printed specimens with different
orientations

Results

The hardness measurement results show
that the fibrous structure of the FFF printed
sample influences its hardness. We measured
on a surface that appeared to be homogeneously
compact. The measured values are given in
Table 4. Lower shore D value measured on the
printed samples. It could be caused by its layer
by layer structure. We also measured a higher
standard deviation value on the FFF printed
samples. The injection-molded samples were
more homogenous, all 5 measurements have the
same hardness value.

The main parameters used in the tensile test
are the following: the clamping distance was
50 mm, the preload was 1 N with 10 mm/
min preload speed. The temperature during
the measurement was 23.3 °C and the relative
humidity was 268%. We examined 5-5
specimens of each manufacturing technology
and plotted the stress-strain curves of each
and their average (Figure 3). Table 5 shows
the characteristic values that can be calculated
from the tensile measurement. The curves
show different trajectories. The calculated mo-
dulus and strength values were lower in the
case of the FFF printed than the injection-
molded specimens. The different behaviour
of the samples can be explained by the
orientation of the UHMWPE chains, which
is greatly influenced by firstly both filament
production and FFF printing and secondly
by injection-molding. Elongation at tensile
strength is higher in the case of the FFF
printed specimens, but elongation at break
is significantly lower. It is also important to
highlight that there are significant standard
deviations mainly in elongation at break in
injection-molded parts, which could show
that with milling, we probably caused minor
surface mistakes on the samples.

During  scanning  electron  microscopy
(SEM), we worked at 30-, 100- and 200-fold
magnifications. The study aimed to compare
the morphological structure of the injection-
molded and FFF printed specimens and to
investigate the failure characteristics of the
FFF printed sample. An accelerating voltage of
10 kV was used. Figure 4 shows the separation

Sample type Specimen Shore D average hardness | Standard deviation
A L4000, injection molded 63,85 0,34
B 14000, FFF printed 57,20 0,86

Table 4. Shore D average harnesses

47
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Figure 3. Stress-

of the first layer from the printed raft in the
FFF printed sample, highlighted the air gap
between the raft and the first layers. Figure 5
shows an (I) injection-molded sample broken
in liquid nitrogen, (II) an FFF printed sample
broken in liquid nitrogen, and (III) an FFF
printed sample after the tensile test at 30x 200x
magnifications. If we focus on the central areas
of the FFF printed pattern (and not on the
bottom, base layer), we do not see significant
differences. The tensile test results show higher

strain curves

clongation at break in the case of the injection-
molded samples. This high elongation could
be explained by the formed “skin-core-skin”
structure. Because the injection-molded
plates are relatively thick, the core structure
dominates in their case, where the orientation
of the molecules is less significant. In contrast,
in the case of the FFF technology, the fibers
are highly oriented. This could be one of the
reasons for the different elongation behavior of
the samples produced by different technologies.

Property Injection-molding | standard deviation | FFF printing | standard deviation
Tensile strength:
G, [MPa] 32,80 1,703 26,92 0,405
Elongation at tensile 5.64 0426 9,29 0447
strength: €, ,[%]
Ultimate tensile
strength: G, [MPa] 10,95 3,854 10,17 7,092
Elongation at break: 144,56 126,000 12,54 7,092
Exl%]
Young’s modulus:
E. [GP] 0,68 0,043 0,39 0,045

Table 5. Calculated values from tensile test
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Fig. 4. FFF printed UHMWPE first layer
at 100x magnification

It can be also clearly seen from the figure that
although the FFF printed samples obtained
from the tensile test showed a small elongation
at break, the failure of the material is not brittle.
For a deeper understanding of the mechanical
and morphological properties of the material,
further experiments and studies are required.

Discussion

In our research, we investigated the FFF

of UHMWPE. During our
study, we explored the validity of the topic.

printability

The favorable mechanical properties of the
material and the successful and widely spread
use in healthcare, causing the importance of
examining new processing technologies. With
FFF technology, as the novel method, we can
create customized unique geometries. This
is one of the reasons why this technology has
greatimportance. In our research, we examined
whether it is possible to process the pure
UHMWPE material with FFF technology
because of the mentioned advantages. During
the experiments, it was possible to produce li-
mited specimens made of pure UHMWPE by
optimizing the process parameters and using
a perforated plate to make physical contact
between the UHMWPE layers and the plate.

Still, it was not possible to create complex
geometries. Beyond the high processing
temperatures, the challenge was the high
shrinkage of the material and to ensure good
adhesion between the first and base plate
layers. The hardness of the test specimens was
compared to the samples of the same material

Fig. 5. Injection-molded cryogenic (I.), FFF printed cryogenic (IL.)

and FFF printed surfaces after tensile test (II1.) at 30x and 200x magnifications
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made by injection-molding, then tensile test
and electron microscopic examination were
performed. The FFF printed products showed
inferior hardness, lower strength, and modu-
lus than the injection-molded samples. SEM
pictures show that the first layer adhesion is a
critical part. The filament extrusion and also
the FFF printing itself affects the properties
of the material and the orientation of the

molecular chains. It is important for further
examinations to find out how we can minimize
shrinkage and create complex products with
appropriate dimensional accuracy. Moreover,
further measurements are required to verify if
the changed material structure and properties
are still between favorable limits to allow
the usage of FFF printed part in different
applications.
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Abstract

Background & Study Aims: Consensus is lacking regarding the optimal route and dose of
administration of Tranexamic acid (TXA) so this study was conducted to compare the efficacy
and safety of topical, oral and intravenous routes (iv) of TXA with routine hemostasis alone in
patients undergoing primary total knee arthroplasty (TKA).

Materials and methods: A prospective randomized trial was conducted in patients undergoing
primary TKA. Patients were divided into four groups of 50 each; group 1 received intraarticular
TXA, group 2 received oral TXA three hours before surgery, group 3 received IV TXA just before
tourniquet release and group 4 did not receive TXA. Post-operative drain volume (PODV), fall in
haemoglobin (Hb) level and the required amount of blood transfusion were evaluated.

Results: PODV and drop in Hb level respectively were (15890 ml and 1£0.5 g/dl) in group 1,
(328%149 ml and 1.7+07 g/dl) in group 2, (311 £151 ml and 2.1 %1 g/dl) in group 3 and (589115
mland 3.2+1.2 g/dl) in group 4. The difference in drain volume between all groups was statistically
significant except between groups 2 and 3. Transfusion requirements were significantly greater in
group 4 (p< 0001).

Conclusions: Intra-articular, oral and IV TXA were observed to be safe strategies and more
effective than tamponade effect alone to reduce drain volume and transfusion requirements after
TKA. Additionally, intra-articular TXA was better than oral or IV TXA with respect to drain
volume and post-op drop in Hb.

Keywords: total knee arthroplasty; tranexamic acid; intra-articular; oral; intravenous

Introduction

Total knee arthroplasty (TKA) is one of
the most commonly performed elective
orthopaedic procedures. Wherever indicated,
it provides significant pain relief and
improvement in the quality of life. Leg
swelling, post-operative pain and blood loss are
some of the frequent problems following TKA

which may compromise the rehabilitation
process. Considerable blood loss after TKA is
most problematic, requiring significant post-
op blood transfusion (BT) which carries a
substantial risk of both immunologic reaction
and transmission of diseases. Per-operative
blood loss is largely restricted during the
procedure by the use of a tourniquet. Post-op
blood loss accounts for a major component of
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total blood loss and most of it occurs during
the initial post-op period (24 hours).! While
the risks of non-transfusion offset those of
transfusion-related complications; associated
costs, shortage of matched blood products and
ineffectiveness of shed autologous blood re-
transfusion justify investigating efforts to find
new blood conserving methods.>3

Although tranexamic acid (TXA) has been
used for over 20 years in surgical practice as
an agent to control blood loss on account of
its fibrin clot stabilizing property; surgeons
have hesitated to use it routinely due to
insufficient evidence of its efficacy versus the
unresolved issue of possible thromboembolic
eventsh® It has also been shown to have anti-
inflammatory properties that might help in
early rehabilitation® The best mode of TXA
administration for patients undergoing TKA
is not clear” Due to safety concerns with
systemic administration of TXA, there has
been a growing interest in the intra-articular/
topical use of TXA for curtailing blood
loss in orthopaedics. Since intra-articular
instillation of TXA can directly target the
source of bleeding, it can be considered to be
a safer method of delivery while decreasing
potential systemic effects, even in hemophilic

patients.

Other drugs like carbazochrome
sodium sulfonate have been used alone or in

conjunction with TXA to good effect.”

The current study was conducted to determine
the best possible route of administration of
TXA in patients undergoing TKA to minimize
post-op blood loss.

Materials and methods

This study was carried out in our department
on two hundred patients after approval from
the institutional ethics committee [IEC/Th/17/
Ortho2 (Dated 20/3/17)]. Written informed
consent was taken from every patient before

surgery. The inclusion criteria were primary
osteoarthritis of the knee, no previous surgery
in that limb and age group of between 40 to
80 years while the exclusion criteria included
bleeding disorder, previous history of adverse
drug reaction or allergy to TXA, hepatic,
cardio-respiratory or renal insufficiency
(serum creatinine >15 mg/dl) and recent

history of thromboembolic episode.

The patients were divided into four groups of
50 each. Group 1 received 15 g intra-articular
TXA, Group 2 received 1.95 g of TXA (3 tablets
of 650 mg each) with a sip of water three hours
before incision, group 3 received 1.5 g IV TXA
just before tourniquet release while group 4
did not receive any TXA.

All  preoperative medications containing
salicylates and NSAID were stopped a week
precedingsurgery. Pre-operative haematological
investigations like Haemoglobin (Hb) and

coagulation profile were carried out in all cases.

All surgeries were done under combined
spinal-epidural anaesthesia and pneumatic
tourniquet. After thorough cleaning and
draping, exsanguination of the affected limb
was done through elevation for two minutes.

Tourniquet cuff pressure was set to 300 mmHg.

A standard medial parapatellar approach with
anterior midline incision was used in all the
cases. A posterior stabilized cemented knee
prosthesis (Stryker, USA) was used in all the
patients. No patellar resurfacing was done
in any case but was managed by osteophyte
removal and cauterization of margins all
around the patella. After achieving hemostasis,
the wound was closed in layers over a negative
suction drain. Tourniquet was deflated after
the application of pressure bandage.

In group 1, 15 g of TXA diluted in normal
saline (NS) to make 50 ml was instilled
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Group 1 (n=50) | Group2 (n=50) | Group 3 (n=50) | Group 4 (n= 50)
Age 592 +7 60.7 = 8.5 59.1 +£9.2 614 + 8.5
Female 40 (80%) 40 (80%) 36 (72%) 47 (94%)
Male 10 20%) 10 (20%) 14 (28%) 3 (6%)
Bilateral 2 (4%) 4 (8%) 0 0
Left 22 (44%) 28 (56%) 26 (52%) 22 (44%)
Right 26 (52%) 18 (36%) 24 (48%) 28 (56%)

Table 1. Age, Sex and Side descriptive

through the drain tube while in groups 2, 3
and 4, only 50 ml of NS without TXA was
used and the drain was clamped for two hours
postoperatively in all patients. The drain was
removed after 48 hours of surgery or stoppage
of the drain column whichever was later and
drain volume was noted. The Hb level at 3rd,
4th and 5th day after surgery was checked and
the least of the three values were taken into
consideration. Final drain volume and blood
transfusions were noted. BT was considered
if post-op Hb reduced to < 85 g% or drain
collection of = 500 ml (possible ongoing loss)
in the first 8-10 hours or pre to post-op Hb
drop of > 4 g%

Standard  post-op care was  provided.
Quadriceps strengthening exercises and ankle
pumps were started on the same evening.

The limb was kept elevated on a pillow. Knee

bending exercises were started as and when the
patient was comfortable. No chemoprophylaxis

for deep vein thrombosis was used.

Post-op assessment was done at 1, 2, 3 and
6 months as per the modified Hospital for
Special Surgery Knee Scoring System (HSS) !
All the patients completed the study period
and were finally evaluated at 6 months follow
up. Any adverse effect from patient admission
to final follow up was noted.

Microsoft  Excel (2019) spreadsheet and
R software for Windows (version 3.6.1) were
used. Quantitative data were presented

as mean and standard deviation whereas
qualitative data were presented as ratio and
ANOVA test was
detecting the difference between continuous

proportions. used for

variables that were normally distributed.

Group 1 Group 2

Group 3

Group 4 *p-value

Drain volume

(ml) 158 = 90

328 £ 149

311 £ 151

p <0.001
589 = 115| (All comparison significant,

except group 2 vs 3)

Table 2. Drain volume (*Kruskal Wallis Test)

5
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Group 1 Group 2 Group 3 Group 4
Pre-op Hb (g%) 11.9 £ 1.2 11.7 £ 1.2 12913 125+ 0.9
Post-op Hb (g%) 10.9 = 1.1 10 £ 1 10.8 = 1.1 93+15
Decrease in Hb (g%) 1+05 1.7+0.7 21=x1 32+12

p <0.001 (All comparisons significant except group 2 vs 3) (ANOVA test)

Table 3. Pre-op, post-op and fall in Hb

Kruskal Wallis Test was used to analyze the
drain  volume. A chi-square test was used
to check the association between qualitative
variables. The point of statistically significant
difference was considered when p < 0.05.

Results

All the four groups were comparable in
terms of age, gender distribution, body mass
index, laterality, other demographic and
clinical variables, tourniquet time and
duration of surgery (p > 0.2). Most of the

patients were female. (Table 1)

The 48
significantly lesser in all the TXA groups as

hours drain  volume  was
compared to the control group (p < 0.001).
The decrease in drain volume was more
significant in group 1 as compared to groups
2 and 3 (p < 0001). (Table 2)

The mean fall in Hb was maximum in group
4 and least in group 1. The difference was also

significant between group 1 and groups 2 and
3 (p <0.001). (Table 3)

The incidence of post-op BT was maximum
in group 4. Sixty-two patients required BT
of which 45 (73%) patients were from group
4 while 5 patients were from group 1 and 6
patients each from groups 2 and 3 (Table IV).
There was no statistical difference between the
TXA groups.

The pre-operative functional outcome scores
were comparable among all the four groups;
however, the post-op functional outcome
scores were significant between groups 1, 2 and
3 vs group 4 at Ist and 2nd-month follow-ups.
(Table 5)

While there was a significant improvement in
HSS scores at Ist and 2nd month follow up
(p < 0005), it was better in TXA groups as
compared to the control group. However, at the
time of final evaluation at 6 months, the HSS
score was comparable in all the groups.

No. of Blood units Group 1 Group 2 Group 3 Group 4
transfused (n= 50) (n= 50) (n=50) (n=50)

0 45 (90%) 44 (88%) 44 (88%) 5 (10%)

1 4 (8%) 6 (12%) 6 (12%) 28 (56%)

2 1 (2%) 0 0 17 (34%)

Chi-square, p < 0001, All comparisons significant (<0.001) except group 1 vs 2, 1 vs 3,2 vs 3 (p > 0.1)

Table 4. Requirement of blood transfusion
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ModiijziHSS Group 1 Group 2 Group 3 Group 4
Pre-op 194 +4.7 202 %5 18.7 £ 9.3 17.3 £ 4.6
1 month 50.2 £ 1.6 48.8 £ 0.7 51.6 £ 6.8 45+3
2 months 62.0 £2.9 62.2 £35 66.7 = 8.7 54+35
3 months 797 £ 4 794 6 81.6 £ 5.8 76.6 5.6
6 months 90.2 £3.5 91,5+ 33 92.7 £47 91.6+24

Table 5. Modified HSS knee score (ANOVA)

All the patients were followed up for 2 years to
ensure they did not develop complications. Three,
five, two and six patients respectively in groups 1,
2,3 & 4 were lost to followup (all after 7 months).

Discussion

Blood loss is a significant factor in peri-
op morbidity following TKA. Reducing it,
therefore, is an important objective. A variety of
measures have been advocated to minimize the
peri-op blood loss like the use of tourniquet,
intra-op hemostasis, post-op pressure bandage
and various medications.

TXA is widely used in many situations,
including trauma, to reduce blood loss and
prevent consequent morbidity and mortality.
In the recent past, TXA has also been a
subject matter of research for reducing blood
loss in joint replacement surgeries, especially
involving hip and knee. As an antifibrinolytic
drug, it counteracts the marked local
fibrinolysis associated with the release of the
tourniquet which is believed to be the reason
for reduced blood loss. There is no consensus
as yet on a universally acceptable route of
administration (intra-articular, oral or IV),

dosage or administration schedule.

Therefore, the present study on 200 patients
was conducted to identify the most effective
regimen of TXA by comparing drain loss,

post-op fall in Hb and requirement of blood
transfusion (BT) among the three mentioned
methods of administration of TXA with a
control group (no TXA). To ensure all patients
were comparable with respect to drain volume,
in group 1, 1.5 g TXA diluted in NS to make (a
volume of) 50 ml, was instilled into the knee
through the drain while 50 ml NS was instilled
in rest of the groups (oral, IV and control) to
equate the tamponade effect.

Final drain volume was 158 + 90 ml, 328 =+
149 ml, 311 = 151 ml and 589 * 115 ml in
groups 1, 2, 3 and 4 respectively. The difference
was significant between all TXA groups and
the control group (p < 0001). Moreover,
intra-articular TXA was observed to have an
advantage over oral and IV TXA routes (p
< 0001) in this regard. Similar studies using
intra-articular TXA conducted by Aggarwal et
al, Ishida et al, Paphon et al, Camerasa et al
and Jansen et al observed a mean drain volume
of 168 ml, 210 ml, 309 ml, 787 ml and 678 ml
respectively?” 1 The difference in values of
Ishida et al and Paphon et al study can be
attributed to reduced dosage strength and
volume of intra-articular TXA used (200 mg/20
ml NS and 250 mg/20 ml NS respectively as
compared to the present study where a dose of

15 g/50 ml N'S was used).B-1

In a similarly sized study, Zhang et al observed
that patients injected with intra-articular TXA
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as well as peri-articular TXA had a median
drain volume of 57 ml. This could be due to
the dual injection and longer contact period in
their study of 4 hours as well as drain removal
after just one day.”

Maniar et al reported a larger drain volume of
385 ml in their study on intra-articular TXA,
even though TXA was used in a higher dose (3
¢/ 100 ml NS) than our study (158 ml, 1.5 g & 50
ml respectively). This may be however due to
lesser contact period of the drug in their study
(applied locally on the wound surface after
cementing the implant and before tourniquet
release for a contact period of only 5 minutes).!8

Schat et al in their study observed that
following TKA only the final drain volume
(measured visible blood loss) is usually known
and this underestimates the true total loss, as
some loss is hidden.” To account for hidden
blood loss besides what was apparent in drain
volume, post-op fall in Hb was also taken
into consideration in the present study. It was
presumed that blood volume would reach pre-
op level by 3rd post-op day, even then, least
of post-op Hb level on 3rd, 4th and 5th day
was taken to further eliminate any chance of
error. The fall in Hb was maximum in group
4 while among TXA groups it was higher in
group 2 and 3 as compared to group 1 [32 =
1.2 g%, 17 = 07 g¢%,2 = 1 g% and 1 £ 05 g%
respectively| (p < 0001). As a result, there was
a minimal requirement in post-op BT in the
TXA groups following TKA. While most of the
patients in the control group met the criteria

for transfusion trigger thereby resulting in one
or more units of BT (45 out of 50 patients), the
requirement in TXA groups was negligible (17
out of 150 patients). Out of these few patients
requiring post-op BT in TXA groups, almost
all of them were on account of either one or
two-stage bilateral TKA, or due to the patient
having a pre-op Hb of 10 g%. There were no
adverse effects in any of the patients despite not
giving any DVT chemoprophylaxis.

While there was a significant improvement
in HSS scores at follow up (p < 0005), it was
better in TXA groups in the initial months as
compared to the control group, similar to the
findings of Hirose et al, probably due to its

anti-inflammatory action %2

The limitations of our study included a
relatively small sample size and no double-
blinding in the study. A further possibility
of some of the intra-articular TXA getting
absorbed into the systemic circulation cannot
be ruled out.

Conclusion

The present study confirms the effectiveness
of TXA administration by any route (intra-
articular/ oral/ IV) in the reduction of
postoperative blood loss following primary
TKA without any adverse effects. Further, it
also indicates that intra-articular TXA in the
dosage prescribed is the most effective route
of administration as compared to oral or IV
administration.
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Abstract

Purpose: No any research in literature was found to investigate the effect of pes planus on standing
balance in school-aged children. Any kind of change in the arches (height, flexibility) may increase the
possibility of a change in standing balance. The aim of present study is to determine the influence of
pes planus on the standing balance of school-aged children based on independent time-distance and
frequency based parameters.

Materials and Methods: Subjects included 177 children (105 neutral and 72 with pes planus). The parameters
were determined from the motion of the centre of pressure (COP) on a platform equipped with pressure
gauge sensors, on which the subjects were standing for 60 seconds with both feet and open eyes.

Results: When comparing the neutral and pes planus groups, none of the 17 time-distance and frequency
based parameters showed any significant difference (p=0169).

Conclusion: The results show that pes planus does not aftect significantly standing balance; the differences
(however not significant) between the two groups showed a poorer postural control in school-aged
children with pes planus. It may be compensated by the increased ML dimension of the base of support.

Keywords: standing balance, center of pressure, children, pes planus, postural control

Introduction

Foot pressure basically determines the quality
of our daily activities like working, walking and
running, since the leg is responsible for the force
which creates the motion and for supporting
the human body during standing. Keeping the
balance is a dynamic central nervous system
controlled process, which could be aftected
by visual, vestibular and various orthopaedic
lesions.! According to the definition, stand-
ing balance (or static postural control) is the
ability to keep the body ,motionless” in given
circumstances and in a given position, i.e., to
stabilize and minimize the movements of the

centre of mass (COM).2 With the help of the
inverted pendulum principle it can be proved
that during standing the movement of the
centre of mass (COM) can be characterized
properly by the movement of the foot centre
of pressure (COP).2 During standing, COP
excursions are computed from the ground
reaction forces, which provide an indication
of postural control during quiet standing.
From the two-dimensional COP coordinates
obtained in the measurement interval
numerous COP parameters can be calculated,
which can be classified into time-domain and
frequency-domain parameters. Despite the fact

that the International Society for Posture and
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Gait Research has standardised many aspects of
static stabilometry measurements in 20093
a wide variety of parameters characterizing
standing balance are still used by researchers
also in the case of children? However, an
individual with a high magnitude or velocity
of COP excursions is thought to have impaired

postural control.i*

Legs, especially the fingers and the metatarsal
area, play an important role in keeping the
balance, pronated and supinated foot structures
change the response time of the muscles
around the talo-tibial joint.>® This suggests
that any kind of change (height, flexibility) of
the arches will also increase the possibility of a
change in standing balance. The effect of foot
structure change (pes rectus and pes planus)
on standing balance is not a widely researched
area. The foot structure change effect in the
distribution of pressure on the surface of the
sole Pes planus (pronated flat-arched foot)
may be associated with excessive subtalar
joint pronation. Abnormal compensatory
foot pronation may cause passive instability
and hypermobility of the joints of the foot.>
Pes planus may therefore be unstable during
weight bearing and might impair standing

balance”

When Hertel et al® compared young subjects
with pes planus foot structures to those with
pes rectus foot structures, they did not find
any difference between the COP sway area nor
between the average COP sway velocity values.
At the same time, Cobb et al’ found significant
differences in the pes planus group in case of
anterior and posterior deformations during
standing position measurements on one leg
and with eyes closed (forefoot varus greater
than 7°), so they assumed that this group had
a poorer postural stability too. In their view,’
decreased stability associated with increased
forefoot varus may be caused by decreased
joint congruity and consequently an increased

reliance on soft tissue structures for stability.
Both studies”® classified the foot structure with
a combination of weight bearing and non-
weight bearing rearfoot and forefoot measures
which caused a great variability in COP area
and the average of the standard deviation of
the ground reaction forces in both groups.
This high variability could lead to opposite
conclusions.

Cobb et al” were confirmed by the research of
Tsai et al” and Cote et al®, because in these
research works the values in anterior-posterior
and in medial-lateral deformation and in
COP sway and average COP sway velocity
were significantly higher in the pes planus
groups than in the neutral groups. According
to Al Abdulwahab and Kahanatchu!! in case
of young adults, pes planus does not affect
standing balance since neither in the neutral
nor in the pes planus groups were there any
significant differences in COP sway velocity
and foot pressure index. Sung et al'? found
significant differences in kinetic stability index
during single leg stance, if the eyes were closed.
In our opinion, the very short measurement
times (5-15 seconds) and the standing balance
characterized by different parameters could
be behind the controversy found in literature.
This confirms too, that the sampling time
could affect the size of the parameters. A recent
study by Scoppa et al’ suggests short sampling
time (25 seconds) for COP summary measures.

1B recommended 60

However, Carpenter et a
seconds long interval time to ensure stable
standard deviation of COP parameters for
quiet standing trials when vision is available.

No any research in literature was found to
investigate the effect of pes planus on standing
balance in elementary school-aged children.
However, it would be very important because
standing balance is constantly evolving, so
it changes significantly in childhood.” The
objective of the present study is to determine

8
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the influence of pes planus on the stand-
ing balance of school-aged children during
60-seconds-long bipedal standing with open
eyes. The 60 seconds test ensures reliable use
of frequency-based parameters. Nagymaté and
Kiss"! studied many of time- distance and
frequency based parameters with correlation
analysis and variance analysis in different
standing conditions to select the independent
CoP parameters that sensitive enough to
show differences between the different stand-
ing conditions. The authors of the present
research recommended time-distance and
frequency parameters as independent CoP
parameter sets presented in Table 1. Time-
distance type parameters characterise the
COP movement by its excursions, spatial
limits and speed of the motion. The frequency
type parameters provide information of the
frequency content of the COP motion, which
is not trivial by the visual representation of
the COP stabilogram, while the effect of the
distance type parameters is rather visible. The
recommendation of independent parameters is
based on correlation and variance analysis of
the COP parameters in different stance types
and visual conditions. Since the parameters
are independent, they can help us analyse the
postural control of our subjects in different
aspects. We hypothesized that, as in young
adults, the standing balance parameters of the
pes planus group differ significantly from the
neutral group’s parameters due to increased
passive instability.

Materials and Methods
Subjects

From September 2015 to June 2016, 335 children
(192 girls and 143 boys) were screened for
the study in three state elementary schools
in Region Szolnok (Hungary). The basic
inclusion criterion for the subjects was 6-14

years of age. Conditions for exclusion included
the following: any minor orthopaedic lesion of
the lower limbs, surgery in the past 6 months,
lower injury, spine deformity

disease), bad

posture, cerebral palsy, cerebral concussion,

extremity
(scoliosis, Scheuermann’s
visual or vestibular disorder, =5 dioptres of
vision correction, inner ear infection at the
time of the examination, upper respiratory
infection, or head cold. We also excluded those
children who regularly performed exercises
which improve balancing ability at high levels
(ballet, sailing, tai chi).

In the orthopaedic examination during the
first selection, by taking into account the
inclusion and exclusion criteria, 12 children
(3 girls and 9 boys) were excluded due to mi-
nor orthopaedic lesions, surgery, or injuries, 29
children (12 girls and 17 boys) due to scoliosis
or Scheuermann’s disease, 46 children (24 girls
and 22 boys) due to bad posture, 3 boys due
to cerebral concussions, visual or vestibular
disorders, 2 boys due to £5 dioptres visual
correction and 6 children (2 girls and 4 boys)
due to the regular performance of exercises
which greatly improve balancing ability.

The research was authorized by the Research
Ethics Committee of MAV Hospital (license
number: FI/5-93/2007). The parents of the
subjects received detailed verbal and written
information in each case before they signed the
consent form. The current study conforms to
the STROBE statement for reporting of case-
control studyl®
Classification of  weight-bearing foot
structures

The remaining 237 children (151 girls, 86
boys) were divided into three groups according
to their rearfoot-to-leg angles and the medial
longitudinal arch angle which determine the
foot structure.” Tsai et al® defined the rearfoot-

9
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Parameter name

Dimension

Description

Time-distance parameters

Confidence cllipse mm? The area of the 95% confidence ellipse around the CoP trajectory
area (CE area)
Confidence ellipse . . .
. . . The ratio between the major and the minor axes of the 95% confidence
axis ratio (CE axis 1 . K > . .
ratio) cllipse that describes the shape of the CoP’s trajectory expansion.
Path length mm The length of the total CoP trajectory during the measurement.
Maximum path The filtered maximum distance between consecutive CoP points
K mm/s o .
velocity divided by the sampling interval.
The ratio of the largest CoP path expansions in the anteroposterior
. (AP) and mediolateral (ML) directions that describes the relation of the
AP-ML range ratio 1 .
largest random errors of postural control between the two anatomical
directions.
Anterior (AP_H The maximum excursions in the anterior and posterior direction
and Posterior (AP-) mm . L
. - relative to the average CoP point in the AP-ML plane
maximum deviations
. The largest continuous motion in both the AP and the ML directions,
Largest amplitude ) . . .
¢ . which are not necessarily equal to the corresponding CoP range. This
during balancing mm L . ”
parameter is similar to the sub-movement size that was defined by** for
(LA)
targeted CoP movements.
Frequency parameters
Frequency power
ratios between Provide information about the power distribution of postural sway in
low-medium and ) the frequency domain. The defined limits of the compared frequency
medium-high bands are low- (0-0.3 Hz) medium- (0.3-1 Hz) and high frequency
frequency bands (1-5 Hz) bands.?
(LMR, MHR)
A weighted average frequency where fj frequency components are
weighted by their Pj power. M is the number of frequency bins. MPF is
Mean power . . .
Hz calculated as proposed by Oskoei and Hu 24, according to the following
frequency (MPF) cquation: e o
1 * MPF = YL f;P;/3}1 P;
Spectral G The ratio of the total spectral power in the AP direction and the total
(gli;{;a power rato 1 spectral power in the ML direction. SPR characterizes the rate of power
distribution of postural sway frequencies in the AP/ML directions.
Other
Shows the difference in the weight load on the lower limbs. This
Load distribution % parameter is not derived from CoP motion, but it is used by the original
(9

difference (LDD)

Zebris WinPDMS software together with the CoP parameters and
proven to be very useful in biomechanical analyses.”

Table 1. Studied parameters
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to-leg angle as “the acute angle between
the bisecting line of the calcaneus and the
bisecting line of the distal one third of the
leg”. They defined the medial longitudinal
arch angle as “the obtuse angle between the
line connecting the medial malleolus and
navicular tuberosity, and the line connecting
the navicular tuberosity and the most medial
aspect of the first metatarsal head”. The
children in the neutral foot type group had
rearfoot-to-leg angle between 3° and 9° and
medial longitudinal arch angle between 134°
and 150°7 In the pes planus (pronated) foot
type group the children had rearfoot-to-leg
angle greater than 9° and medial longitudinal
arch angles less than 134°.% The third foot type
group contained children with rearfoot-to-leg
angle less than 3° and medial longitudinal arch
angles greater than 150°.

Standardization of the effect of a supinated
foot structure was not in the scope of the
study, therefore 28 children (20 girls, 8 boys)
was excluded. Children with asymmetric foot
structure (15 girls, 17 boys) were also excluded
from the study. No children was found with
rigidly pronated feet, which lesion was verified
by the method of Tsai et al.? In the end, two
groups — one with 105 children (84 girls, 21
boys) with neutral foot type and another 72
children (32 girls, 40 boys) with pes planus
(pronated, flat arched) foot type — were formed.

Measurement method

Standing balance measurements were carried
out with a Zebris FDM-S multifunctional
(320 mm x 470 mm measuring surface with
1504 pcs. load cells) (ZEBRIS GmbH, Isny,
Germany) at the Biomechanical Laboratory of
MAV Hospital (Szolnok, Hungary). Vertical
force distribution data was recorded by the
Zebris WinPDMS processing software (v1.2)
at 100 Hz.

Each subject performed 60-second trials of
barefoot bipedal stance with open eyes in light
of day. During these measurements the subjects
were in a bipedal natural standing position with
a distance between the two ankle joint centres
equal to the distance between the right and left
anterior superior iliac spines. Both limbs were
in full knee extension, heels were aligned in a
line, feet were parallel and faced forward and
arms were resting by the sides. The subjects
focused on a black mark placed approximately
3 m away at eye level on a white wall in front
of them. Correct feet placements had to be
held throughout the examinations because
changes thereof could affect stabilometry

parameters.l7

Every subject was asked to
perform the required 60-second bipedal stand-
ing as motionlessly as possible. Subjects were
given 1 practice and 1 test trial, with 1-minute
rest periods between the consecutive trials. The
trials were accepted only when the subjects
maintained the required position for a mini-
mum of 60 consecutive seconds. If they were
not able not keep balance, they could repeat the
measurements once more. If they could not
succeed, they were excluded from the study.
The 60 second long measuring ensures the
calculation of frequency-type parameters’
and the difference could be easier detected
during the 60 seconds-long bipedal standing

with open eyes.
Calculated parameters

Further data processing and COP parameter
calculations were carried out on exported raw
measurement data in a custom application
written in LabVIEW v2013 (National Inst-
ruments Inc., Austin, Texas). The calculated
instantaneous COP coordinates were filtered
with a Butterworth low-pass digital filter with
a cut-off frequency of 10 Hz as recommended
by Ruhe et al.® From the COP position signals,
a power spectrum was obtained using the Fast
Fourier Transformation (FFT) with Hanning

I
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filtering window as recommended by Ruhe et
al’® Seventeen time-distance and frequency
based parameters were calculated from COP
position, which are recommended as indented

14,15

parameters in,” "> summarized in Table 1.

Data analysis

To analyse the impact of the pes planus, the
average and standard deviation of the selected
parameters were calculated for both groups as
basic statistical features. Comparison of the
two groups was carried out by a Student’s t-test
confirmed by F-tests to test the homogeneity
of variance of the comparable parameters. The
level of significance was set to 0.05.

Results

The characteristics of the subjects in the two
(neutral and pes planus) foot structure groups
are shown in Table 2. Anthropometric data
(age, height, weight) did not differ significantly,
whereas the two parameters describing the foot
structure (rearfoot-to-leg angle and medial
longitudinal arch angle) differed significantly
in the two groups.

All subjects (105) in the neutral group were
able to perform the 60-seconds-long bipedal
open eyed standing at first time, whereas the
test had to be repeated due to loss of balance

in the case of 9 out of 75 children of the pes
planus group, but nobody was excluded.

The statistics have been performed after
excluding 8 outlier from the neutral group
and 7 from the pes planus group. The average
and standard values of the selected parameters
in both groups are shown in Table 3. Many
parameters show relatively large SD values
compared to the mean value, however in most
cases they do not differ between the two groups
The F-test only shows significant difference
in the standard deviations in the ML MHR
parameter (p<001). According to the t-test no
parameters show significant differences in the
mean between the normal and the pes planus
groups. This means that the postural control
in the school aged children is not influenced
by pes planus.

Discussion

The averages and standard deviations of the 17
independent parameters which characterize
the balancing ability of 105 children (84 girls,
21 boys) with a neutral foot type and 72
children (32 girls, 40 boys) with pes planus
(pronated, flat arched) are shown in Table 3.
According to our knowledge, this is the first
article about standing balance analysed with
distance, time and frequency based parameters
calculated from the results of 60-seconds-long

neutral group pes planus (pronated) group
N=105 N=72
(84 girls, 21 boys) (32 gitls, 40 boys)
age (years) range: 6-14 range: 6-14
weight (kg) 48.5+14.88 48.3+14.59
height (m) 1.53+0.13 1.54%0.10
left 5.5%+1.6 12.3%1.6
rearfoot-to-leg angle (deg) - 10 5.6=1.8 11.9+17
medial longitudinal arch | left 146.1£1.9 129.1£2.1
angle (deg) right 145.6+2.1 129.9+2.2

Table 2. Data of the subjects. Values are mean * SD unless otherwise indicated
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measurements at children with neutral and
with pes planus foot type. It means, there were
no reference values for many examined time-
distance and frequency-based parameters;
because those parameters were calculated from

only 30-seconds-long measurements.!

Table 3 shows that many averaged parameters
have relatively large SD values. This is due
to the intra-subject variability of these COP
measures.” Papers dealing with the reliability
of these parameters reported similarly large
relative SD values together with high reliability
of the parameters described by Intraclass
Correlation Coefficient (ICC).” For instance,
Laroche et al”® among many similarly behaving
parameter reported 543 mm (95% Confidence
interval: 186-900 mm) for COP path length
with high reliability of ICC = 0.85. The inter-

subject variability of both groups are similar
(see F-test values in Table 2). In our opinion
the higher deviation values compared to the
mean values could be caused by the differences
in the children’s neurological maturity.? The
parameters of balancing ability vary with age,”
so the wide range of age (6 to 14 years) of the
subjects can cause high SD values. In the
neutral group (Table 2) the maximum velocity,
the 95% CE Area® and the path length?! are
in good agreement with the results in young
subjects presented in literature.

The aim of the present study was to investigate
whether pes planus changes standing balance.
By studying the literature, it can be stated that
standing balance measurements in children
with pes planus foot structure have not been

performed yet. We hypothesized that the

neutral group (pr(?risltggngrsoup mean F-test Lt
N=105 N=72 difference p p
95% CE axis ratio 1.7 £ 0.571 1.691 = 0.476 0.010 0.104 0.905
95% CE area (mm2) | 262.466 % 183.086 | 244.705 * 186.087 17.761 0.871 0.530
Path length (mm) 855.542 + 254.855 | 854.788 *+ 222.625 0.754 0.225 0.984
Max velocity (mm/s) 115.359 * 50.955 | 117.106 * 56.328 1.747 0.349 0.830
AP-ML range ratio 1.262 * 0.486 1.322 = 0.501 0.060 0.765 0.427
LDD (%) 6.202 * 5.146 7.19 £ 5912 0.988 0.196 0.239
AP LA (mm) 28.522 + 13.076 25.952 + 10.656 2.570 0.067 0.169
ML LA (mm) 24.577 = 10.888 23.692 * 12.023 0.885 0.354 0.611
A max.dev (mm) 26.59 * 11.072 25.068 * 11.071 1.522 0.990 0.370
P max.dev (mm) 26.648 = 11.36| 26.723 * 12.438 0.074 0.396 0.967
AP MPF (Hz) 0.147 = 0.058 0.155 = 0.063 0.008 0.446 0.404
ML MPF (Hz) 0.192 = 0.074 0.191 = 0.071 0.001 0.661 0.933
SPR 2.005 = 1.521 2.001 £ 1.762 0.005 0.171 0.985
AP LMR 11.333 = 9.557 9.868 = 8.605 1.464 0.347 0.299
AP MHR 11.978 + 6.308 11.994 + 7.386 0.017 0.142 0.987
ML LMR 6.79 = 5.962 5.912 = 5.144 0.878 0.186 0.311
ML MHR 11.455 + 4.85 13.297 + 8.329 1.842 < 0.010 0.094

Table 3. Statistical comparison of the neutral and pes planus groups’ standing balance based on COP

parameters. Values are mean * SD unless otherwise indicated.

CE: confidence ellipse, AP: anteroposterior, ML: mediolateral, LDD: load distribution difterence
between legs, LA: largest amplitude, A: anterior, P: posterior, max dev: maximum deviation, MPF: mean
power frequency, SPR: spectral power ratio, LMR: low-medium band power ratio MHR: medium-high
frequency band power ratio
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children with pes planus foot structures would
have had significant poorer standing balance
than children with neutral feet, because of
reduced stability in the foot joints” Based on
the results of 17 independent parameters, the
standing balance of children with pes planus is
poorer compared to children with neutral feet,
however no significant difference was found
between the two groups at any parameter
(p=0.169 (Table 2). It means, our hypothesis
could not be justified.

The differences (however not significant)
between the two groups (Table 3) showed
that school-aged children with pes planus
could have a poorer postural control, which
may be compensated by the increased ML
dimension of the base of support coincided
with foot pronation. The advantage of
increased ML dimension of the base of
support is strengthened by the decreased
largest amplitude in direction ML (ML LA)
and by the decreased mean power frequency
in ML direction (ML MPF) in subjects with
pes planus compared to neutral group (Table
3). It can be assumed that children’s flexible
foot structure and increased ML dimension of
the base of support are suitable for correction,
during the longer measurement time (60
seconds). It means that the different balancing
mechanism of young adults has not developed
in children yet. The open eyes and bipedal
stance could contribute to the compensatory
mechanism too. They could be the reason why
no significant differences were found in any of
the 17 independent parameters.

Controversial results were found comparing
standing balance in young adults with pes
planus and neutral foot structures. Hertel et
al® did not find significant differences even in

the case of single leg measurements in COP
area and COP speed parameters, which was
confirmed by the research of Abdulwahab and
Kahanatchu!! The results are strengthened
by the research of Sung et al,'> because they
did not find significant differences in kinetic
stability index during single leg stance with
open eyes. Cobb et al,” Cote et al® and Tsai et
al’ found contradictory results, but the features
of the standing balance were produced with
very short, 5-10-15 second long, one-legged,
open and closed eyed measurements.

The limit of study was the fact that the
examinations were not performed during
single leg stance with open and closed eyes as
well as during bipedal stance with closed eyes
due to accident prevention considerations.

The present study is unique because the
values of the parameters characterizing stand-
ing balance were determined according to
various criteria in a large number of children
with pes planus (79 children) and of neutral
foot structures (105 children). Based on the
statistical analysis of the results (Table 3), pes
planus does not affect significantly standing
balance because none of the 17 parameters
show any significant difference (p=0.169).

The differences (however not significant)
between the two groups (Table 3) showed that
school-aged children with pes planus could
have a poorer postural control. Structural
changes in the foot did not yet significantly
appear in the parameters which describe the
balancing ability, however the results of these
studies could be highlighted that the pronated
foot in elementary school-aged children may
be appropriate special clinical improve (special
shoe wear, physiotherapy) to improve postural
control.
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