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KOSzZONTO

Borbas Lajos
a Magyar Biomechanikai Tarsasag elndke

Immar 6tédik alkalommal rendezzik Magyarorszagon konferenciankat a Biomechanika
targykorében.

Az életminéség javitasa az orvos tarsadalom szamara eskiijikben megfogalmazott alapvetés,
amely a 21. szazadban, a korszerd muszaki ismeretek alkalmazasa nélkil megvaldsithatatlan
célkitizés.

Kutatok és fejleszték a mérnokok és orvosok taboraban azért dolgoznak, hogy élhet6bbé tegyck a
betegek mindennapjait, segitséget nydjtsanak abban, hogy javitsak életminéséguket, konnyebbé
tegyék mindennapjaikat, egyben reményt adjanak egy ¢lhet6bb vilag elérésé¢hez. Ebben a
tekintetben a biomechanika napjaink megkertilhetetlen tudomanyaga, amely az inter,- ¢és
multidiszciplinaritas elvén épit Ggy az orvosi, bioldgiai, mind a mérnoki tudomanyok ismereteinek
¢és eredményeinek human gyogyaszati felhasznalasara.

A biomechanika targykére nem pusztin mechanikai szemléletet takar, magaban foglalja
mindazokat a torekvéseket, eljarasokat és gondolkodémodot, ami hozzasegiti a potencialis
raszorultakat életviteliik konnyitéséhez, egyszersmind reményt ad a ma még megoldatlannak tiné
orvos-bioldgiai kérdések jovébeni megoldasara.

Jelen rendezvénylink mind az orvosok, mind a mérnékok szemszogébdl arra térekszik, hogy
bemutassa tudomanyteriiletének legujabb eljarasait, megoldasait és elképzeléseit, elGrevetitve egy
¢lhetSbb, reménytelibb élet megvaldsitasat.

Tudomanytertletink meghatarozé személyiségei j6l  korilhatarolt iskolakhoz kothetdk,
melyekben az egyik legfontosabb feladat az utanpodtlas nevelése, a fiatal oktatok, kutatok
munkdinak megismertetése a széles tudomanyos kozvéleménnyel. Ebben a tekintetben
kifejezetten jelentésnek érzem, hogy rendezvénylink résztvevéinek tobbsége fiatal, Ph.D.
hallgato, ill. nemrégen végzett orvos, vagy mérnok doktor. Jelen rendezvénylink lehetéséget
biztosit munkajuk széles koézvéleménnyel valé megismertetésre, ami hozzasegit eredményeik
lehet6ség szerinti leggyorsabb megvalositasra.

Konferenciank szervezéinek els6dleges célja mindezek alapjan nem lehet mas, mint rendszeres
férumot biztositani az orvosok, mérnokok, a szakmaban dolgozé szakalkalmazottak szamara
eljarasaik, kutatasi eredményeik bemutatasara, annak érdekében, hogy azok minél el6bbi
bevezetésre keriilhessenek a human gyogyaszat legkiilonb6z6bb teriiletein.
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Abstract

Objectives

The purpose of the research is the automatic processing and analysis of high-amount (neatly
1500) and high-resolution synchrotron based tomography images of mammalian cerebral cortical
tissues. The objective was to acquire quantitative data allowing future blood flow modeling based
on the structure of cerebral vessel network. The brain samples were processed with histological
method compatible with synchrotron x-ray microtomography. The method developed performs
automated extraction of the relevant parameters of the vessel network on a standard personal

computer using previously set parameters.

Method

The method implemented on the image series performs automatic segmentation by using
determined intensity values. The procedure finds the boundary of the vessels and provides
quantitative measures of the segments, and it also creates the topology of the vessel network.

Results

Our method produces topologically correct network of continuous, branching micro blood
vessels of the sample studied. We present multiple options for the visualization of the detected
vessels. The data structure also contains the statistics of each detected cross-section, in addition
with the numerical quality statistics of the continuous vessel branches (e. g. vessel length or mean
diameter). The algorithm resulted in highly accurate fitting at micrometer geometric resolution.

Conclusion

The reconstructed vessel network is the geometrically accurate description of the blood vessels in
the tissue. The data acquired could be the base of a blood vessel surface reconstruction, and by
adding physiological information it could be used for simulations in normal and pathological
conditions (e. g. arteriosclerosis). The precise vascular geometry and the distance distribution
provides information about the barely understood neurovascular coupling, which is the basis of
such modern diagnostic and research tools as the fMRI. After analyzing samples from multiple
species or brain regions the difference could be determined objectively.

Introduction

To understand brain functioning, we have to know precisely the inner structure of the cerebral
tissue, the connection network of the blood vessels and the neurons.'” The conventional method

of medical imagery is to analyze the tissues (after special pretreatment) with the use of optical- or
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electron microscope depending on the object of examination. Traditional microscopic methods
cannot detect overlapping structures which are small relative to the thickness of the tissue.
Therefore the tissue must be cut for ultra-thin slices, and each thin section be analyzed separately.
If vessels are the object of research the slices should be 1-2 pm thick, but in case of dendrites 50-
70 nm thin sections must be cut,” but sometimes even 15-40 nm thin cuts are needed.® This
process is extremely labor-intensive and inefficient, and as the sample is sliced, it can’t be used
for other analyses. X-ray micro tomography enables non-destructive tests on the tissue samples.
Computer tomography (CT) creates series of projections with the radioscopy of the rotated
sample; hence CT enables thorough introspection inside the examined material. By analyzing
tissues using this method, after special pretreatment, various objects or materials could be
detected in a sample.”® This article presents the process of an image series, showing and
discussing the results.

The purpose of this study is to detect the micro blood vessels of the cerebral cortex of
mammalian species on series of microtomographic images, and to acquire information from the

image data in order to create a geometrically accurate vessel network.

Materials

X-ray micro-tomography images were obtained from samples of the mammalian cerebral cortex.
The present study is focused on the examination of the rat cortical tissue. Animals were treated in
accordance with the Guide for the Care and Use of Laboratory Animals (National Research
Council 1996), European Directive 86/609 and the guidelines of the local institutional animal
care and use committee. Histological pre-treatment was started with transcardial perfusion of an
aldehyde solution to preserve brain structure. Blocks including the region of interest were
removed from the fixed brain and sections were cut at 20-60 pm thickness, then washed and
stained. In our case the sections were stained with phosphotungstic acid (PTA), which enhances
the contrast of the tissue by binding to proteins and nucleotides. Consequently, the lumen of the
blood vessels remained unstained in the background of the labeled tissue. The following step was
the dehydration, before embedding into resin. Embedded tissues can be further cut into very
thin, so called ultra-thin sections. Using a micropunch tool we cut a cylinder-shaped sample from
the embedded section with dimensions of 500 um in diameter and 60 um in height.”

The samples were imaged at the Swiss Light Source (SLS) at the Paul Scherrer Institute in
Switzerland, in a third-generation synchrotron light source, which provides photon beams of high
brightness. The X-ray tomography images were created with a beamline, called TOMCAT
(TOmographic Microscopy and Coherent rAdiology experimenTs), which is a special
experimental instrument of the SLS. The samples were analyzed by a monochromatic beam with
10keV energy using the TOMCAT application, which is designed to rotate the samples therefore
to provide three-dimensional data .” By the rotation of the sample holder 1401 X-ray tomography
images were captured about one sample with the dimension of 2048x1356 pixels. The nominal
pixel size of the images is 0.38 um, which provides high-resolution images of the sample. They
were transformed into 2048%2048 pixel wide cross-section images using inverse Radon-
transformation (Figure 7). Because the sample is transparent to the X-ray radiation (although
anisotropically as the result of PTA staining) raw images include information of the whole sample
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from different rotation angles. Radon-transformation, which needs powerful computational
resources, is used to create series of digital cross sections of the sample, similar to that seen in
regular CT examinations. Our methods are designed for simple personal computers and so this
transformation optimizes the input data, without the loss of valuable information.

250 micrometer

Figure 1. A single image after inverse Radon transformation

Method

Detection of the vessels

The images are of high-resolution, the color depth is 16-bit, so because of the huge data amount
it is hard to work with the whole series of a block on a standard personal computer. Our method
analyzes each image in the series one-by-one and creates the segments of the vessels. To reduce
processing time the sample was segmented from the image, with an algorithm that finds the
bounding box of the sample’s cross section on each image, and trims out the union of the
bounding boxes from the images. This reduced the image size from 2048x2048 to 859x1096
pixels resulting considerable less process time and memory consumption. The algorithm was
written in MATLAB.

To reconstruct a blood vessel model, we have to find the vessels first. The vessels' cross-sections
were segmented using a threshold value, and were saved in a stacked image format, where a layer
was created for each projection as a binary image. The threshold values were determined using
the Java-based, open source image processing software Image] .” Using this software the image
series could be loaded into one group and the threshold of the blood vessels could be determined
with the stack histogram of the image group. The segmented image of Figure 1 is shown in Figure
2. During the segmentation false regions were also detected e. g. interior noisy blobs or tissue
shreds on the outer surface of the sample. The surface of the sample is rough because the
sampling method can’t provide perfect cylinder-shaped blocks due to the soft and ductile
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biological material. As part of the procedure the sampling was repeated digitally to eliminate the

shreds on the tissue’s periphery.'’
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Figure 2. Segmented vessel regions of Figure 1

After the digital punch approach statistical data was gathered about the detected regions. By this
process the centroids' coordinates of the detected vessel cross-sections were collected with the
matching area parameter, semi-major and semi-minor axis length, the orientation of the major
axis and the pixels composing the region’s boundary. The statistics of each region were stored
uniquely labeled.

After obtaining this information about the regions, the transformed digital images are not
required any more in the object reconstruction process, since each region could be represented
by the coordinates of its centroid and the collected data. Using this method there is no more
need for the original image series during the analysis, the data is stored in a tabular format, and it

is much easier to work with the derived results.

Reconstruction of the vessels

The reconstruction of the blood vessel network was designed as a pipe-work composed by
connected, ungula-shaped elements. The ungulas consist of two parallel, circle-shaped planes, and
a surface which connects them. The radiuses of the two planes are usually different, and they are
derived from the statistics of the detected regions with the centroids’ coordinates. To reconstruct
the vessel network first the connection has to be established between the discrete elements. This
was carried out with an additional identification number. Each region was projected to the image
below, and the regions near by the projected centroid were analyzed. If the projected centroid
was inside another region the two detected element were joint and both got the same
identification number (linking step). If there was no connecting element on the image below, the
region got a new identification number. Each region was identified using this method. In case of
a bifurcation, the cross-section of the blood vessels has amorphous shape and the statistics about
major/minor axis lengths do not describe the geometry of the vessels. These cases must be
handled separately, therefore bifurcation detection algorithm was developed. Double
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identification were initiated (a) to enable separate vessel segment handling and (b) to manage
them in a complex representation. This method is shown in Figure 3.
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Figure 3. The double element identification: color-code represents unique identifiers for complex
structures (left) and separate vessel segments (right)

To reconstruct a blood vessel, the semi-minor axis length and the coordinate of the centroid were
used from the statistics of the detected regions. Our method conceives blood vessels as tubular
objects. The captured synchrotron images aren't usually perpendicular to vessel axis, so the shape
of the section boundaries differs from circle. One can prove, that the semi-minor axis length is
the invariant feature which can be taken as the vessels’ radius, even if the vessel crosses the image
plane almost horizontally. This is shown in Figure 4 where A is the horizontal plane, B is the tilted
cross-section, and R means the radius of the vessel.

Figure 4. Horizontal and tilted cross-section of a cylinder

Examining the density of vascular structures

The reconstructed vessel network presented before, enables vascularity analysis. For this the
volume of the sample was divided into voxels, and for each voxel the Euclidian distance was
calculated to every detected vessel. The minimum of the calculated distances was stored in a
three-dimensional array form and to visualize the result, a color tone was attached to each
computed distance. Using this method the vascularity of the tissue could be examined in different
resolutions, and in every cross-section (in arbitrary directions). Three perpendicular cross-
sections are shown in Figure 5, where the voxel size 1s 0.76umX0.76pum>0.76pum, 200x200x200
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voxels are represented. The gray scale shows the normalized distance from the vessels in the

examined part of the tissue and the yellow color shows the vessels.
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Figure 5. Vascularity in the tissue

Results & Discussion

The raw data were transformed into two dimensional images, which could be handled easily by a

standard personal computer. The images were segmented and statistics were gathered from the

cross-sections of the vessels. The topology of the vessel network was built based on the derived

statistical data. The collected data were stored in a structured format to handle each vessel

separately. The quality measure of the examined sample is shown in Table 1.

Number of detected vessel cross-sections: 12 209
Number of detected separate vessels: 2390
Number of elements in the longest vessel: 271

Mean number of vessel elements: 5.11
Global length of detected vessels: 463942 pm
Length of the longest vessel: 10298 um
Mean length of the vessels: 1.94 pm
Diameter of the greatest vessel: 43.76  um
Mean diameter of the vessels: 402 um
Volume of the examined sample: 8082723.82 um?
Total vessel volume: 58 818.57 um?
Tissue supply (blood supply of the sample per vessel unit) 174218 pm3/ um

Table 1. Basic statistics of the analyzed sample

Using the acquired statistics data, the blood vessels could be visualized. Vessels composed from

more than nine elements, are plotted using the ungula-based model in Figure 6.
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Figure 6. Model of the vessel network using ungula elements

In Figure 7 spheres were plotted instead of ungulas to the centroids with the adherent semi-minor

axis length as the radius of the sphere. Significantly larger spheres indicate vessel bifurcations.

=

Figure 7. Model of vessel network using sphere clements

Conclusion

Our method produces the object-model of the micro blood vessel network inside cerebral
cortical samples using synchrotron-based tomography. The algorithm detects the vessel sections
on two-dimensional tomography images and finds the connection between the separate elements.
The algorithm could be used to visualize the micro blood vessels inside the sample, to derive
quality measures or to perform quantitative analysis on the vessels. The method needs minimal
pre-processing on the biological tissues, and it could provide enough information for the object
reconstruction including vessel surface network. An important modification of the present study
as compared to previous studies” is that the vessels were not directly stained with contrast agents.
The efficacy of perfusing the vascular system with barium-sulfate (standard contrast agent in x-
ray examination) or other contrast solutions® is unknown. Here we enhanced the contrast by a

non-specific staining of the tissue (proteins and nucleic acids), which leaves the vessel lumen
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completely transparent. Consequently, our procedure is free of labeling artifacts. The data

acquired could be the base of a blood vessel surface reconstruction, and by adding physiological

information it could be used for simulations of normal and pathological conditions (e. g.

arteriosclerosis). After analyzing samples from multiple species the difference could be

determined automatically by the statistics of the tissues.
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Abstract

The prevalence of venous diseases in Europe is 25.2%. According to studies of the University of
Bonn this number can be as high as 90%. Optimistic estimates suggest this number to be 27.5%
in Hungary, 21.5% in Germany. Treatment costs of varicosis and its complications are covered
by 2% of the annual healthcare expenditure in Western countries. Chronic venous insufficiency
(CVI, or chronic venous disease, CVD) affects 1.7% of European population, and can lead to
venous ulcers. In Hungary 0.5-1% of the population suffers from venous ulcers, which is a result
of primary or secondary varicosity.

Although an increasing number of modern wound dressings have appeared during the last
decade, the treatment of ulcerous wounds in necrotic and exudative phases requires additional
methods, either conventional or surgical. Infrared light is used to discover pathologic veins.
Beside sclerotherapy and surgical treatment external and internal (so called intraluminal) methods
are used. Leg ulcers of venous origin in various phases can be cleaned with ultrasound devices,
vacuum therapy or high pressure water. Hyperbaric oxygen treatment, keratinocytes, magnetic
treatment, laser wound care and skin transplantation can be used as adjuvant.

Authors present the aforementioned procedures with examples. New devices and methods help

to reduce healing time and to avoid amputation in cases that are often considered hopeless.

Technical advancement and modern wound dressings permit successful treatment and healing of
wounds that earlier were untreatable, however monetary shortage and the current status of
healthcare.

Keywords: chronic wound, venous leg ulcer, treatment, wound care technologies.

Introduction

The prevalence of venous diseases in Europe is 25.2%. According to studies of the University of
Bonn this number can be as high as 90%. Optimistic estimates suggest this number to be 27.5%
in Hungary, 21.5% in Germany. Treatment costs of varicosity and its complications are covered
by 2% of the annual healthcare expenditure in Western countries. Chronic venous insufficiency
(CVI, or chronic venous disease, CVD) affects 1.7% of European population, and can lead to
venous ulcers. In Hungary 0.5-1% of the population suffers from venous ulcers, which is a result
of primary or secondary varicosity.

In Hungary the majority is leg ulcers is detected in population around 70 years of age. Female-

male ratio is 3:1. It is unfortunate that only 29% of patients reports for treatment. The situation is
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much direr for diabetic patients. in 2003 the number of diabetes patients was 194 million
worldwide, 5.1% of population. The predicted number of patients for 2025 is 333 million, 6.3%
of population. In people suffering from diabetes wounds form 40 times more often, than in
healthy population. Micro- and macroangiopathic complications reduce life expectancy by 6-10
years. 50% of the total of 5,000 non-traumatic amputations are performed on diabetics. During
the first year after amputation 10% of patients die, in the fifth year mortality is 70%.

Another category is the wounds that appear in connection with various types of peripheral artery
occlusive disease.

If treatment of wounds of leg ulcers is started immediately after their formation, healing chances
are far better, than treatments started at a later phase. This paper focuses on treatment equipment
and methods of previously untreated wounds, with the threat of amputation.

Method

Ulcers are classified according to Wagner' (Table 7). This primary classification is the basis of
selecting treatment method and the type of wound dressing.

Grade 1 No ulcer in a high risk foot.

Grade 1 Superficial ulcer involving the full skin thickness, but not underlying tissues.

Grade 2 Deep ulcer, penetrating down to ligaments and muscle, but no bone
involvement or abscess formation.

Grade 3 Deep ulcer with cellulitis or abscess formation, often with osteomyelitis.

Grade 4 Localized gangrene.

Grade 5 Extensive gangrene involving the whole foot.

Table 1. Wagner’s Foot Ulcer Grading System!

General principles concerning chronic wounds are as follows

e wounds are considered septic and treated accordingly

e treatment principle depends of stage

e wounds are kept open

e modern wound treatment is based on bacteriological tests

e alginates, silver-containing ointment dressings, hydrocolloids and hydrogels are used to
keep wounds moist

e wound surroundings have to be protected, however iodine, mercurochrome (merbromin)
and antiseptic wound powders have to be avoided

e Joad relief

Phases of chronic wounds are necrotic, exudative, granulation, and ephitelisation. Description
and treatment are summarized in Table 2.

Wound debridement devices working along various physical principles are used in exudative
phase. Exudative or infected phase wounds are painful and tender, have ample purulent exudates
on the wound base, redness, warmth and induration appears in adjacent tissues. Exudative
wounds need to be cleaned to the basis, resulting in a bleeding fresh wound. Then as in acute

wounds, wound healing can commence.
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Phase Treatment Dressing
necrotic necrectomy, debridement washing with disinfectants
mechanic alginate
surgical active carbon compresses
enzymatic enzymatic dressings
protection of peri-ulcer area hydrogel
absorbents
daily dressing change
exudative mechanic washing with disinfectants
surgical alginate
hydrosurgical cleaning active carbon compresses
ultrasound assisted cleaning enzymatic dressings
enzymatic absorbents
negative pressure wound therapy silver nanoparticles
protection of peri-ulcer area daily dressing change
granulation | protection of peri-ulcer area hydrogel
dressing change every 2-3 days hydrocolloid
impregnated compresses
absorbents
ephitelisation | dressing change every 3-4 days hydrogel
impregnated compresses

Table 2. Phases of chronic ulcers

Hydrosurgical wound debridement
Hydrosurgery means the use of high speed concentrated fluid flow instead of traditional
mechanical devices. Necrotic tissue, bacteria and other contamination can be removed with high

precision, while creating a smooth wound bedand preserving as much viable tissue as possible.

Smith & Nephew's Versajet Hydrosurgery System (Figure 1), winner of the Wall Street Journal’s

2006 Technology Innovation Award was tested in ulcer patients, details are presented later in

Results.

Figure 1. Versajet Hydrosurgery System?

VersaJet’s operating principle is the Venturi effect. A high velocity sterile saline stream jets across
the operating window, where Venturi effects creates a localized vacuum. This is how removed
tissue is simultaneously aspirated from the site. Various settings allow the use of a device for
controlling the amount of removed tissue, e.g. at low power levels, it is almost like a vacuum-
omly cleaner, which removes little or no tissue. With the increase of power tissue ablation

increases, too, so tissues with harder consistency get removed.
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Ultrasonic Assisted Wound Treatment (UAW)
UAW is a non-invasive method using ultrasound energy combined with irrigation solution to
clean wounds and promote wound healing.

S6ring’s ultrasonic assisted wound treatment system > (Figure 3) was tested in ulcer patients,
details are presented later in Results.

Figure 2. S6ring Ultrasonic Assisted Wound Treatment System?

The ultrasound generating device is connected to a handpiece that applies 25 kHz low-frequency
ultrasound directly to the wound surface with simultaneous saline flow that acts a coupling
medium, coolant and wound lavage. The handpiece have three interchangeable tips for different
wound surfaces (flat, concave and convex).

Wound debridement is performed via mechanical and cavitational processes with simultaneous
intensive flushing of the wound. Necrotic tissue, cell debris, fibrin layer and bacteria are flushed
from the wound while healthy granulation tissue is preserved and microvascular circulation is
promoted. The method does not destroy granulation tissue, blood vessels, or nerves due to their
higher tensile strength.

Other wound treatment methods

Other promising treatment methods, which hopefully will be widely available in the near future,
are hyperbaric oxygen treatment, Bemer magnetotherapy, and various methods of skin
replacement. These methods require adequate wound cleaning, and their main purpose is to be
adjuvant to the definite therapy.

The importance of modern wound dressings

Phase-specific wound management of venous leg ulcer needs different types of wound dressings.
Quite a number of manufacturers produce such dressings. Alginates, silver-ions, active carbon,
hydrocolloids and hydrogels are the most used in wound treatment; however the emphasis has to
be placed on wound debridement, preferably with the use of previously mentioned methods, to
retain as much of viable tissue as possible.

Results

The results presented below are direct experience of the first author. One of the patients whose
case is presented here had a spontaneous varix rupture (left side of Figure 3), which was followed
by skin necrosis. Necrosis progressed rapidly already on the next day (right side of Figure 3).
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Figure 3. Spontaneous varix rupture and progressive skin necrosis on the next day

>

Angiography showed a severely narrowed and occluded major blood vessel (Figure 4).

i
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Blood thinning by LMWH treatment had been commenced and the wound was cleaned with
Versajet (Fzgure 5). Wound base was a little bit bloody the next day; however on the third day
granulation phase already begun.

Later on Reverdin-grafting was performed (Figure 6). During the whole duration of treatment
appropriately chosen modern wound dressings were applied (Figure 6).

Figure 5. Hydrosurgical wound debridement with Figure 6. Reverdin-grafting and the use of
Versa]et modern wound dressings
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Figure 7. Results of Reverdin-grafting after one month

The second patient, whose case is presented had been given an appointment for urgent
amputation, because of the consequences of an infection. Snapshots from the treatment are
shown in Figure 8.

Figure 8. Instead of amputation wound was systematically treated with modern
debridement methods and dressings
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Conclusion

Modern wound cleaning methods have proven their grounds, as one can see in the presented
cases. Even in situations considered hopeless and untreatable by conventional wound
management, amputation being the only possible outcome; hydrosurgical and ultrasonic wound
cleaning together with modern wound dressings helped to save the limb and quality of life.
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Abstract

The procedure of mandible resection is basically unavoidable in case of cancer in the field of oral
surgery. The reinforcement and the reconstruction of the jaw closest to its original condition is
very challenging. Considering the load properties the examination of the plates used in the
reconstruction is highly important. The cadaver examination procedure however is very difficult
to execute, therefore the use of the Finite Element Analysis proves rather supportive. Fast
recovery can be achieved by applying the implants correctly. Furthermore brakeage resulting
from high loads in the plates can be avoided. The goal is to examine and understand the Non-
locking screwing technique used with plate implants in different mandible resections and
reconstructions, focusing on the preloaded force. Furthermore the study and comparison of
different stress that arise in different cases.

A toothless mandible was used for the creation of the Finite Element Analysis model. The data
was provided for the model by CBCT. During the creation of the model we separated four
different resection areas to which we used the plates with the Non-Locking screwing technique,
also used in clinical reconstructions. For the preload of the plates we used different preloaded
forces on the screws. We considered and used boundary conditions complying with the
anatomical structure. The muscles required for chewing were transferred to the model and used
as main loads. The bone structure is heterogenic and the bone density is based on CBCT.

The preloaded forces have a major role in the stresses arising in the bone during the use of Non-
locking technique. The comparison of the resection techniques can provide valuable information
regarding the preloaded condition and the following chewing load condition connected to the
main loads in the bone.

Those measurements that are important from biomechanical point of view and would prove
difficult or impossible with in vivo or in vitro load measurements to be examined can be
compared with the Finite Element Analysis method.

Keywords: mandible, implant, finite element analysis, resection.

Introduction

In case of cancer and more closely oral cavity cancer in Hungary takes a very high number within
the European Union. Considering the diagnosed oral cavity cancer, the male to female patient
ratio is 5.3:1. The number of cancer patients from 1970 is constantly increasing. Nowadays 1700
patients die out of the 3000 diagnosed cases. Oral cavity cancers are however the easiest to
detect. The doctors even in a regular dentist examination can detect and diagnose the cancer, in
which case the illness can be cured with high success rate. This rate however radically decreases
with time. In case of advanced state cancers the recovery is only possible with drastic measures

21



Biomechanica Hungarica V1. évfolyam, 1. sgdm

and surgeries. The main factor of oral cavity cancer development is the inadequate oral hygiene,
extent use of alcohol and tobacco products.

It is important to point out that cancers would cause metastasis in the bone as the third most
common place after the lung and liver, in which case the jaw is also affected.

In case of mandible cancer resection is performed to remove it. During the surgery the affected
area is determined by Computer Tomography and that specific part is than removed. The
surgeon usually removes a larger area to ensure that there is no bone with cancer left. The
complete resection method results in a loss of mechanical load carrying function and continuity
of the mandible. Furthermore the self-picture of the patient is also affected, which can cause
serious and overwhelming mental stress.

In the earlier times to gain more knowledge regarding the arising stresses in the bone and the
connected implants, cadaver and bone ribbon examinations very conducted in laboratory settings.
These examinations however are restricted by permissions, hence performing them is quite
complicated.z’7 Because of this fact and the development of the technical science, the finite
element analysis is becoming the more preferred solution. In the area of biomechanics the more
complicated clinical cases become possible to be examined, this way supporting the creation of
more optimal implants and the faster and more successful recovery of patients.”” In this thesis
the different solutions of reconstruction in connection with the mandible resection is examined.

Methods

Implants are used in the reconstruction of resections. The implant manufacturers possess a large
palette of implants that can be used for reconstruction. One of these is a regularly used so called
reconstruction plate, which can be found in most of the manufacturers’ catalogue with almost the
same geometry. To fasten these plates commonly screws are used.

The mandible resections in clinical practice although not easily, but can be categorized into
different groups. In reality the same case never occurs twice, however similarities can be found.

In this current research the different sections where the cutting planes mostly occur are
examined. 4 were highlighted and they were modeled with the help of the cutting planes (Figure

.

AN
« A

A-2 0-2 0-6 2-4

Figure 1. Different resections
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Regular reconstruction plates, which can be found at almost every manufacturer, were used with
the prepared model in the mechanical reconstruction of the mandible. The plate thickness was set
to be 3 mm. The plate lengths used for the resection are always unique to conform to the surgery
and to the length of the removed bone section. The plates during the examination were fixed
with 3-3 bicortical screws on each resection side. The diameters were 2 mm. The screws were
examined with non-lock technology, which is secured by the traditional force-locking connection.
In this current research the screws were not examined with the shape-locking lock technology.
The material properties of the implants can be seen in the following table (Table 7). In case of the
examined non-lock technique the pretention of the screws before the chewing load was also
considered. Two different screw pretentions were examined in this study.

MATERIALS
Name Young modulus [GPa] | Ultimate Tensil Strenth [MPa] | Poisson
Plate - pure 102 680 03
Titanium
Screws -
Ti6AITND 105 900 0.33

Table 1. Material properties

Realistic geometry was used during the construction of the jaw geometrical model. No
simplification was applied. The model was created by the use of CBCT point cloud after the
performed layer segmentation. The resection cuts on the mandible that were wished to be
examined and the implant models to each case (reconstruction plates and the bicortical screws)
were developed and positioned by CAD software (Figure 2).

> 4
N
\_/
G W

0-6 24
Figure 2. Different cases with implants

The necessary simulation mesh was created by using finite element software. During the mesh
10-node tetra elements were selected. Sub models were created in the area of the screws within
the global model to support the refinement of the mesh and the examination of the different
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screw geometries. The mandible in the finite element model was applied with heterogeneous
material properties to which the CBCT provided the necessary information. From the CBCT
density results a mathematical formula was created to connect the material properties. Unique
cylinders were made of selected materials and assembled into a plate for validation. Linear
regression analysis was used to get correlation between HU value of the cylinders and relative
density of the bone. The values of the Hounsfield Unit are known for the different commonly
occurring materials in nature, for example distilled water (zero at standard temperature and
pressure) and air (-1024 HU). The real material density was determined by the Hounsfield Unit
(Equation 7).

density o = 1.14264 - HU + 309.4935 [/ cn’] @)

According to the written literature there is a connection between the linear elastic modulus and
the density, hence the linear elastic modulus scale that reflects the bone structure can be covered
(Equation 2). This change between 0-23000MPa."’

E=0.024 - 0" [MPa) )

The complete range was divided into 100 sections considering the material heterogeneous
structure, where the material property can be changed by each tetra element. Next to the
heterogeneous structure linearly elastic isotropic material properties were applied. The Poisson
coefficient was set to 0.3 in case of the bone.

A cortical layer thickness was possible to be created with this model structure that is closer to
reality. It was also very important to create a punctual model in the area of the screws which are
used to fasten the reconstruction plates.

During the examination anatomically correct chewing muscle forces were used to describe the
load on the mandible. These forces were used in earlier biomechanical researches. The three main
applied muscle groups were the masseter, the temporalis and the medial pterygoid (Figure 3, Figure

4).

musculus temporalis

musculus masseter

Figure 2. Temporalis and masseter muscles
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pterygoideus medialis

Figure 3. Medial pterygoid muscle

The loads and boundary conditions can be found on the following picture (Figure 5). The load
cases in connection with each muscle group can be found in the Table 2.

X, Z fixed v

Z fixed !

Temporalis

Medial Pterygoid

Figure 4. Boundary conditions and loads

Loads in different directions [IN]
X Y Z
Masseter 50%* 50 200
Medial Pterygoid 0 50 100
Temporalis 0 -100 200

*The X component is directed away from the mid-sagittal plane.

Table 1. Muscle forces on mandible
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In every case between the bone and plates and between the screws and plates friction
connections were defined because in the finite element analysis the non-lock cases were modeled.
The coefficient is 0.3. [6] Shape-lock method was unable to use because of non-locking system.
Force-locking connection was built with pretention force. One of the main focuses of the
examination was the evaluation of the pretention force, therefore the finite element model was
built up from two steps. In the first step the pretention of the plate is realized. Pretention was
built by screw preloading. In the second step the chewing main load is applied. During the
pretention of the plate in one case 50N, in the other case 100N preload was defined for every
screws in same time. The plate was pushed to the bone by these screws preloading. The
pretention was provided this way. Bonded connection was defined between the bone and screws.

Results

During the evaluation of the results the clinical practice and the previous examination results
were also considered. Based on this the bone area of screw number 3 and 4 were specifically
alerting. These screws are located closest to the resection. In previous examinations the highest
stress arose in these areas, which proves quite convincingly that the screw tear-out effect also
occurs there. First step was to collect the stress data while using the pretention forces. In the
second step the values while applying the main chewing load were gathered. The von Mises stress
of the 0-2 and the 0-6 resection cases can be seen on the next figure (Figure 6).

von Mises stress - A: 75% [MPa]
567.8
= 5205
-
4732
425.9
3786
B12
283.9
236.6
189.3
142
946
=473
0

von Mises stress - A: 75% [MPa]
477.8
™ 4379
398.2
358.4
318.5
278.7
238.9
199.1
159.3
- 119.5
79.6
™398
=

Figure 5. 0-2 and 0-6 resection cases, von Mises stress

The selected von Mises stresses were considered with nodal values on each element. The stresses
are summarized in the following table (Table 3).
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Maximal stress in 50N PRELOAD 100N PRELOAD
mandible at 3rd and Step 1 Step 2 Step 1 Step 2

4th screwplace Screw 3 | Screw 4 | Screw 3 | Screw 4 | Screw 3 | Screw 4 | Screw 3 | Screw 4
vM [MPa] 18,3 49,1 66,7 300,1 25,6 58,9 60,5 246,2

A-2 S1 [MPa] 2377 55,8 -12,5 344 32,1 672 739 281,4
S3 [MPa] 39 2,5 -84,38 | 17,37 4 3.1 7,7 14,1
vM [MPa] 16,3 53,9 109,7 70,9 23,1 65,1 128,7 453

0-2 S1 [MPa] 19,6 60,6 126,9 80,4 27,7 73,6 148 494
S3 [MPa] 2 2 82 39 2,5 2,5 8,4 0,1
vM [MPa] 11,9 10,9 97,4 136 17,3 18,8 933 1421

0-6 S1 [MPa] 13,6 15,3 112,9 -423 19,8 26,6 108,1 -44
S3 [MPa] 0,5 3,7 7,6 -1184 1 6,5 6,9 -196,6
vM [MPa] 13,2 17,2 78,7 75,7 21,3 249 634 59,3

2-4 S1 [MPa] 15,2 19,5 -6,8 86,6 23,6 27,7 71,3 67
S3 [MPa] 0,6 0,7 -90,7 47 0,1 0,3 23 2,5

Table 2. Stress values

The results are also shown on diagrams (Figure 7 and ), where the stress difference in case of the

use of 50N and 100N pretention force can be seen in each screw position case. It can be

observed that in each case of screw number 3, for example A-2 and 0-06, the difference is minimal

between the stresses while using the pretention force in the second chewing load. Considering

screw number 3 in 0-2 and 2-4 cases the previous statement does not apply as there is a real

difference between the arising von Mises stresses. After the main load a significant difference can

only be seen in the A-2 case. Further it can be stated that during the main chewing load between

0-2 and 2-4 cases there is no significant stress elevation compared to the pretention. In case of

the chewing load the chance of implant tear-out is higher at screw number 3 in 0-2 case and at

screw number 4 in A-2 case. This can be concluded from diagrams.
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Stress in mandible at 3rd screw place
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Figure 6. Different von Mises stress values at 3rd screw place
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Stress in mandible at 4th screw place
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Figure 7. Different von Mises stress values at 4th screw place

The concluded finite element analysis gave the chance to estimate the stress in the areas of the

screws in case of bicortical non- lock fastening technique during different resections. The results

reflect which are the cases where the chance of screw tear-out is more likely to occur,

furthermore in which cases the pretention forces have a higher effect in the arising stresses.
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Abstract

Aim: The Zebris spine-examination system and the associated measurement control program
determine the spatial coordinates of processus spinosuses. Our processing program calculates
kyphosis, lordosis and scoliosis values from the measurement data similarly to Cobb method. The
aim of our research is to clarify whether the angle values determined from the X-ray results of
young schoolchildren suffering from scoliosis by Cobb method differ from the values calculated
from the spatial coordinates of processus spinosuses.

Methods: In the case of 25 children suffering from scoliosis two-way full spine X-rays in standing
position on 31 occasions were taken, in accordance with the professional standards. On the basis
of the photographs the thoracic kyphosis, lumbar lordosis and scoliosis values were determined
with Cobb method. While the children were in standing position, ultrasound-based spine
examinations was performed with a WINSPINE measuring software developed specially for the
Zebris CMS-HS measuring system.

From the spatial coordinates of processus spinosuses the same angle values with our self-
developed Excel processing program according to the principles of Cobb method were
calculated. The degree of scoliosis was evaluated in the dorsal and in the lumbar section
separately. The relationship between the two measurements was indicated by the Pearson
correlation.

Results: From the comparison of the results of the two different measurement methods it was
concluded that the correlation was strong between the values of the dorsal kyphosis and the
lumbar lordosis (i =0-80 115,404, =0.94) while the correlation between the scoliosis values of

the dorsal and lumbar sections was moderate 0.67 f1ymbar scoliosis— 0-73).

(rthomcic scoliosis

Conclusion: The sagittal curvatures calculated with our self-developed software from the spatial
coordinates of processus spinosuses which were determined with the CMS-HS ultrasound-based
motion analysing system, show a strong correlation with the values calculated from X-rays using
Cobb technique. The accurate assessment of the degree of scoliosis can only be done with an X-
ray. Values defined with motion analysing measurements without exposure to radiation in the
terms between X-rays performed regularly as specified in the professional recommendations can
give satisfactory information about the possible trend of changes.

Keywords: children, spine, posture, ultrasound-based motion analysing system, Zebris.
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Introduction

A frequently asked question in paediatric orthopaedics is how can be evaluated the spinal
curvatures quantitatively in children who suffer from postural disorders or scoliosis. To
determine the shape and the curves of the spine an X-ray is required. It is a priority to protect the
young, growing organism against X-ray radiation'. Many efforts have been made to use low
radiation to follow the changes in the shape of the spine, such as the ultra-low dose 2D /3D
digital X-ray system” or the 3D frechand ultrasound system’ developed from the traditional
ultrasound measuring system. The biggest disadvantage of the latter is that the examined subject
is in a lying position so the examination does not provide information about the posture in a
natural standing position. Vrtovec and his colleagues examined devices suitable for taking X-rays
with exposure to low radiation and they discovered that their accuracy is not worse that the
accuracy of the traditional devices*. To reduce or to completely avoid X-ray radiation, the use of
various motion analysing systems is becoming more and more common. They are used to
determine the curvatures of the spine and to monitor the effectiveness of the therapy. During the
measurement procedures the processus sensors are placed on the skin above the processus
spinosuses to determine their spatial position (Fastrack, CA6000)’°. From these spatial
coordinates the curvatures of the spine can be seen and also the mobility of each spine section
can be calculated™. The advantage of these examination methods is that they can be used in
motion, too. Their disadvantage, however, is that the sensors on the body also record the skin
movements, the sensors can move away when the skin is sweaty and they can influence or alter
the motion as well. Today sensoring systems which are not attached to the spine but scrolled
over or touched to the processus spinosuses (Spinal Mouse, kyphometer, goniometer and
inclinometer) ™ > are also available. One of the disadvantages of these systems and of
their softwares is that the curvatures of the spine are not calculated according to the radiological
Cobb method used in routine medical practice. The Zebris CMS-HS system and the WINSPINE
software which was specially developed for this system fall into this category. Scoliosis is one of
the most complex spinal deformities, as it can cause pathological curvatures in all three planes
(sagittal, frontal and horizontal). The treatment is mostly conservative therapy which includes
long-term physiotherapy, Schroth exercises and the wearing of a corset. If the curvature is severe
(over 45-50 Cobb degrees), corrective surgery with conservative therapy before and after the
operation may be needed. Concerning spinal deformities the rapid growth period in puberty
requires special attention. In females between the ages of 10-14 years and males between the ages
of 12-16 years the progression of scoliosis may be expected'®. When the bone growth is complete
there is little chance for deterioration. To set up a diagnosis we use X-ray (Rissel sign). Besides a
lateral X-ray, which is used nowadays to diagnose scoliosis, also antero-posterior X-ray
photographs help to determine the Cobb degree of lordosis and kyphosis. For screening mild
cases, however, X-ray can be used for very strong professional reasons only, but in case of bad
posture where there is no frontal deformity it cannot be used at all. ~ After the diagnosis of
scoliosis, during the monitoring of the effectiveness of the therapy it is necessary to make an
effort to use non-invasive devices. The aim of our study was to define how much the spinal
curvatures — which were calculated with our self-developed software from the spatial coordinates
of the processus spinosus measured with Zebris ultrasound-based motion analysing system —
differ from the curvature values determined with the Cobb method on X-rays. In this research
the correlation of dorsal kyphosis, lumbar lordosis and scoliosis determined in a standing position

was calculated.
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Material and methods

Subjects

In the Orthopaedic Department of MAV Hospital, Szolnok several children suffering from spine
deformities were examined but the ultrasound based and X-ray examinations were carried out
only in 25 scoliosis cases at the same time. Comparative examinations were made after half a year
and after one year in 6 further cases in the group. The patients’ parents had always received
detailed verbal and written information before they filled the consent form. The average age of
the 12 male subjects was 9.21+1.4 years, the average height was 135.8+7.1 cm and the average
weight was 30.1+4.2 kg. The average age of the 19 female subjects was 9.511.3 years, the average
height was 140.1£8.5 cm and the average weight was 33.5£06.6 kg.

Methods

1. X-ray examination

The traditional X-ray images were taken in a natural standing position. Antero-Posterior (A-P)
and lateral radiographs were taken about the whole spine.

2. Zebris Ultrasound-based spinal examination

In the Biomechanics Laboratory of MAV Hospital, Szolnok the shape of the spine in a natural
standing position was measured with a Zebris CMS-HS ultrasound-based motion analysing
system (Zebris Medizintechnik GmbH, Isny, Germany). The system consists of

- ahead which emits ultrasound pulses from three transmitters,

- a triplet consisting of three ultrasound microphones to screen the movements of the
spine

- a pointer stick with two ultrasound microphones

The three transmitters of the head send ultrasound pulses at regular intervals which are recorded
by the microphones (the measurement frequency is 100 Hz). If the temperature is known, from
the speed and running time of the ultrasound the distance from the microphones to the
transmitters can be calculated. By triangulation the spatial coordinates of the microphones can be
determined in every minute during the measurement from the spatial coordinates of the head’s
markers and from the distance between the markers and the microphones. This calculation can
be performed for every microphone. The WINSPINE measuring software (Zebris
Medizintechnik GmbH, Isny, Germany) records and stores the spatial coordinates of the
microphones numerically and the spatial coordinates of the processus spinosuses are calculated
from these coordinates.

The steps of the examination (Figure 1):

1. Placing the triplet consisting of three miniature ultrasound microphones on the patient’s
pelvis. Connecting the triplet and the pointer stick to the central unit with special cables

(@)
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Figure 1. The steps of the examination

2. Placing the subject in front of the measuring head with his back towards the machine. It
is necessary to pay special attention to the correct posture when children are the subjects:
shoulders must be lowered, flat scapulas must be held close to each other.

3. Calibration: measuring of the global coordinate system with the pointer (b).

4. Marking of certain anatomic points on both sides of the body (acromion, angulus inferior
scapulae, spina iliaca posterior superior) and the determination of the point between the
thoracic XII. and the lumbar I. vertebrae.

5. Recording the shape of the spine: guiding the pointer over the processus spinosuses
from the cervical VII. vertebrae to the sacral 1. vertebrae.

Characteristics and statistical analysis

1. X-ray characteristics

Cobb method was used to evaluate the A-P and lateral curvatures. On the lateral radiographs the
degree of the thoracic kyphosis was calculated as the supplementary angle of the perpendicular
lines placed on the upper closing membrane of the thoracic I. and on the lower closing
membrane of the thoracic XII. vertebrae. The lordosis between .1 and 1.5 was also determined
using Cobb angles with the same method. On antero-posterior X-ray images the supplementary
angles of the perpendicular lines placed on the two closing membranes of the vertebrae at the
ends of the curvature which gave both the degree of the thoracic and that of the lumbar scoliosis
was determined.

2. Data of Zebris ultrasound-based motion analysing system

The spatial position of the processus spinoususes was calculated with the Zebris CMS-HS
ultrasound-based measuring system and its WINSPINE measurement control program. The
further processing was made with the self-developed Excel-based processing program.
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To determine the thoracic and lumbar curvature we used coordinates from the sagittal plane (x-z

plane) (Figure 2):

the angle of thoracic kyphosis in the sagittal plane is the differences between the angle
formed by the straight line placed on the processus spinosus of the thoracic vertebrae 1.
and II. and the vertical line and the angle formed by the straight line placed on the
processus spinosus of the thoracic vertebrae XI. and XII. and the vertical line.

the angle of lumbar lordosis in the sagittal plane is the difference between the angle
formed by the straight line placed on the processus spinosus of the lumbar vertebrae I.
and II. and the vertical line and the angle formed by the straight line placed on the
processus spinosus of the lumbar vertebrae IV. and V. and the vertical line

The angle of the scoliosis was determined in the frontal plane (y-z plane) and so we used only
coordinates of this plane (Figure 3):

The degree of thoracic scoliosis is the angle formed by the straight line placed on the
processus spinosus of the thoracic vertebrae I. and II. and by the straight line placed on
the processus spinosus of the thoracic vertebrae XI. and XII.

The degree of lumbal scoliosis: the angle formed by the straight line placed on the
processus spinosus of the lumbar vertebrae I. and II. and by the straight line placed on
the processus spinosus of the lumbar vertebrae IV. and V.
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Figure 2. Spine posture in the sagittal plane non-scaled (left) and scaled (right)

600
500

400

—— Meres
= Csigolyak
el

moe2

—— Meres
= Csigolyak
el 300

—moe2

—= g3 —=—e3

200

100

0
0 5 10 15 20 25 30 35 -300 -200 -100 0 100 200 300

Figure 3. Spine posture in the frontal plane non-scaled (left) and scaled (right)
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Statistical analysis

In the case of every subject the thoracic kyphosis, lumbar lordosis, thoracic and lumbar scoliosis
were determined by both methods. From the results the means, standard deviations (SD) and the
maximum and minimum values of the groups were calculated. From the calculated data the
Pearson correlation coefficient (r), the gradient of the regression line (m) were determined with
linear regression and the significance level was calculated by one-sample t-test . The statistical
analysis was made with Microsoft Excel 2003.

Results

From the spatial coordinates of the subjects’ processus spinosus which were measured on the
radiographs and were determined with the WINSPINE with Excel processing software we
calculated the angles’ means, standard deviations, minimum and maximum values as it is shown
in Table 1. The results of the statistical analysis are shown in Table 2.

meantSD minimum Maximum
- 7 +
Thoracic kyphosis X-ray Cobb degree 34.58%6.76 20.0 50.0
Excel 33.48%5.45 21.9 429
- 7 +
Lumbar lordosis X-ray Cobb degree 32.84£10.17 10.0 50.0
Excel 27.75£8.95 12.2 45.5
- 7 +
Scoliosis Thoracic X-ray Cobb degree 6.55+4.41 0.0 15.0
Excel 5.35£3.88 0.1 16.1
- 7 +
Scoliosis Lumbar X-ray Cobb degree 7.81+4.87 0.0 20.0
Excel 7.43£5.28 0.5 22.0

Table 1. The meantstandard deviation (SD), minimum and maximum values where calculated with the
two different methods in sagittal (thoracic kyphosis, lumbar lordosis) and in frontal plane (scoliosis

thoracic, scoliosis lumbat)

Thoracic Kyphosis | Lumbar Lordosis Scoliosis Scoliosis
(Cobb degree- (Cobb degree- deformation deformation
Excel) Excel) (Thoracic) (Lumbar)
(Cobb degree- (Cobb degree-
Excel) Excel)

r 0.80 0.94 0.67 0.73
m 1.00 1.07 0.77 0.67
p 0.07 0.00 0.03 0.29

Table 2. The values of the correlation coefficient (z), the gradient of the regression line (m) and the
significance level (p) at kyphosis, lordosis, thoracic scoliosis and lumbar scoliosis, calculated with the two

measuring methods

By comparing the results of the two measuring methods the conclusion is that the correlations
between the thoracic kyphosis and the lumbar lordosis values are good (r y04=0.80;
Tioross—0-94) which is confirmed by the gradients of the regression lines (m .4=1.00;
My, —1.07). The correlations between thoracic scoliosis and lumbar scoliosis values are
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medium (fyomde scotioss— 0-075 Tlumbar scotiosis— 0-73) (Table 1. and 2.), which is confirmed by the
gradients of the regression lines (m . =1.00; My 4,4,=1.07).

Comparison of thoracic scoliosis

20,0
y = 0.5933x + 1.4664 IS
15,0 =0.67 7 ¢ Thoracal scoliosis
i) ’ *
% 10,0 =3
=

. / ¢ — Linear (Thoracal
5,0 . scoliosis)
1 [/v N § R

0,0 T T T
0,0 5,0 10,0 15,0 20,0

X-ray Cobb degree

Figure 4. Comparing the thoracic scoliosis values of the two methods

Comparison of lumbar scoliosis

25,0
20.0 y = 0.7889x + 1.2706 L4
’ r=0.73 ¢ Lumbar scoliosis
— * * _—
g 15,0 /
A 10,0 — = — ° — Linear (Lumbar
o scoliosis)
5,0 s L
0,0 T T T T
0,0 5,0 10,0 150 200 250

X-ray Cobb degree

Figure 5. Comparing the lumbar scoliosis values of the two methods

Discussion

Viola and his colleagues'® concluded from an examination of 25 girls suffering from AIS
(Adolescent Idiopathic Scoliosis) that the Cobb degree for measuring the degree of scoliosis and
the angle formed by the processus spinosus and defined by Zebris WIN-SPINE show a strong
correlation in the frontal plane both in the thoracic and at the lumbar sections. When they
evaluated the results, however, they did not mention the sagittal curvatures'®. In our study we
were able to assess the degree of thoracic kyphosis and lumbar lordosis on lateral radiographs of
children suffering from scoliosis. in our study the angles set by the Cobb method on radiographs
with the angles determined with the self-developed Excel software from the processus spinosus
defined with Zebris WINSPINE were compared. The results of the two measurement methods
are close to identical in the sagittal plane in kyphosis and lordosis because the correlation is
strong and the gradient of the regression line is around 0.7 (Figure 4 and 5). The comparison of
X-ray images was only possible in patients suffering from scoliosis. The results showed that
scoliosis induces deformities of the spine in all three dimensions but still the curvatures measured
in the different dimensions are almost identical when we compare the results of the two methods.
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Therefore, we assumed that in daily orthopaedic practice the Zebris motion analyzing system and

our self-developed Excel processing software together are useful for the follow-up of the

effectiveness of conservative therapy in children with bad posture and in children suffering from

deformities in the sagittal plane caused by Scheuermann's disease. Because of the medium

correlation found in frontal curvatures the diagnosis of scoliosis and the annual health check

must be based on X-ray in the future too,, in accordance with the recommendations of the

Orthopaedic Advisory Board, but in the intervals the Zebris motion analysing system with the

self-developed Excel processing software can be used to estimate the degree of scoliosis.
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THE FIRST STEPS TO THE DEVELOPMENT OF THE KNEE PROSTHESIS RATING
METHOD

Béla M. Csizmadia, Gibor Péter Balassa, Gabor Katona
Department of Mechanics and Engineering Design, Faculty of Mechanical Engineering, Szent Istvan
University

Abstract

During prosthesis implantation, the surgeon can choose from replacements of a wide variety of
manufacturers and sizes. So far, no specific coefficient has been introduced that determines the
suitability, or goodness of these prostheses. In this paper an apparatus is presented for the
qualification of knee prostheses. This apparatus is able to measure the rotation of any prosthesis,
therefore the obtained results can be compared with the measured values on human cadaver
knees. The prostheses are classified by the rate of their conformity. In addition, the first
experimental results are reported as well.

Keywords: biomechanics, knee, prosthesis.

Introduction: when is a prosthesis suitable?

Surgeons have a wide range of choice regarding the brands and sizes of knee replacements,
although there are no specific numbers indicating the quality or goodness of the applicable
prostheses. However, what factors determine the quality of prosthesis? Definitely not the
similarity of the prosthesis surfaces compared to the physiological surfaces, but the ability of the
replacement to ensure closely the same kinematics compared to the original, physiological knee
joint.

FEMUR

A~ w“w{\.‘ calin

transepicondylar™
axis
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longitudinal axis ofr ..

tibia o SN

a

Figure 1. Three-cylindrical mechanism!

Naturally, the wear due to the sliding-rolling relationship” between the condyles along with the

material properties of the prostheses are also essential, but this article deals exclusively with the
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qualification of the reproduced movement. During the movement of the knee joint, the flexion
can be controlled while the other movements (rotation, abduction, etc) are constrained by the
connection of the condyles. Among the constrained movements the main emphasis is set on the
magnitude and trend of the rotation, since its correspondence between the original and
reproduced motion has the most importance.

Methods and materials

In order to estimate the goodness of the obtained rotation-functions regarding the prostheses, a
basis rotation has to be defined. The research group carried out several experiments on cadavers
in the past years. For these experiments, a special test rig has been designed’ and manufactured
which allows carrying out measurements on multiple kinematical quantities. Among others, the
rotation of the tibia — carried out by its self-weight — was measured as a function of flexion angle.
Taking into consideration the numerous measurements carried out on human cadavers and the
results found in the literature® (with significant deviations), it has been concluded that the flexion-
rotation functions depend on several parameters. They naturally depend on the investigated
person (we examined in each case non-pathological knees), the type of the movement, the test
rig, the examination method, the data acquisition system and significantly on the processing
method. In case of the latest one, the positioning of the model and the reference system has
crucial significance. The model was described by a three-cylindrical mechanism, with six degrees
of freedom (Figure 7). In our case, the movements were related to an anatomical coordinate-

system”.

On the basis of our experiments, which were carried out on 28-60 years old male subjects
according to the same protocol’, an averaged flexion-rotation curve has been determined (Figure
2). The protocol included the processing method as well. This function was considered as a
reference function. As it is seen in Figure 2, the function was approximated with a tri-linear function.
The segments of the function — with moderate freedom — were determined based on the carried
out movement. In the first 25° segment, the movement is constrained, while the following 25°
segment is considered as a transition towards unconstrained rotation (presumed from the trend
of the measurements), which is definitely possible above 50° of flexion angle.

Reference function

1 05(ref£)=0,028(5-50)+13,9

Wl @2<zef.):0,094<vV
o (ref.)= 0,47&1;/

/

0 20 40 60 80 100 120

Flexion P [-:::]

]
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3

Rotation p [7]
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o

Figure 2. The reference function
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The aim of the research is to create a test rig which is able to qualify the kinematics of prostheses,
based on the above mentioned reference-function comparison. For this reason the concept of the
design was carried out in a way that the test rig, together with the measuring — and processing
method — for the sake of an adequate comparison — would be identical with the reference-

function determined by cadaver and prosthesis experiments.
Results and discussion

Description of the test rig

The first condition is that the qualification device has to be the part of the test rig (Figure 3). This
ensures that during the flexion of the knee joint, which is controlled by the quadriceps under the
effect of self-weight, the same type of movement can be compared. The magnitude and the
change of load (1) alongside with the bending mechanism of the joint is the same regarding the
test rig for cadaver- or prosthesis measurements. The load is transmitted through a rubber-
muscle model3, while the movement is exerted by a force applied on the end of the tibial bone.
The test rig has been complemented by a stepper motor (2), which allows the knee to be flexed
beyond 70-800 of flexion angle. The test rig is designed in a way that the tibial shaft (or cadaver)
can carry out unconstrained movement. This feature is in essential since the movement has to be
controlled only by the quadriceps, the self-weight and the condyle surfaces. The unconstrained
movement was secured by the use of bushing- and planar bearings (3). The flexion was
controlled by a curved rail (4) and the movement was performed along with it.

Figure 3. Test rig for prosthesis qualification

In order to make a fair comparison between the cadaver and prosthesis movement, the
measuring device and the processing method has to be identical respectively to the aims. The
rotation was directly measured on the test rig by a laser (6). The tibia plateau part of the
prosthesis was attached to the tibial model (5), which represents the direction of the medullary
cavity or canal (contains bone marrow). In the interest of having identical rotation measurements
with respect to the cadaver results, the reference-system has to be also identical in both cases.
The anatomical coordinate system can only be determined in case of cadavers by a rather
complex method5. With regard to prostheses, the surgeon performs the prosthesis implantation
in way that the replacement condyles would precisely connect to the patient’s anatomical system.
This process is supported by certain assisting tools and a strict protocol. Based on the analysis of
this certain protocol, and the consultation of Dr. Krist6f Andrényi surgeon, the prostheses were
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inserted into the test rig that their ,,condyles” would be correctly positioned with respect to the

anatomical coordinate-system. This ability of the test rig is provided by a special fixture system

(8), which ensures the upcoming new conditions during the insertion as well (Figure 4).

Figure 4. The special fixture system

During our investigations, a condition-system had to be fulfilled which was pre-defined during

the insertion of the prosthesis. This process was ensured by a universal fixture system (Figure 4)

and the correctly set test rig, as follows:

Tilt of tibia plateau to 7° (Figure 4) (1). This is secured by the tibial fixture of the test rig,

The femoral component of the prosthesis fixed into the test rig is at a 90° angle relative to
the axis of femur (Figure 4) (2), therefore the anatomical angle is ensured. As the prosthesis is
inserted into the test rig, the femur is adjusted from the mechanical axis to the anatomical
axis by performing 5° of tilt and creating perpendicularity between the femoral component
and the anatomical axis,

Setting the adequate rotation (Figure 4) (3). 3° of femoral component tilt in the lateral
direction respectively to the left or right leg.

Additional settings on the test rig with regard to the anatomy of the leg:

The point of action of the quadriceps force is approximatelly situated at 15 mm (4) of height
(Figure 4),

Line of action of quadriceps: the line of action has 5° of lateral difference compared to the
femoral axis with regard to a right-legged or left-legged prosthesis (Figure 3) (1),

Quadriceps tendon attachement on the tibia is situated 20 mm away from the resection
(Figure 4) (5).

An additional calibrating device (Figure 3) (7) had to be designed and manufactured as well, to

adjust the rotation to zero with the use of a hinge-type, ,,cylindrical” prosthesis.

The test rig is able to qualify prostheses in different size, brand, independently from additional

features such as cruciate-retaining (CR) or posterior-stabilizer (PS). As initial steps in this

research, measurements were performed on seven prostheses of different size, brand and type
(Figure 5).
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Figure 5. Examined prostheses

Table 1 includes the parameters of the examined prostheses. Prostheses of four different designs
from three different manufacturers were investigated: left, right, cruciate-retaining and posterior-
stabilizer.

Number| Manufacturer | Femur size | Tibia size Femur | Tibia Ref. Leg Type
Ref. num. num.
0 Unknown ILLARGE | xiGE12 [ OO(;)_ 171 12- - Left CR
. Medium Right 051-1311- .
1 Biotech B140 B105 M10 3070 - Right CR
3 Biotech B102 XL-L B106 10 05}3-017781 2 - Left CR
4 Unknown M-I ARGE MED 10 KA Oo(i 37‘?“) 12- - Left CR
. Medium Right 051-1311- .
5 Biotech B146 B104 S10 3070 - Right CR
6 Sanatmetal »D” GRN-17PE - (z) 60158134 Left CR
» (2) FE
7 Sanatmetal D EF 5-6 10 PE - 61878361 Left PS

Table 1. Examined prostheses
First experimental results, qualification method

When the prosthesis was secured in the test rig, the rotation was measured as a function of
flexion angle (Figure 6). Each prosthesis was measured six times, and the average of these six
measurements are plotted in the diagram. Prostheses — selected for qualification — were removed
from patients due to the need of new replacements. In Figure 6, all the measured average values
are plotted together with the reference-function. The difference between the measured and the
reference values is quite significant.

In order to qualify the movement, carried out by the prostheses, a goodness-function has been
introduced (K), which provides a percentile value about the performed prosthesis rotation
compared to the reference-function:
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K(@) _ Ppr ((0)

100 (D
pref (¢)

where:
o ((0): rotation of the prosthesis as a function of flexion angle,

Pres ((0): reference-function of the cadaver knee joint as a function of flexion angle.
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Figure 6. Rotational function on prostheses

Since the reference-function (the averaged change of rotation as a function of flexion angle) was
approximated by tri-linear function, the same function was fitted on the measured prosthesis
rotations as well. The equations of the fitted approximation-function on each segment:

P =ap 1 &
Papr =@, (@p=25+p, [°] )
Pspr =a3(@=50)+ o5y [°] (4)

The constants were summarized in Table 2, along with the values of the goodness-function,
obtained in the boundary points. In Figure 7, the change of the goodness-grade of the seven
prostheses is plotted as a function of flexion angle.

. a a a5 o0 | ew o | #4259 | #6509 | 509
H H H ] ] ] %] %] %]
Pr.0 | 0,1506 | 0,02311 | 0,02227 | 3,765 | 4,342 | 5,01 32,4 31,1 34,1
Pr.1 | 0,0509 | 0,08482 |-0,00753| 1,272 | 3,393 | 3,167 10,9 24,3 21,6
Pr.3 | 0,06212 | 0,15589 | 0,02115 | 1,553 | 5,450 | 6,085 13,3 39 41,3
Pr.4 | 0,14636 | 0,05314 | 0,02914 | 3,659 | 498 | 5,861 31,5 35,7 39,9
Pr5 | 0,509 | 0,06422 | 0,03273 | 1272 | 2,878 | 3,86 10,9 20,6 26,2
Pr.6 | 011575 | 0,04192 | 0,04792 | 2,893 | 3,941 | 5,379 24,9 28,2 36,6
Pr.7 | 0,05818 | 0,09339 | 0,03024 | 1,454 | 3,789 | 4,696 12,5 27,1 31,9
Ref. 0,47 0,094 | 0,028 | 116 139 147 ; _ ;

Table 2. Fitting parameters of the experiment
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Goodness grade of prostheses
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Fignre 7. Goodness function of different prostheses

Conclusion

As a summary, we can conclude that:

A test rig has been designed and assembled which is a capable to measure and qualify the
performed rotation of any prosthesis,

A qualification-method has been elaborated,

Measurements were carried out on seven commercial prostheses. The results showed that
the prostheses can only achieve the 10-30% of the appointed rotation.

Our investigations with respect to the qualification of prostheses are followed by the examination

of factors and their effect on the rotation.

REFERENCES

. Biré 1, Csizmadia BM, Katona G. Determination of instantaneous axis of rotation of tibia and its role

in the kinematical investigation of human knee joint. In: L. Borbas editor. Proceedings of the Third
Hungarian Conference on Biomechanics; 2008. July 4-5. Budapest: 2008:57-62.

Fekete G, De Baets P, Wahab MA, Csizmadia MB, Katona G, Vanegas-Useche LV, Solanilla JA.

Sliding-rolling ratio during deep squat with regard to different knee prostheses. Acta Polytechnica
Hungarica 2012; 9(5): 5-24.

Szakal Z. Méréberendezés térdizillet mozgasvizsgalatihoz. GEP 2006; LVII(1):37-40.

Katona G, Csizmadia BM, Bir6 I, Andrényi K, Krakovits G. Motion analysis of human cadaver knee-
joints using anatomical coordinate system. Biomechanica Hungarica 2010; 3(1):93-100.

Katona G, Csizmadia BM, Andrényi K. Determination of reference function to knee prosthesis rating.
In: L. Borbas editor. Proceedings of the Fifth Hungarian Conference on Biomechanics; 2013. May 24-
25; Budapest

45



Biomechanica Hungarica V1. évfolyam, 1. szdm

MECHANICAL SCANNER OF VERTEBRAL COLUMN

Laszlé Danka', Gabriella Triger’, Annamaria Paréczi’, Péter Tamas’, J6zsef Molnar’, Norbert
Szakaly’

'Hospital of Brothers Hospitallers of St. John of God at Buda

2Gold Sanitas Ltd.

3Department of Mechatronics Optics and Information Engineering, Faculty of Mechanical Engineering,
Budapest University of Technology and Economics

Keywords: vertebral column, 3D model, scoliosis, Cobb angle, vertebral scanner.

1. Introduction

It is very important to know the geometry of vertebral spine for diagnosis and treatment of spinal
deformation. There is no equipment to reproduce the shape of vertebral column, except for very
expensive EOS systems.' Patients lie in CT-s, X-ray images from two sides are not exact enough.
The world-wide used Spinal Mouse” measures only the curve of vertebral column, but there is no
information about the torsion. In the neck it is not useable because of the sizes. The aim of the
development was an equipment measuring the torsion and useable at the neck.

2. Methods

First version was based on the mobile phone. There is an accelerometer in the phone, and
moving the phone the position can be integrated from the acceleration.

2.1. Mobile phone application

The working principle is the same as the Spinal mouse. The phone application integrates the
acceleration and store data in its own memory. If it was needed the data can be sent to PC via
Bluetooth®. The phone was a Nokia N97 type with Symbian S60v5 operating system.
Programming language was Python and program needs 3.5 Mbyte free memory.” The program
calculates positions of vertebra sections upon the values of acceleration: Starting the application
the program search for Bluetooth connection. It is possible to use it or store data inside and
transfer them later. The vertebral spine can be shown on the phone (Figure 7) as well as the on
the PC (Figure 2).

Left Back
Cobb: 12°

Figure 1. Left and Back view of a vertebral column
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0 8 -2,8125 84375  -B,4375
4 17 421875 84,375  -7,03125
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3 84375  82,96875 -5,625

4 -12,65625 84,375  -7,03125
5 -15,46875 82,96875  -7,03125
6 -21,09375 82,9875 -7,03125

[ Pontok [ Gicebé 7] Fabitat

Figure 1. Vertebral spine data on PC

The fluent and frictionless driving the equipment is a basic requirement, so with help of an old
mouse and a phone console, a new docking equipment was built (Figure 3).

Later with help of 3D prototyping a new docking equipment was developed (Figure 4).
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Figure 3. Docking equipment Figure 4. 3D printed docking equipment

2.2. Cobb angle

In case of C-shape scoliosis the maximum and minimum of angles on the back-view can be
defined and cobb angle is defined. In case of S-shape scoliosis, the program search for inflexion
point if any. After the upon 3 point the two cobb angles can be calculated numerically.’

2.3. New version of vertebral scanner

The traditional Spinal Mouse” measures only the curve position of spine and it is not able to track
the torsion of vertebral spine because of its wheels are arranged as it was a bicycle. It is not able
to measure on neck part of spine because of its geometry. Phone based equipment did not solve
these problems. We have created a brand new version. The new construction is based on an
MMA 3D accelerator sensor (Figure 5) and an encoder (Figure 6).

Figure 5. The MMA 3D accelerometer Figure 6. The encoder

While the encoder moves along the spine arc length is continuously measured. The accelerator
sensor and encoder built on a printed circuit board (PCB). Data from this equipments are
processed a central processing unit (CPU). Mouse is controlled by user so a button is on the
PCB. The outer voltage is 5V. The accelerator sensor works on 3.3V so a level interface was
needed. We can connect to the PCB trough Inter Integrated Circuit (I2C) bus or program loader
connector. Connection to PC-s is solved by USB interface. The PCB is shown on Figure 7 and the
scheme is on the Figure §.
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Figure 8. The scheme of electronics
There are two supporting wheel to measure the rotation. The encoder built in the instrument

such a way that the mouse can follow even the curvature of neck (Figure 9).

Figure 9. The supporting wheels

A rapid prototyped aesthetic housing was manufactured (Figure 10).
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Figure 10. The product

2.4. Mathematical background of measuring

Direction is acceleration is registered in the coordinate (x, y, 3) system of PCB (Figure 17). Z axe
of global coordinate system points to centrum of Earth. X and Y axes are in the perpendicular
plane. The gravity vector measured in (x, y, 3) system is (g, g, 2). The encoder gives the
movement s in direction  (Figure 17).

Figure 11. The gravity vector defines the global coordinate system

When the momentary g vector in the Z moment is measured there is an average computing
because the sensitivity of the instrument (1).
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The unit vector point to direction of gravity at the z moment

€xi = &

* gl
ey = ‘lq” )

1gil

€zi = &

’ |gil

The resultant movement is the sum of movements of the 7 moments’

x(s) = z As; * ey
y(s) = ) Asixey ©
z(s) = z —As; * e,

The equations of curve

f x(s) ds
x®] | s
p© = [y =| [ v s @
z(s) 0
f z(s) ds
[ Jo ]

Frenet frame of curve is defined by tangent curvature and torsion directions (reference®). We
have measured -Js movement, so the curve parameterized by curve length. The tangent unit
vector is:

dp(s)

d
O ‘dg(ss) ®

ds

The normal unit vector is
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d?p(s)
n(s) = —dfg(zs) "
Ko

and the biniormal unit vector is

dp(s) _d*p(s)
_ _ ds ds?
Q(s) - ‘dE(S) dZE(S)

ds ds?

()

The Figure 12 shows the directions of Frenet frame vectors

]

j;<"

:
J
D
D
ul
]
6]

Figure 12. The Frenet frame
3. Model of vertebral column

13

The curve and the direction of curvature define the situation of vertebra and it shown on Figure

Figure 13. Position of vertebra

Because the encoder gives the curve length, from (4) we can compute the coordinates and

derivatives of g(s) curve. We know the lengths at s, points. The reparameterization (8) helps to
define the correct positions of vertebras.
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h=s;—s5;_4 foreveryi (8)

We suppose that the vertebras divide the length upon the original model’. The reconstructed
model is shown on Figure 14.

Figure 14. Model of vertebral column

4. Results

For every coordinate function (9), (10) and (11) we can write equations like for x.

dx(s) - x(si41) — x(sy) _ x(s; + h) — x(s;) for every i
ds s=s; B Si+1 — Si h )
dx(s) dx(s)
d?x(s) ds s=s; ~ds s=siq
ds? s=s; h (10)
x(s; + h) — 2 *x(s;) + x(s; — h) ]
= 2 forevery i
d?x(s) d?x(s)
d3x(s) ds? s=s; ~ ds? S=S;_1
T ds? s h a 1)
x(s;+h) —3*x(s;) + 3*x(s; —h) —x(s; —2 *h) '
= 3 forevery i
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We can compute the curvature (g) and torsion of curve (c) substituted (9), (10) and (11) into (12)
and (13).

d*g(s)
= (12)
and
d%(S) dzg(ZS) d3g(3$)
S ds ds
= 13
dg(s)  d2g(s)|’ =
ds X ds?
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1. Introduction

Spinal disorder (Figure 1.) is dangerous and widespread disease for young girls, nowadays. Spinal
disorders may be corrected by gymnastic, corsets and operations. Every case is individual. It is
very important that the disorder should be detected as early as possible.' After computer aided
diagnostics (CADM Computer Aided Diagnostic in Medicine) if necessary an automatic custom-
made corset could be realized to make corrections and avoid operations. The primary
information for CAD/CAM system is obtained from the special 3D modelling of humans body”
and after the measuring the influence of device. We want to reform the shape of corsets, and the
efficiency of treatment. Corsets are made in practical way, patients wear them, health staff asks
the patients about wearing the corset is comfortable or not, first when making corset, after a
periodic wearing time. No exact force and wearing information day-after-day. We created a
wearable microcontroller-based measuring system to get and collect information forces between
patient and corset, moving and temperature data to determine a wearing time interval.

Figure 1. 2D EOS AP spinal rtg.3
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2. Method, the measuring equipments
2.1 Using FSR sensors

We were looking for a useable sensor between the patient and corset. Main requirements are:
lightweight, thin enough, plastic, electrically connectable sensor. We do not want too precise
force measurement, because in this application we wanted to create categories on display: “not

» <c

touching”, “too small force

2 <<
b

2 <C
b

normal force”, “too much force”. Nobody wants the exact force
measurement or more digits. The metal force sensors found in kitchen or bathroom scales are
too big, and hard to fix on the back side of the corset. Interlink Electronics” FSR sensors seemed
applicable in corsets (Figure 2.). FSR stand for “Force Sensing Resistor”, made from thin polymer
film and conductive material. They are changing resistance when applying a force its area, so we
can detect a force, and pressure too. FSR sensors are plastic, 0.55 mm thin, and fixable with
adhesive material to a corset. However, because the polymer material’s properties, the sensot’s
resistance is near exponential, and has an elastic, time-dependent change (Figure 3.). These

problems can be handling by long-time calibration process.

100 —~ —
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§ ~
g i | Il
z R ‘
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FORCE (g)

Figure 3. FSR sensor characteristict

Figure 4. The voltage divider
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We can use an FSR sensor in a simple voltage divider, output voltage equation:

ot = By (1)
RM + RFSR

By changing resistor Ry, we can set the output characteristic, and force amplitude. (Figure 5).*

® | ﬁﬁ RM VALUES

i N 47K
i 4 Y *sok

e 3] T e 4 0K
":; //o( o

2
I /f s =
o =T F vs. V for Part No. 402
" Interlink Force Tester

1 em2 circular flat metal

0— actuator

0 200 400 600 800 1000
FORCE (g)

Figure 5. Output characteristic of sensors v*

2.2 Thermometer specification

In addition to force sensors, we measure other parameters in a corset: temperature and patient’s
moving situation. Thermometer is the simplest ic with readable digital output via i2c bus, type is
NXP LM78A.

2.3 Accelerometer specification

Moving situation measure can be made with accelerometer, or gyroscope. We designed a low-cost
3 axis accelerometer into the hardware. Accelerometer type is Freescale MMA7455, readable via
i2¢ bus.

The equipment is connected to the corsette. The iCorsette manages sensors and stores data. It
has its own memory and it works by battery or by USB.

2.4 iCorset 1.0 — first version to testing subsystems

The scheme of the equipment is show non Figure 6. Digital parts work on 3.3V and analogue
parts on stabilized 5V. Voltage converters are needed because of switching between the working

modes.
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Figure .6 iCorset 1.0 block diagram

107 mm

78 mm

<
<

connector Connector block

Figure 7 1Corset 1.0

Because this device is battery operated, the analogue part’s power supply enabled only the
measurement time. FSRs attached to test corset with adhesive, pcb attached with screw M3.

2.5 Second version based on users opinion: iCorset 2.0

The first version pcb size was too big: it contains two dc-dc converters, hot-swappable between
battery power and USB power, analogue part works from +5V stabilized, digital part works from
+3.3V converted supply. The redesigned version works from single +3.3V power supply,
stabilized by smd size linear stabilizer, not hot power swappable. Voltage followers were
eliminated: sensors connected directly to cpu, creating a small error. New, 2.0 pcb size 40x36

mm, easier to put on the corset’s surface.
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iCorset 2.0

2.6 Storage capacity of iCorset

Online/Offline Mode

Fig.8. iCorset 2.0 pcb

Table 1. shows the data in the memory of the corsette.

Name Type | Size (byte)

Time Long 4

Pressure 10*Int | 20

Acceleration | 3*Int | 6

Temperature | Int 2

Summ 32 byte/measuring

Table 1. Data in iCorset

32 byte memory stores data of one measure. The SST25VF080B EEprom memory has 1Mbyte
memory. It is able to store data of 32768 measures. This means more than 22 days capacity if the
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measures follow one after the other in one every minute. It needs to charge the battery in every 2
days. There are nine hours capacity if we make measuring in every second.

3. Discussion Calibration of FSR sensots

Measuring interval of selected sensors is 0.1N-100N domain. The forces in the corsette are in this

interval. Calibration of sensors’ was done by a standard range of weights (Figure 9.).

Hysteresis

>
Load [g]

Figure 9. Calibration

There were two problems to solve.’ The measured values were functions of time, and there were
a hysteresis between the upload and download. Not the output voltage was measure, but the
quotient of the output voltage and the input voltage.” In this way the measure is independent
from the input voltage. The characteristic is correct even in case of input voltage fluctuation.
There is an RM resistance of 470 Ohm (Figure 4.) The measured values are shown in Figure 10.
The logarithmic curve follows the measured points well.

1
Log. Equation:

0,9 y=0,1725In(x)- 0,7044
R*=0,9769
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Figure 10. Normalized output as a function of pressure
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Unfortunately if we want exact values than all of the sensor should be calibrated. If we need only
approximate value, it is enough to use the normalized values.

3.1 Software of iCorsette

There is no display in iCorsette, so we developed a Window application for visualization and
processing the data. The Figure 717 shows the actual positions of FSR sensor (left side) and the
forces as the function of time.
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Figure 11. The iCorsette software

ICorsette connected to the computer can solve special tasks. For example it is able to measure of
forces along a line. In the left side of Figure 17 we can see the distribution of forces in curve on
corsette surface. Acceleration vector is shown too. The downloaded data can be visualized and
analyzed (in right side of Figure 17)

4. Result, test of iCorsette
The electronics of version I. is connected to the corsette (Figure 12). The iCorsette was tested

many times for a week. There were periods of workdays weekend, sport relax and nights also. All
activity were traceable on records.

Figure 12. The iCorsette 1.0
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There is the result of a measuring in Figure 13. There are a lot of different periods. The monitored
person exersized in the firtst period. Because of leanig on left and right there is high pressure on
some sensors (red and green). On the second and forth period the equipment was off. The third
and fifth period show normal wearing of corsette.

- Waar = FSRS = FESARI w FISRES « FSR4 =« FSAS + FSAS EERT . ETSRE s FSEE . ESEED
04— =3 ‘b:D &D
oo f———- = ‘=

| 9

N M 5 |« || 8
o ° s o 3

= =5 ,‘m i L) —
el O s | 2/] B
$ 0.4 '_T-"x i"' o g "-E B
g § o S >

7 < . o
M ‘rﬂ

0521 1246 09.21 1245 09.21 1250 0821 1252 0021 12:54

Figure 13. Results of long time measuring
5. Future work
After successful testing, some hardware and software modifications can be made.

Communication needs to change to wireless, write a mobile phone application, which can send
downloaded data over internet to central database.
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GARMENTS UNDER BRACE LIFE QUALITY IMPROVE AFFECT EXPERIMENT OF
TECHNOLOGY AND PHYSIOLOGY

Orsolya Nagy Szabo, Andras Koleszar
Obuda University, Faculty of Light Industry and Environmental Engineering

Abstract

Scoliosis is a spinal deformity that most commonly appears in girls and makes itself apparent at
puberty during the early teenage years. Living with scoliosis can be especially difficult for
children, particularly when a brace is required to stop its progression. The context of clothing
physiology help a clothing system of air, vapor permeable insulation and opportunities. These
same characteristics are changed when brace wearing, but also help the right materials and design
concepts for the development. In view of the currently available properties of fabrics during the
test and we see clothing physiology using different raw materials and functional textiles, as well as
the solution for improving the body's microclimate.In our research achieve an optimal
physiological state of body with a corver on the brace,that improves the body's microclimate,
reduce the unpleasant effects of thebrace at high temperatures, but the basic function of the
medical device support.

Keywords: Scoliosis, brace, underwear, clothing physiology.

1. Introduction

12 million people suffer some form of scoliosis all over the world.'

There are 450 new scoliosis cases each year in our country, but among them 150 patients need
orthopedic help, but the number is steadily increasing.’

There are many types of scoliosis. Depend on the disease type and severity of various types were
made brace in custom size.

Orthopedic surgeon diagnose spinal disease and prescription a brace, according to the type of the
spine disease, and the brace is made of by the orthopedic technician.

Conservative treatment of diseases the 5 mm thick plastic "armor" should be weared, which can
only be effective if the 24-hour of a day at least 18-20 hour wear the child until they beome
adult.

Our goal is to develop a system of clothing that is worn under brace and in addition to improving
the level of comfort in wearing and reduced uncomfortable feeling of brace.

The brace is not only caused a physical hardship but also it has very negative effect on young
people.

The proper set up and wearable of brace associated with comfort feeling the clothing which is
worn under, the comfort and aesthetic properties should be improved.

The fabrics currently available, taking into account the properties of the test during the brace
worn which cause a variety of clothing physiology problems based on functional textile
underwear. Our research will seek a solution to improve the body's microclimate.
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The aim is to achieve an optimal physiological conditions with underwear or a special pulled
coating product development that improves the body's microclimate, reduce unpleasant effects of
the device, but the basic function of a medical device supports.

We desiged some underwear products based on children needs: T-shirts, bras, panties, pulled
clothes to brace and with construction, modeling, technology implementation we have tried to
satisty all those requirements, which are adapted to this special wearability.

We have developed some modell variation and we selected functional fabrics with special
properties, eg. Antibacterial Coolmax, Outlast PCM and flexible cotton, and we tested this t-
shirts from tis special textiles.

The underwear design process greatly affect the wearing comfort. The material properties are
taken into account - which are based on various textile testing - we tried to identify additional
opportunities with which to improve our children's wellbeing.

2. Methods and materials

2.1. The commercially available underwear products

Commercial cotton shirts do not follow the body shape, and thus under the brace crinkles in
which prolonged skin irritation. There are variety of sportswear specifically designed and made of

special textile T-shirt, underwear available. These are not suitable because:

* The location of cutlines are depend on fashion, it does not take into account the pressure points
of the brace,

* T-shirts are typically in the form of body shape but they have too many cutlines

* The seams are not always lapped seam

¢ Construction of the T-shirts is not precisely follow the body shape

* For many of the brace wearer the cutline through the armpits specific irritant

* From functional materials fashion sportswear products are expensive

* Seamless, form knitted T-shirts are also available but these textiles made of polyester, which is

in is not comfortable to wear, and the knitted pattern is pressed into the skin.

* The operating instructions and the size designation is designed for comfortable

2.2. Problems under wearing brace

Upper body movement is very limited in brace it can not bend down, turn right and left is
limited.

The two most important features of the clothing are the thermal insulation and water vapor
permeability. They affect thermoregulation of human body.

The tests are performed in some various designs and textiles underwear, and the brace had and
old and an improved version was performed in which the air and leak tightness can be improved

by means of perforation.
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We had a survey among children who carried out brace. Based on the answers to most of their
distractions while they were wearing brace.

* There is the pressure in armpit

* Rub the skin in pressure points

* Crumpled shirt, slide up underneath the dress

* Do not wear when in a less visible from the outerwear

* Placing bra clips

2.3. Physiological effect

The context of clothing physiologic give help a clothing system air and vapor permeable
insulation and optimum adjustment possibilities. Problem is that these same indicators change
when the brace is worn. The method helps to select the appropriate materials and design
concepts and develop the textile selection. The clothing thermal insulation and in the brace
composition of the material to be tested due to the different temperatures of the body "comfort".
Materials is to look at under brace in which improve the physiological conditions, and a built-in
intelligent systems to be develop and improve comfort feeling.

Two most important characteristics of the clothing thermal insulation and water vapor
permeability. They affect human thermoregulation.We make various tests based on underwear
design and tailoring, as well as at present and in an improved version of brace wich has air
through perforations and features of brace can be improved.

It should be noted the problem at the pressure points of the brace and the body relationship
which may affect the size of the holes in the skin bulges, which can cause permanent damage.

2.4. Criteria for selection of appropriate materials

A functional and smart textiles, which are due to their composition, or as a result suitable for a
finish to protect health, improve quality of life. In our study, we were looking for answers to the
new generation of commercially available materials which parameters in test conditions, which
best meet the needs of customers physiology.

Our basic requirements from textiles:
* Good air permeability

* Antibacterial

* Moisture-wicking

* Good abrasion resistance

* Washable

* Good to be processed.
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Many different compositions materials were tested and tried in sports activities / walking,
running, ice- hockey, / and wearing brace.

A turther studies of the best properties of materials continued.

The wearing of cotton-type tests based on the subjective evaluation of Outlast and Coolmax
functional fabrics selected from the raw material of T-shirts.

2.5. Major features of materials

Cotton

Cotton is a soft, fluffy staple fiber that grows in a boll, or protective capsule, around the seeds of
cotton plants of the genus Gossypium.

The cotton fabrics have soft and high breathability properties. Good hygroscopic, deep in water
it can be taken 25 to 27 times up their own weight. It is difficult to dry and does not charge
electrostatically. The fabric quality depends on the quality of the cotton fibers.’

Outlast

At the textiles also used special particles in the liquid-crystalline materials, changes in the physical
state of the unusual phenomena can be observed:

* The melting of solid phases at the first one for liquid, dense, confusing, "liquid crystal" state,
* Followed by further heating the isotropic liquid and gaseous materials.

A "normal" liquids isotropic property of the liquid-crystalline state, however, the material coming
from different directions and respond differently influences ("anisotropic" phase). The "Phase
Change Material," the phrase in English PCM-agent spread after phase-alternating phase-
changing, state-set exchange properties. The PCM-s ability to absorb a significant amount of heat
energy, temporarily stored and then adapting to the changes in the environment of this latent
heat is utilized. If temperatures in the range of their physical state change request:

¢ Solid phase near liquid state is cooling,

* Liquid cooling states of matter has an external effect, e.g. heat loss. The PCM is stopped before
the melting point of the heating cycle. *

That Outlast technology, the company was first developed for astronauts the basic materials of
everyday life can be used in many fields, especially for clothing.

Coolmax

COOLMAX fabric with a specially designed polyester fiber made from elemental that wicks away
perspiration from the body, and through the material quickly evaporates, so the clothing wearer
comfort improvement. Figure 5 has shown 4 and 6-channel fibers develop. The increased fiber

surface due to the tissue surface of the water quickly evaporates.’
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Results and discussion
3.1. Underwear design point of view

The design takes into account the material properties and the specific physiological needs, which
arise for the corset wearers. Primary consideration when designing products in the seam,
relocation, removal armpit seam, and the less cutline longitudinal design. A "hard armot" is one

feature of the wearer's armpits to push, helping to maintain proper spine.
Problems during wearing brace:

* The pressure points at the skin becomes red,

* Underwear seams deeply press in the skin

* In armpit strong pressure and rubbing occurs,

» Commercially available products underwear cause wrapping problem and t-shirt slide up under
brace

* The body sweat more strongly especially during movement

* Summer weather conditions, the wearing comfort is extremely bad.

3.2. T-shirt design

1. Brace pressure in armpit cutline delete in armpit
2. T-shirt don’t wrap under brace t-shirt construction with special method
3. Neck curve don’t see from upper clothes

Taken into account the area of the most commonly used pressure points of the brace, which was
specifically designed for the T-shirt.

The t-shirt is made of a flexible textile, depending on the body size, and in the construction need
5-25% below in the wrap direction and 5-10% rod direction to prevent the formation of wrinkles
on wearing, which rub the skin. This greatly increases the comfort feeling.

Taking into account we designed the cut lines of the t-shirt most ideal locations different way of

usual cut lines.

First of all 3 kinds of cutlines placement was planned, taking into account the development of
medical devices typical pressure points consultation with orthopedic technician, so the shirts are
comfortable in wearing the seam widths pressed in the skin minimal.

Take into account a variety of cutline shirt was designed everyone can find right in which the
seam pressure does not irritate the skin.

The pattern size can be made manually, based on the purchase, preparation of computer
manufacturing system and 3D body scanners. The pattern should be considered in the design of

pressure
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3.3. T-shirt descrition

T-shirt is tight, closely following the body. The length of it is ending in hip line, but it is variable.
Slives can be made of short and long, raglan, Japanese and normal version. Neck curve can be
round or "V"-cut. Cutlines primarily depends on pressure points on, at gitls / women / it is

formatting breast.

Some of the possible types of product plan (Figure 1.):

Figure 1:T-shirts

3.4. T-shirt technology

The technology is making 3 or 4 pin coverstich sewing machine with lapped seam. One possible
solution is that all cutlines use this kind of seam technology and decorations can result in the use
of colored thread.(Figure 2)

The assembly sequence of operations depends on the location of the cut lines.

A i

A\
\,

AVAVAN

Figure 2: 3 or 4 pin coverstich sewing
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3.5. Bra and slip design

The wearer of brace is a higher percentage of young women who are already wearing a bra. This
is a problem for many people because of one pressure points is definitely a place where the brace
has a pressure point and bra back buckle or adjuster is located.

We designed a bra that buckle is at the front, and the special rubber does not cause skin irritation
under brace. The cups of bra can be made of cut lines (see Figure 3), but without cut lines
thermoforming and foam version. The bra can be made of underwire if it is not cause pressure in
skin. If this solution does not work, be prepared for a variation of built-shirt bra.

Figure 3: Bra and slip design

The slip, thongs, panties and French as well formed. They different only in the shape of the cut
lines to minimize the skin is pressed seam width. Each product shows the selection of the rubber
should be carefully followed. The rubber width, thickness and elasticity, and sew technology
affect the level of comfort while wearing products.

3.6. Textilcover design

The brace material properties take over from the temperature outside, cold in winter, hot in
summer. In order to improve the comfort feeling, we make a textile coat to the brace. This
solution eliminates the underwear layer. The inside layer of coat is very flexible with good
physiological properties, the outer layer is not flexible, insulating properties dimensionally stable,
which is assembled and washable.

Only in individual size can be made, taking into account the brace form and design. The coat can
be open by zip, easily pulled and removable to brace and easy to wash. (Figure 4)

Figure 4: Brace with cover
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4. Conclusion

Subjective tests were performed among children who is wearing brace. They tested 5 kinds of raw
material sample collections. Their views can be stated that the types of cotton fabrics in certain
weather conditions are appropriate in terms of comfort, the PCM-enabled products proved to be
the most appropriate in the tested temperature. The brace coated textiles give esthetic and
physiological characteristics of the device which can be improved and the vital functions and in
the healing effect to devices.
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DEPTH SENSORS IN SCREENING OF SCOLIOSIS
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1. Introduction

The aim of the presented project was to develop equipment for screening and early recognizing
of scoliosis. The Moiré method is generally used in practice, but the correct processing of Moiré
images is not currently solved. Depth sensors capture images which describe the distances of the
observed surfaces from the camera. With the help of these sensors a 2.5 D model of the human
back can be created. This model can be used to create an automatic or semi-automatic scoliosis
diagnosis system. The paper describes the development, structure and internal mechanisms of
such a measurement method.

2. The theoretical background of the Kinect sensor

The Kinect has four main parts: an infrared projector, an infrared camera, a color camera and a
signal processor. The infrared projector projects a structured pattern of points to the
environment.! It uses a special pattern of points (lower left corner of Figure 7) to provide local
position information on the infrared image which is captured by the infrared camera. This type
of structured light depth mapping is patented by PrimeSense.2 Because infrared light is utilized
the effect of external lighting usually does not disturb the measurement. However, the device
cannot be used in direct sunlight as the infrared light of the projector is not bright enough to
give the necessary amount of contrast. If the reflectivity of the observed surfaces is too strong or
weak, the Kinect may not be able to calculate their true distance from the camera. The depth
map is calculated by triangulation, as the position of the emitted and captured rays of IR light is
known, the position of their intersections can be determined. For this method it is necessary to
have enough distance between the IR projector and detector, which causes shadows on the
depth image. The optical zoom equipped depth camera achieves a working distance of 0.6 to 8
meters.

IR camera

Color camera

IR projector

PrimeSense Image
Processor SoC

Infrared pattern

Figure 1. The Kinect sensor
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The third main part of the Kinect is a color camera. The color images may be used to create
textured models. The resolution of cameras is 1280 X 1024 pixels, but the bandwidth of the USB
2 connection limits the video to 30 frame per second at 640 X 480 pixels while transmitting the
depth and color images simultaneously (Figure 2.). Because the projected grid of points cannot be
used to calculate the depth for every pixel, the Kinect uses interpolation to fill the gaps. The

distance measurement has a bit depth of 11 bits.

Figure 2. The color and IR images created with the Kinect

All cameras are calibrated during the manufacturing, but this calibration is not precise enough
for 3D scanning. We have created an original calibration method to solve this problem.

3. Calibration

Before performing the measurements we had to calibrate the Kinect, for this the theoretical
model of the measurement had to be established.

3.1 The mathematical model of the Kinect

The Kinect was modeled as a pinhole camera and the distortion was described by the Brown
model. Let a 3D point be on the surface of an observed surface (P)! Let assume that we know
the position of P in the world coordinate system (P,, (X, Y, Zy))! The origin of camera is at the
aperture of the lens, X is the horizontal axis, Y is the vertical axis of the picture plane and Z is
perpendicular to X and Y. In this coordinate system every point has three coordinates (x,y, z).

From this we create Z-normalized coordinates (P, (X, Y5)). After this the non-linear distortion
of the cameras is applied.23 The radial distortion is represented by (1) and (2) equations.

Tnz = an + Ynz )

X4 X
Pa=[ 2] = A+ k2 +lom + ks [ )] + e @)
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Whete Py(x4,Y4) is the vector of the distorted point, B, (X, ¥) is the Z-normalized vector,
kq..k; are the coefficients of radial distortion and d; is the tangential distortion vector. Usually
only the first two or three coefficients are used in practice. The tangential distortion is defined by

(3)-

_[2txp Y0 + ta (12 + 2x,2)

a tl(rnz + Zynz) + thxnyn

6)
Where tq,t, are the coefficients of tangential distortion. The perspective projection of the
camera has to be applied to the distorted vectors. The projection is defined with the help
homogenous coordinates by (4) and (5) equations.

fx S CX
A=10 f, cy] 4)
0 0 1
Xi Xd
[Yil =A IYdl ©)
1 1

Where A is the camera matrix, f and f, are the focal lengths in the direction of X and Y axes,
Cx and ¢, are the coordinates of the intersection point of the optical axis and the picture plane.
The skew factor (S) describes the bias of axes from perpendicular case (0). With this
transformation the projected point (P;(x;,¥;)) in the picture plane is defined. The flowchart of
the projection model is shown on Figure 3. The projection is unambiguous in the direction of
arrows in Figure 3. However, in the other direction it is non-linear and has multiple solutions due
to the non-linear distortion. Fortunately with the GPU (Graphical Processor Unit) we can
remove the non-linear distortion form the image, so a distortion free, linear model can be used.

Camera coords Z-norm. coords Dist. coords Image coords

Py, (Xw, Yw:r Zw) Py (xn, yn) P4(xa,y4) Pi(x;,yi)

Zy Brown(B,) A

Figure 3. The projection model

This model was used for the color and the IR (depth) camera too, but first we had to estimate
the parameters in the transformation matrices and distortion equations.

3.2 The calibration process

There are a lot of different methods for the calibration of the Kinect.#¢ The calibration of IR and
color camera is based on Zhang’s method, which is implemented by the Camera Calibration
Toolbox in MATLAB.” In this method multiple images are taken from different positions from a
known sized chessboard pattern. Using the known relative positions of the corners of the
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pattern and their position on the image an over constrained equation system can be defined,
from which the value of parameters can be approximated by numerical optimization.

To simplify the capture of the necessary depth, color and IR images, we have created an easy to
use interface, as shown on Figmre 4. The captured images are processed automatically by our
MATLAB script. First the corners of the checkerboard pattern are extracted with human
assistance from the IR and color images (see Figure 5.). After that the first approximation of the
camera matrix, the distortion parameters, and the position of the pattern is calculated. The 3D
positions of the corners are projected back to the image plane, and a new, automatic corner
selection is performed. Than the approximation is repeated, to achieve better results. The
reprojection errors also show the quality of the calibration (Figure 6.) After this we perform the
stereo calibration of IR and depth cameras, the results are used for texturing the models.

@ KinectScan - Device 0 - =
Fajl Eszkoz Nézet Beallitasok
‘ U © @ Nézet alaphelyzetbe I~ 1 Cimke [ Screenshot ~ é‘

T ]

Kalibraci6 [ x|

@ Leallitas

C:\Users\Major Péter\Desktop'\Teszt

Felvétel
Mélység [m] Szines [ Infra Helyzet jrakezdése Kovetkezd
Nyomjon space+ a kép mentéséhez és a kdvetkezd nézetre valtdshoz.

Befejezés
3 helyzet lett eddig rogzitve.

Afeldolgozas elindult.

Figure 4. The calibration process
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Figure 5. Corner extraction
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TR S

Figure 6. The backprojection

For the depth calibration of Kinect we have used the estimated position of the pattern and
compared it to the measured depth values. Fjgure 7 shows the measured values. We have used

non-linear curve fitting to approximate the depth function, and we have found the following
formula:

35498.8

h(x) = —2.33458 — m (6)

Depth [cm]
600
400 ¢

200 ¢

: : : : —  Measured value [-]
500 600 700 800 900 1000 1100

—200 ¢

Figure 7. The depth values

4. The image processing pipeline

The result of following process is the textured 3D model of the observed environment. The
process is entirely hardware accelerated by the GPU, so it works in real-time.
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4.1 Control of processing

We have used the OpenKinect driver? because of its functionality and small resource usage. The
structure of the image processing pipeline is shown on Figure §.

Depth buffer (VRAM)

Reading thread

R

Depth frame N ]

(RAM)
Writing threaSD

Color

camera

Color buffer

Color frame B ]

Figure 8. The image processing pipeline

As the depth and color images are captured asynchronously, first the depth and color images are
uploaded to a double buffer in the video memory, where they stand ready for further processing.
From this point every image processing related calculation is performed by the GPU, while the
CPU controls the processing.

4.2 Hardware accelerated image processing

The application development has been done with Microsoft DirectX in the .Net environment by
using the XNA framework. This allowed us to utilize the raw power of the graphics card by
writing every image processing function as a HLSL shader, and achieving rapid development
with the help of the .Net framework.

As depth images are rather noisy, we have applied filtering on depth images. For static and quasi-
static measurements we have used temporal averaging. For dynamic measurements averaging
cannot be used, so we have also implemented Gaussian filtering for spatial averaging.

From the distortion parameters we have created distortion maps for depth and color images.
With these maps we remove the distortion of the images by a special shader in real time. After
removing distortion the color image is ready to use as a texture.

We calculate the vector of the represented light ray for each pixel of the depth image using the
inverted camera matrix of the depth camera, with the constant depth coordinate of 1. After that
the real depth for every pixel is calculated using the hyperbolic formula. Than the vectors are
multiplied with the associated depth values, and we get the position of the points in the
coordinate system of the depth camera.
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These points can be projected on the screen using Z-normalization and a virtual camera matrix.
Before that the user can also define a variety of transformations by the world matrix. With this
the user can rotate, scale and translate the created model. The points can also be projected to the
color image. This way the texture coordinates for each vertex are defined. The whole scheme of
these calculations is shown on Figure 9.

Depth image Color image

Screen
coordinates
[ [ ]—> Texture
A

L% y)
Virtual camera Inverse depth Color camera
. p . . | Texture
matrix camera matrix o matrix coordinates
® 2
A\ 4 5_"
Z.norm.
vectors
2 ot e Z multiplication Z normalization
3D vectors in world
coordinate system
World matrix Extrinsic matrix

Figure 9. The flowchart of modelling

To show the 3D model we use the depth image as a displacement map for a grid of triangles.
As the Kinect cannot see behind objects, it is necessary to remove some of the triangles which

are facing nearly perpendicular to the depth camera. For this purpose the surface normals are also
estimated, these can be used for visualization too.

5. Visualization

After the vertex processing numerous visualization modes are possible by applying different
pixel shaders. It is possible to put the original texture on the model (first picture on Figure 10.).
The surface can be also colored by using the depth from the depth or the virtual camera. By
applying a sinusoidal function to the depth we get false-Moiré images (second picture on Figure
70.), which can be used for traditional diagnostic methods. We can specify a color scale for
depth as shown on the third picture in Figure 70. By using the depth as the hue value in HSL
color space we get rainbow shading (fourth picture on Figure 10.).
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Figure 10. The visualization of the model

6. Position of vertebral column on the model

There is a hypothesis that the curve of the vertebral column can be estimated on a 3D model. In
this case the 3D scanning works as a spinal mouse. In the first step we have to find the
symmetry line of the back. This is computed by checking the cross sections of the back. The
numerical model is based on the difference between the two parts as it shown in Figure 11. The
minimum of the difference as a function of the position defines the symmetry point in every
level.

Figure 11. Searching for the symmetry curve

According to the hypothesis the symmetry point defines the position of the spine. (Figure 12.)

Figure 12. The estimation of the spine’s position
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7. Future work

The presented method can be a good basis of the following tests to prove the possibilities of the
method.
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Abstract

Quite a number of medical specialties require distance and angle measurements on x-ray images.
Drafting and measurement on traditional x-ray films can be done with marker pens, rulers and
protractor, but this method is time consuming and often inaccurate. Authors present a computer
aided drafting and measurement method for both digitized and digital x-rays.

Evaluation of cervical spine x-rays is especially important for patients suffering from rheumatoid
arthritis. Our computer program helps users to mark necessary points and draw lines on x-rays
interactively on the computer screen, then the program calculates relevant angles and distances
based on literature data.

Manual drafting on traditional x-ray films is time consuming, and it is usually impossible or at
least difficult to repeat. When one wants to try drafting more than once, previous lines have to be
erased from the film, or a separate transparent film can be used. Reading distance and angle
values requires a ruler and a protractor. The tip size of the marker pen and the precision of ruler,
protractor positioning can result in measurement errors of multiple millimeters and degrees.

Contrarily, computer based drafting allows arbitrary number of users arbitrary number of
attempts to define necessary points on x-rays, and then predefined algorithms calculate the
results.

Computer aided drafting can be performed by many persons, a number of times. Accuracy can
be improved by using image processing capabilities such as zooming, contrast correction, etc.
Results can be superimposed on x-ray images, making follow-up easier.

Compared to ,,traditional” drafting, the computer-aided method’s repeatability and reliability is a
great advantage. It is easier to learn computer-based drafting, especially when a large number of
points have to be marked and complicated measurements are involved. With an appropriate
drafting and evaluation protocol, processing of x-rays provides added diagnostic value, e.g.
further examinations can be ordered based on the results, scheduling of follow-ups can be
optimized.

Keywords: functional radiograph, rheumatoid arthritis, digital processing, distances and angles.

Introduction

As stated in the reference' joint destruction in rheumatoid arthritis patients’ cervical spine may
lead to progressive vertebral instability. The consequences of this condition can lead to sudden

death under certain conditions, e.g. during anaesthesia. Physical symptoms are not always in
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correlation with joint destruction, meaning symptomless patients might very well be endangered.
Cervical spine deformities can be visualized on radiographs. Five standard x-ray settings are used:
conventional bidirectional (anteroposterior and lateral), transoral dens and functional (performed
in flexion and extension) lateral images are taken. This study discusses the importance of such
radiographic examinations, both as preoperative evaluation and as follow-up examination. Based
on the results of such examinations, patients can be directed to other imaging tests, such as x-rays
in other directions, CT, MRI, to decide on eventual operative fixation.

In order to uniformly evaluate this radiograph series, various methods are to be found in
international literature. Common in these methods is the use of lines directed through certain
anatomical points. Distances and angles are calculated from these lines, providing the possibility
of diagnostic classification. Traditional drafting methods involve the use of marker pens, rulers, a
protractor and a traditional x-ray film. Manual drafting on traditional x-ray films is time
consuming on the one hand, and it is usually impossible or at least difficult to repeat on the other
hand. Difficulties come up if drafting has to be performed more than once, or the original
radiograph without pen lines has to be kept as well. Further errors can occur from too wide tip
size of the marker pen, precision of measurement devices, and reading errors. Another problem
arises from the use of digital x-rays, when the image is normally not printed, so that drafting can
be performed.

Physicians evaluating such series of radiographs require thorough training in this relatively time
(and resource) consuming drafting process and in determining required distances and angles.

To get around these difficulties, a computer program is developed. The program can use digital
x-ray images natively, while traditional x-ray films have to be digitized. Another advantage is the
systematic onscreen “drafting”, where the evaluation protocol is to be followed, minimizing the
chances of error from incorrectly marked points and lines. A further asset is that the use of the
program requires less experience, than “traditional” drafting. Other advantages of computer
processing include automated calculation of distances and angles, as well as the opportunity of
evaluation by multiple users, more than once, and digital storage of images, drafted lines and
results.

Methods and materials

X-ray protocol

The method' developed at Policlinic of Hospitaller Brothers of St. John of God is systematically
covers screening, measuring and grading of cervical subluxations and instability. The protocol
specifies how x-rays have to be made (Table 1 and Figure 7).
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# | Description Sample
1 | Anteroposterior axis, 100 cm focus-film distance, 10° caudocranial tilt, centered to Figure 1a
C3

2 | Lateral direction, 150 cm focus-film distance, horizontal primary beam, centered to Figure 1b
c2

3 | Lateral direction, flexion with chin pressed down, 150 cm focus-film distance, Figure 1¢
horizontal primary beam, centered to C3

4 | Lateral direction, extension with head tilted back, 150 cm focus-film distance, Figure 1d
horizontal primary beam, centered to C3

5 | Anteroposterior axis, transoral dens image, 50 cm focus-film distance, Figure 1e

perpendicular primary beam, centered to dens epistrophei

Table 1. X-ray protocol for theumatoid arthritis!

Figure 1. Sample images! prepared according to x-ray protocol for patients with rheumatoid arthritis

a: Anteroposterior, b: Lateral, c: Functional lateral (flexion), d: Functional lateral (extension), e: Transoral
anteropostetior dens

Drafting protocol

Drafting protocol, e.g. specific points and lines, developed at Policlinic of Hospitaller Brothers of
St. John of God is composed of a number of evaluation methods from international literature.

There are two types of x-rays, anteroposterior (normal and transoral dens), and lateral (neutral,
fully flexed and extended). The points, lines and distances needed in evaluation of transoral dens
images are shown in Table 2 and Figure 2.

Objectid | Description
1 intervestibular line
2 bimastoid line
3 transspinous-transdental line going through the central line of dens
4 distance from dens to lateral mass of atlas on both sides

Table 2. Objects to be marked on anteropostetior transoral dens radiograph!
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Figure 2. Lines to be drawn on anteroposterior transoral dens radiograph!

Lateral radiographs are evaluated with the use of points, lines and angles specified in the above

mentioned protocol, and are presented in Tuble 3 and Figure 3.

Objectid | Description

1 atlantodental interval (ADI) is measured between the line drawn over the dorsal
contour of C1’s anterior tubercle and the ventral surface of dens

2 posterior atlantodental interval (PADI) is the retrodental space

3a lower atlas line in Sakaguchi—Kauppi method

3b tangential line of upper arc of C2’s pedicle in Sakaguchi—Kauppi method

4 subaxial central canal (sAC) is the shortest distance between dorsal vertebral line (8)
and spinolaminar line (7) on a given level

5 line in McGregor method connects dorsal endpoint of os palatum with outer contour of
occiput, and the relative position of the dens’ tip is compared to it

6 in Wackenheim method a line is drawn down the posterior surface of the clivus and its
position is compared to the posterior aspect of dens

7 spinolaminar line is an arc connecting the inner contours of spinous processes from the
posterior margin of foramen magnum

8 posterior vertebral line is an arc above the dorsal contours of vertebral bodies

9 processus spinosus relation is the distance between two neighboring spinous processes
(lower arch of the upper one and the upper arch of the spinous process below)

10 angle of lines drawn at the lower surfaces of two neighboring vertebrae

Table 3. Objects to be marked on lateral radiographs (neutral, flexed, extended)!
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Figure 3. Objects to be marked on lateral radiographs!

Results
Drafting and evaluation program

2009 versions of National Instruments LabVIEW? and NI Vision® were used to implement
computer based drafting and for calculating relevant distances and angles.

The program has a main window (Figure 3), to control execution. Each function (selecting
radiographs, evaluating various images and finally displaying results) can be accessed with a
button. At the moment everything (button labels, instructions, etc.) are bilingual.

Functions have to be performed in a certain order, so it is not possible to press the five drafting
buttons, until the first task, namely selecting radiographs has not been completed. The
completion of each task is indicated by a round LED next to the button (e.g. the first task is
completed in Figure 3). Similarly, it is not possible to press the Results button, until at least one
evaluation has not been completed. When the user presses a button, a new window opens, and
after finishing the selected task it is closed, and the user is returned to the main window. The
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Stop button in the lower right corner of the main program window allows stopping the program;
however without performing the saving of results, each and every drawn line and calculated value
will be lost. To avoid accidental data loss, pressing Stop pops up a confirmation dialog.

Traditional x-ray films have to be digitized (into JPG format), DICOM digital images has to be
converted to JPG. When the program asks the user for the five images, user has to select the one
that is specified in the title row of each File Open dialog box (Figure 4).
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Magyar Radioldgia 2008;82(5-6): 175-184. hitp://www.socrad.hufupload/radiologia/magazine/175_184.pdf L —
Figure 3. Main program window
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Figure 4. Selecting and opening JPG format radiographs one by one

90



Biomechanica Hungarica V1. évfolyam, 1. szdm

The user interface in each of the drafting tasks shows the graphics (Figures 2,3) and bilingual text
guides (Tables 2,3) from the protocol as a help for users. In Figure 5 evaluation steps for the
anteroposterior transoral dens radiograph are presented, showing that step 3 is already
completed. In the small image in the lower left part of the window the already drawn
transspinous-transdental line is visible. When the user presses one of the numbered buttons, a
new window opens up with the image sized to the maximal vertical screen resolution, in order to
make drawing not too difficult and as precise as possible. Until this image window is open, the
line can be modified by its endpoints or moved as a unit. Each numbered drawing step can be
redone as many times, as it suits the user. Stop button can be pressed anytime, without even
performing any drawing; however it has no use, because it does not produce any lines and
consequently nothing can be calculated.

i3 Anteroposterior transoral(is) dens.vi = |EI I_X_I

File Edit View Project Operate Tools Window Help A

Nyaki gerinc réntgenfelvételek szamitdgépes értékelése rheumatoid arthritisben
Evaluation of cervical spine radiographs in rheumatoid arthritis

Anteroposterior transoralis dens ) ! i
Anteroposterior transoral dens & . 2 . R/ i # . ZERELS
1 1. intervestibularis vonal
{;% N T g % 2. bimastoid vonal
| 3.
i e

transspinosus-transdentalis (dens kdzépsd vonaldn dthaladd) vonal
dens—massa lateralis tavolsdg

. intervestibular line

. bimastoid line

. transspinous transdental line going through the central line of dens
. distance from dens to lateral mass of atlas on both sides

2
B

ARADI Petra; DANKA Liszl6; LIPOVSZKI Gydrgy; NEMETH Tidiké
Nyaki gerinc rontgenfelvételek szamitogé feldol a

Computer Aided Processing of Cenricalép?ne Rad'loq_;raphs

V. Magyar Biomechanikai Konferencia
5th Hungarian Conference on Biomechanics
Budapest, 2013.05.24-25.

eloBl @D+ Gwrol

Figure 5. Drafting on anteroposterior transoral dens radiograph with step-by-step instructions

Windows similar to the one in Figure 5 are available for all the other images. Because of the
interdependency of elements drawn on lateral images (as shown in Tuable 3), e.g. step 4 requires
lines 7 and 8, user have to draw these two lines first, to enable button 4.

When drafting tasks are completed and Results button is pressed, first patient’s data can be set, as
well as the evaluating person and other relevant data. The program then performs the necessary
calculations to provide results needed to determine patient’s status. Pathologic values and the
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recommended diagnostic procedures from the referenced articel are included in the program, so
that it can mark them and classify the type and degree of atlantoaxial subluxation accordingly.

For the time being, the possibility of drawing other widely used auxiliary lines for methods, which
are not part of the protocol, such as Ranawat, or Redlung—Johnell-method, a button is set in the
Results section. By pressing this button similar drafting windows appear, and results can be
obtained, too.

Conclusion

The program is still under extensive testing and development, according to users’ needs; however
one can immediately see the positive difference it brings, compared to traditional manual
drafting. Among the advantages one have to mention that drafting and evaluation can be
repeated, results as numbers, text and lines superimposed on radiographs can be stored.

Further development might include some kind of automation in recognizing points to be used to
draw the lines, true multilingual user interface, etc.
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Abstract

It is very important in marker-based motion capture systems that cameras can follow markers
attached to anatomical points without any obstruction. Based on marker positions the computer
program can reconstruct movement of the body’s biomechanical model by calculating typical
distances, angles and trajectories.

Analysis becomes complicated when the person wears a rigid and opaque orthotic device (e.g. a
plastic corset), through which cameras can not see markers attached to the body surface.

We had to find a marker attachment method, so that infrared motion capture cameras can follow
movement of markers attached to certain anatomical points on scoliosis patients wearing their

corsets, when analyzing the effects of corsets on posture and movement.

Infrared cameras in the Gait Analysis Laboratory of Semmelweis University’s Department of
Orthopedics can not ,,see through” polyethylene corsets. Markers have to be attached directly to
the body surface, because a corset is a rigid body, therefore it moves differently, than the human
body under it. Multiple considerations have to be made, when choosing markers. There is limited
room between body and corset, markers can not affect wearer’s movement and can not cause
discomfort. The chosen method uses magnets attached to the skin with medical tape. Size and
properties of magnets were verified by simulation. Infrared cameras can follow the painted

magnet counterparts on the outer surface of the corset.

Magnets attached to the corset’s outer surface follow the movement of magnets taped to the
body, so cameras can follow movement of anatomical points under the opaque corset, without
the need of providing direct visibility by destructing corset material. Holes larger than the size of
markers would be required, to avoid the shading effects of the corset resulting from body-corset

and body-camera distance and angle.

According to measurement results of patients with and without corsets, magnetic markers
sufficiently follow the body’s movement under the corset. In the meantime with markers attached
immovably to the corset’s outer surface, movement of the corset as a rigid body can be tracked,
as well.

The presented method allows further detailed investigation, concerning the movement altering

effects of not just corsets, but other orthotics, too.

Keywords: biomechatronics, spinal disorders, magnetic sensors, corset, motion capture system
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Introduction

The number of juvenile scoliosis patients is increasing worldwide. Part of conservative treatment
is the use of rigid orthotic devices, called corsets'. It is important to analyze the effects of corsets,
which can be done with gait analysisz, since the spine plays a central role in posture and

movement.

The infrared marker based motion capture system of Semmelweis University’s Department of
Orthopedics was used to test various sensor configurations. Markers are attached to the person’s
body in specific anatomical points, which the motion capture system uses for computer
reconstruction of movement. Markers to be used by persons wearing a corset have to:

. be small enough to fit between corset and body surface

. weigh little, so that movement is not notably affected

. be detectable through the corset’s polyethylene material

. be as small as possible, so that they can be considered point wise
. be easily attachable and eliminate skin motion

. be safe to wear and be of no health risk

A number of trials showed, that widely used polyethylene corsets do not allow infrared cameras

2

to ,,see through” them, that is “regular” markers attached to the body under the corset are
invisible for cameras. Various methods were tested, and finally magnetically attached markers
provided satisfactory results. Magnetic attachment properties were tested and simulated, than

evaluated with the motion capture system.

The basis of work presented in this paper was carried out in the frame of Gerincér (SpineGuard)
Project, as a thesis’ project submitted as partial fulfillment of BSc in Mechatronic Engineering

degree, by the second author, under the supervision of the other authors.

Methods

Motion capture system setup

Motion capture systems use markers attached to anatomically relevant body points. The above
mentioned motion capture system uses six static infrared cameras. Markers that these cameras
can detect are attached to certain body points with medical adhesive as shown in Figure 7. The
test person walks along a predefined path, meanwhile cameras record position of markers. After
that the software processes the acquired data and shows reconstructed 3D movement on screen.
Wavy lines on Figure 1 show the position of markers during walking.
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Figure 1. Infrared markers attached to skin and their recorded movement

The effects of wearing a corset appear not just in static posture, but during movement, as well.
An important aspect would be the possibility to compare movement with and without corset.
Infrared markers under the corsets are not just invisible for cameras, but as one can see in Fjgure
7, in most cases are too big to fit under the corset. The conclusion is that this measurement

system can not be used for testing patients wearing an opaque corset.

The very first idea, namely attaching the markers normally used on skin, onto the corset, above
the predetermined points is of no practical use. It can surely show the corset’s movement,
however the important aspect would be to follow the body’s movement under the rigid corset.

Cutting holes on the corset

One possibility is to cut holes on the corset where markers need to be placed. It is not optimal,
because holes destruct corset material, and they might even be large enough to endanger corset’s
structural integrity. Holes do have to be of larger diameter than markers, to allow the minimal
movement of markers together with skin movement and to avoid the shading effects of the
corset resulting from variable body-corset and body-camera distance and angle, especially during
movement.

Infrared LEDs as markers

Another option is the use of infrared LEDs attached to the skin as markers. This option has quite
a number of drawbacks. However LEDS and the necessary electronics including batteries can be
small enough (well under a square centimeter), so size is not a problem, but it requires quite high
power to light through the corset, which means a large amount of dissipated heat, making it
uncomfortable to wear.
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Still, there were experiments made with LED panels, after the most appropriate components
were selected and simulated with SPEOS program (Figure 2).

View Inset  Jook  Window Help
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Figure 2. SPEOS light intensity simulation of chosen infrared LEDs placed on the body under the corset

After obtaining the convincing simulation results, an experimental setup was built and tested with
the motion capture system. LEDs were mounted under a corset and placed into the laboratory.
The results showed that the selected setup is not applicable, because cameras could not detect
infrared light from LEDs hidden behind the corset. Without the opaque corset, infrared LED
markers were perfectly detectable with the cameras, even during movement.

The contradictive results of simulation and measurement might be traced back to the too
simplified corset model geometry, which does not take into account light scattering on the real
cotset surface.

Magnets as bridges between skin and corset

The idea of magnetic motion capture systems is already present in literature®, but because of the
limited range of the mentioned system and the need to use the available infrared motion capture
system, another approach had to be evaluated.

The basic idea is the use of permanent magnet pairs, one of which is attached to the skin in
desired anatomical points, while the other magnet is on the outer side of the corset. The latter
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magnet is covered with special dye that makes it visible for infrared cameras. When the marker

magnet on the body moves, its pair also changes position, what cameras can follow.

Magnets have to satisfy the six requirements specified in Introduction. So, magnet pairs have to
be lightweight, small in size, but have to provide sufficient cohesion. The chosen magnets are
made of rare earth elements, and are usually nickel plated. Nickel is a metal that often causes
allergic skin reactions, so magnets can not be covered with nickel to avoid health risks.

Cylindrical magnets were chosen, and their geometric model and material properties were
introduced in finite element simulation (Figure 3), to optimize magnet dimensions that provide
appropriate cohesion.

0,000 5,000 10,000 (mmm)
LB IS

2,500 7,500

Figure 3. Finite element simulation of magnet pair

Further tests were carried out with parametric models to determine relationship among magnet
size (radius and height), distance between magnets and forces. One of the results among three of
four parameters, magnet radius, (half the) distance and force between magnets is shown in Figure

4. Similar graphs were obtained for the other two available parameter combinations.

Constraints had to be defined for magnet height, because 4 mm high magnets can be placed on
the skin without touching the corset from inside. The other limit (1 mm) is the height of
commercially available disk shaped magnets.

A parameter sensitivity diagram (Figure 5) was also obtained from the program, showing that
force between magnets is mostly affected by distance (tavolsag), the negative sign meaning
inverse proportionality. The second affecting parameter is magnet height (vastagsag), where the
positive sign represents direct proportionality.
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Figure 4. Results of parametric tests among magnet radial size (sugar), distance (tavolsag) and force (erd)
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Figure 5. Parameter sensitivity diagram of force, effects of height (vastagsag), radius (sugar), (half the)
distance (tavolsag)
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After simulation results were evaluated and magnets were obtained, tensile strength tests were
performed to create a mathematical model of force as a function of distance (Figure 6).

Tavolsag [mm)]

Figure 6. Magnet in tensile strength tester and measurement result, distance (tdvolsdg)-force (er6) diagram

Tensile strength tests confirmed simulation results; however simulation results have a great
numerical deviation from measurement results, caused probably by model simplifications.

Another test was performed to determine dead band that is when a magnet moves just a little, the
other magnet might not start to move (Figure 7).
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Figure 7. Determination of dead band

Magnet pair interaction also had to examined, to avoid the unwanted interaction of two magnets
on the outside of the corset. It can happen, when the predefined anatomical points are so near to
one another that their outside magnets start to draw each other, instead of reacting to the
movement of their respective pairs on the body surface. A minimal distance was determined for
magnets on the body surface, as well as one for the outer ones.

When the first corset tests were performed with three magnet pairs, the anatomical points used
were lumbar spinous processes, another problem surfaced. At two of the three points, the
distance between the magnet on the skin and the corset was too big, so various sized spacers had
to be created. Spacers have to be lightweight, and have to be magnetically connectable on both
ends.

Results

After tests without corset and with the original markers (Figure 1), magnets (and where needed
spacers) were attached to the body and their counterparts were put to the corset outside. Results
shown in Figure 8 justify the presented magnetic marker motion capture principle.

Spacers introduce some uncertainty in measurement, so further analysis is necessary to eliminate
it.
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Figure 8. Magnetic marker pairs and their recorded movement

Conclusion

A method with such inexpensive accessories deserves further tests and investigations, which are
under way, to validate this promising measurement principle. Other types of plastic orthotic
devices can be tested with the method, too. Different tests can be designed and examination
protocols written, so that not just the effects of corsets on walking could be tested.
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Abstract

In Gerinco2 project there are a lot of examinations. To store data of examination a new database
created with Internet technology. The aim of database is to screen to explore of scoliosis and
follow treatment ill of children.

Keywords: scoliosis screening, Internet, MySql, artificial intelligence

1. Method, the structure of database

There are two main parts of database. One of them is the database with its defined structure of a
server. The other is a client program for doctors and assistants. The data structure is realized in
MySQL' system which is free of charge and it is able to serve more users in one time. The
structure of database is shown on the Figure 1.

=

@ce/ InstitutS LExamination_

Figure 1. Structure of the database

Structure of the database ensures that the data traffic is as low as possible. Because of the used
method the system is usable even on a week Internet connection. The pictures are stored on the
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server machine. Users download only the needed pictures. The downloaded pictures are stored in
the client machine and they downloaded again only the case of changing.

There are four tables in database there. Data institutes and examiners authorized to use the
system are stored two separate tables. The system uses different levels of authority and password
so everybody can use only his own information.

The data of patients and the examinations are stored in the other two tables. In case of pupils the
data of school and the class are stored. There are special identification numbers in the system so
the personal identification data are not used. Results of all examinations are in the examination
table.

2. Result, the database management software

System specification

Supported operating system: Windows XP
Windows 7

Needed software: MySQL ODBC Connector 5.1

Processor: 1GHz Pentium processor

RAM: 256 MB

Hard disk: 50 MB free space (suggested plus 500 MB for the
downloaded pictures)

Display: 1024 x 768 high color, 32-bit

Internet connection is needed for usage of the system.

2.1 Setup and upgrade

I3} GDB_setup.exe

GDB_setup.exe (

define the position of the program in the machine and the Start menu. Default position of the
program is C:\Program Files (x86)\GDB\. (Figure 2.)

) program installs the software in an interactive way. The user can

(37 GDE Telepits [= | @ [=25a]| ' GDB Telepits e & =2
Telepitési hely kivdlas#tésa = Start mena mappa kijelolése @~
Valassza ki a(z) GDE telepitésének mappdijat. {J J Start menl mappa kijelélése a program parancsikonjaihoz. (; J
A GDB a kivetkezd mappdba keril, Masik mappa valasztésdhoz kattintson a Tallézés gombra. Jeléljon ki egy mappdt a Start meniiben, melybe a program parancsikonjait fogja elhelyezni.
Kattintson a Towabb-ra a folytatdshoz. Beirhatja (j mappa nevétis.
p—
= |
- ] -
Accessories
Administrative Tools i
s Adobe
Adobe Design Premium CS5
= = - AGFAnet
:\Program Files (x86){GDB Tallézas... Android SDK Tools
AMSYS 14.0
ANSYS, Inc. License Manager
Helyigény: 1.8MB Applnventor Setup
Szabad teriilet: 8.1G8 Blender Foundation
[] Nincs parancsikon elhelyezés
[ < Vissza ][ Tovébb = ] [ Mégse ] [ < Vissza ][ Telepités ] [ Mégse ]

Figure 2. The setup dialog
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After setup there is an icon in the Desktop and the Start menu to start the program. The login

panel of the program is shown in Fjgure 3.

Beplorshaces

Fehacndiidy Teut
detezo
Iniszh megegere

Bemlerizst

MySQL driver

MySOL DDBC ciiver ntiliss &4 telapitiie. Wind2

Version
number

e 120871

Figure 3. The login panel of GDB

The program is able to upgrade itself. After every ten usage the application searches for the
newer version on the server. The needed version of MySQL ODBC driver also can be
downloaded. After the log in we can use the software. The language of the communication is

Hungarian.

2.2 Data of examiners

Data of examiners are username, name, qualification, status, address, phone number, e-mail,

authorization, status (Figure 4). Examiners are able to change their own data (Figure 5.).

Data of examiners

Saiigs: | Tesat

[ Adatok madositésa

l Jelsad midositasa

Wizsgdlat helye:

Vizsgalihely neve

Heim Pal Gyemekkéihaz
Ortopédii Klinka
Salus Ortopedtechnika

Place of examination

I

Saiiés:

Kilgpes:

Tovabb a személyekhez

Figure 4. Data of examiners
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Heim Pl Gyeimekkdrhaz
Ortopédiai Klinika
Salus Ortopédtechiika

m

Saiés: -

Figure 5. Modification of personal data of examiners
We can continue with the patient data.
2.3 Data of patients

Panel of patients data has three parts. Name of patients are in the left side. There is a filtering
possibility to help the searching process. (Figure 6.)

Szemely adalal |
Személy adatat
Azon [Név saidam [ -fl | == l T ‘
41 Abddi Gergely 1900.01.01 Saiil datum 2000.07.14 B~
11 Aghsinna 1900.01.01 T 000-000-000 l Llj személy febvétele ‘
10 Baké Rebeke 200.05.08,
73 Bdint Babara 191z |Ff AR L = 'l = ‘
12 Bérany Melrcls 19000101 521l elefonsagme: 061111111 Patlents’ duta
13 Both¥ivien 1300.01.01 Indnyitdszam: 11
14 Bozd Méten 13000101 i
Telepilés: Tesat
15 Burszan Fuzsina 19000101
104 | Csigi Cintia Reka 1936.05.16 (e =
84 Cougai¥ivien 1997.01.16: kol neve: Tesat Ginndium
93 |CasirerAnina 1397.0802 i
e : Dsztdly il
85 DaridsAndies 19560817,
16 Fodor Lasls 18000101
HERIED il (i ) A beilentkezet fehasznsis l felsok modositéss ‘
18 Fu\\a\tévﬁka{a . 19000101 Admirisatiaton
19 Gerhal Lila Mfrd 19000101 .
50 [Goremy Vovon tients 190001 01 ébxgs_g’jwsaelye. User lnformdtloﬂnehfa’\luklur{éseasza’mitc’ugéplﬁ\ ‘
21 |Gorog Rk 19000101
57 |Grdsz Babar 01122 l Fehaszndl kilertkezése ‘
22 |HajdiPetia 130001.01
100 Hamals Arits 1997.06.13
95 Hegedus Karclina 1997.10.91
32 Heloz BoglirkaLLila 13580114
87 HolloZsambor 20000501
89 Horvdth Peia 1397.08.00
23 Hudék Zsdfia 1300.01.01
2 Jani Bogiaka 19000101
25 | Jozse Fiugsina 1900.01.01
26 JuhdszVanda 180001.01
81 Kamempicaki Csenge 20120207
105 |Kiss Doraltya 19960620 Tovabh avizsgdlatokhoz ‘
94 Kiss Janka Néra WE0EIZ | -

Figure 6. Patients’ panel

Data of the selected patient (name, date of birth, name of mother, phone number, address,
school, class) are shown in right side on the panel. There are possibilities to change or delete the
patients.
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User name and place of the examination are the user information as they were defined at login
phase.

2.4 Data of examinations

In the right side of dialog we can see the examinations. There is a possibility to choose an
examination or create a new one. The selected examination data are shown in the dialog and we
are able to modify or delete the data if we have enough rights. (Figure 7.)

o
unessmnkdute o

Sepas | | Sspigas | Wova gl s

i = Konparcsteia
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Trbnsasainl 1205

130 B
B oy ot o
8 caiarmia kb caanain

v st

oo : esudts of examination

vaias NWW O e ol b et

iinsa st

Figure 7. Results of examination

There are a lot of examination can be stored on database: the main data of the patient, X-Ray
pictures, moving the hip, moiré and Kinect pictures.

2.4.1 Main data of examinations

The data can be stored are data of left rib hump, right rib hump, left calcaneus, right calcaneus,
left knee, right knee, kyphosis, lordosis, shoulder, shoulder point, asymmetry of body-hand,

deformity of chest paravertebralis muscle portrusion, left compensation, right compensation, data
of legs

Vizsgalat détuma:

2012.01.24. (g Kompenzaltsag:
Teswsiylal 565 =

Testmagassglem 1205 o oot ka2

Bal bordapp:

Bal calcaneus:

Bal térd:

Kyphosis:

Lordosis:

Véllestes:

Vil

Bal oldal

Lébhossz[mml:

Térdszélesség mm] g

Bokaszélesség [mml: o

Talajujheay tav. [om]

Jobb bordapdp

Jobb calcaneus:

Jobb térd:

Torzs-kar aszimmetria:
Mellkas deformitas:
Paravertebralis izomzat eldemelkedés:

Jobb oldal
Lébhossz[mml:
Térdszélesség mm] g

Bokaszélesség [mml: g

Figure 8. Main data
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2.4.2 xRay pictures

Panel of X-Ray there is a possibility to store and analyze the recorded pictures. (Frgure 9.)

Vizsgélat adatal |

Diagnzis:
Scol
Bal oldali scoli

Jobb oldali scoli

Tipus:

JCDBCL
Lerke:

6 ~C
FHCS:

i

AHCS:

0

CSCS:

Cobb szii:

Rotacis %

Schmorl hemia;

Ekesigolya:

2011.11.08.

| Alapadatok | Rontgen | Csiptmozgas | Moire felvétel | Kinect felvétel
p-

w Input-fi€lds

EEA)
17.32

RTG poniok

FHCS:
- m

AHCS:
- L

Cobb sziig w17

Flotacio % 27

Vizsgalatok ideie

Médositss
U vizsgalat késitése
Vizsgélat tilése

Vissza a személyekhez

.

Fignre 9. The X-Ray panel

In the left side there are some input field to store the diagnosis (Scoliosis, Scheuermann), the type

of illness the Lenke classification” factor and other data of vertebras (Cobb angle, rotation”).

With help of a special function there is a possibility to analyze X-Ray pictures. On the Figure 10

there are some moveable line segments there with moveable endpoint of A, B, C, D, E, I and G.

Of course the picture can be zoomed and rezoomed.

Figure 10. Analysis of X-Ray picture

® BB 3
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Cobb s2g = 3282 fok.
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Alaphelyzet J

l Médositasok mentése

[ Kilépés mentés nékii ‘
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The angle between the AB and CD sections defines the Cobb angle, and E, I and G sections
defines the rotation, depend on the F (Figure 17).

B
Cobb angle
|
ic D

F
a, b, 12,5% G

Figure 11. 'The Cobb angle (a,) and the rotation % (b,)

2.4.3 Hip movement

On the Hip movement panel the user can define a lot of test data as we can see on the Figure 12.

Left Site Right Site
EstdFlexio: 10 i 110 10 i 125
Thomas test: 0 0
Abd [30°): a5 35
Abdfadd [0°): 40 0 il 40 0 20
BRo/ARo (907 20 il 30 5 0 3
BRo/KRo (07 25 0 10 40 o 15
Antetorsio: [ [}

Figure 12. Hip movement data

2.4.4 Moiré¢ (Kinect) analysis

Either on the traditional moiré" pictures or Kinect procedure’ there is a possibility to measure
POTSI (POsterior TrunkSymmetry Index’) visible in Figure 13. or the Gerinco2 project evaluated
Prediag method’ visible on Fjgure 14.

Fenyhés

(&[5 (4] 2 [@rois] -2 | @ pesn

Figure 13. POTSI analysis
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K@) |5 [4] (2] @ porsi | — - [Bawsa (Fiza)

Figure 14. The Prediag analysis
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Abstract

Lower back region and lumbar spine in particular can be measured and evaluated with a number
of methods and from a number of viewpoints. Measurement method depends essentially on the
objective. Tests can be static or dynamic, can target detection of pathological conditions or just
evaluate persons with no specific complaints, can be performed once or repeatedly (as follow-up
series).

Authors present the development of a complex system that records and stores examination data
of various types and formats (image, video, numeric, text, etc.).

Moiré-based virtual imaging method and a mechano-optical handheld scanning device, developed
at the Department of Mechatronics, Optics and Engineering Informatics, Budapest University of
Technology and Economics (BME MOG]I) atre used for static examinations. Dynamic tests can
be performed with the system (developed also at BME MOGTI) that gives 3D information with
the help of depth sensors. Conventional examination results, such as static pressure maps
obtained with a podoscope, x-ray images, and results of manual measurements (distances, angles,
muscle ductility) provide useful information one by one. Measurement protocols help systematic
data collection.

Integrating measurement results from previously mentioned methods, and utilizing 3D
visualization, data storage and processing, increases the amount of information compared to
individual pieces of data, and previously unknown connections can be revealed.

The integrated data acquisition and processing system helps organization and systematic
processing of data stored in various (file) formats, type (text, image, numerical, etc.) and

information content.

Keywords: lumbar spine, lower back, measurement and evaluation, integrated data acquisition,
storage and processing

Introduction

Large parts of the population in so called civilized countries lead an inactive, sedentary lifestyle.
This lack of movement, especially that of physical training often results in different illnesses, a
number of those involving the musculoskeletal system. Prominent among musculoskeletal
ailments is backache, actually it is said to be the second most common type of pain in adults (the

most common being headaches). It would also be worthwhile to investigate causes of headaches,
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as some types of them have musculoskeletal origin, like muscle spasms in the upper back and
neck. The human back can be divided into three large parts according to the segments of the
vertebral column. In this paper authors focus on the bottommost of these parts, the lumbar
fragment or lower back.

When any pain, e.g. lower back pain presents, the possible causes have to be explored
thoroughly. Tests performed by physicians are complemented by those of physical therapists and
other healthcare and sports professionals. There are quite many examination protocols in
everyday use, and a large number of supplementary measurement methods are in use as well.
Examination or measurement method depends essentially on the objective. Tests can be static or
dynamic, can be used to discover suspected pathological conditions, or just evaluate a person
who has no specific complaints, and to follow and map results of therapy. One time and repeated

tests or measurements are performed, according again to the purpose of the examination.

Evolving methods and measurement devices can very well add information and provide new
insights to tests and measurements considered traditional. Authors summarize traditional
methods in examining the lower back and present the use of equipment developed in the frame
of Gerincér (SpineGuard) Project at the Department of Mechatronics, Optics and Engineering
Informatics. The paper provides insight into the development process of an integrated data
storage and processing system for collecting data from tests and measurements that can be
related to lower back complaints.

Methods and results

There are many examinations, tests and measurements involving the evaluation of lumbar spine,
and those that aim to map effects of this region on other parts of the body. In our information
technology and computer penetrated era, an increasing number of results of such methods are in
one of the many digital formats. Traditional methods, such as the use of tape-measures and
goniometers also allow some kind of digitalization, the most simple being the use of a computer
program like a spreadsheet to manually record data. Various image formats are the result of the
use of imaging equipment from medical systems like x-ray, to not yet so widely spread methods
(e.g. moiré-based virtual imaging, the use of 3D scanners, depth sensors, just to mention some).
Large amounts of numerical data from other measurement devices such as the mechano-optical
handheld scanning device is transformed to visual information.

It is a challenge to integrate the ever increasing types and amount of data into a uniform system
that provides access to each and every piece of relevant data without bombarding the user with
unnecessary information like rows and rows of numbers. When all these data is stored and
human-friendly visualization is provided, a further question and task to be solved arises. Would it
be possible to explore connections in this diversified multitude of information?

“Conventional” measurements and tests >

Each and every measurement method has criteria of reliability, precision and validity, which is
extended by the requirement of repeatability, when measurements have to be repeated frequently.
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The lumbar fraction of the spine can be measured in quite a number of ways. To facilitate
collection of objective data, such as numbers, images, motion pictures, everything that is relevant
in evaluation of lumbar spine and low back status should be given as “objective” data. So,
physical examination can give results as distances and angles. Tests can be static, such as the
measurement of the length of extremities, length of muscles in different postures, angle of joints.
X-rays both in neutral position and in specific postures belong to the group of static tests, too.
Ultrasound, CT and MRI give more detailed views and can focus on more aspects, the latter two
methods provide additional information with 3D image reconstruction. Foot pressure maps can
be recorded either in standing position, or during walking, when the test is dynamic.

The large number of muscles in the pelvic region is responsible not just for the lumbar region,
but can cause symptoms in body parts relatively far from this area. Incorrect pelvis position, is
not always visible, one has to measure several parameters to confirm it. To explore the effects of
incorrect pelvis position, first the direction in which the pelvis left its anatomical place has to be
determined. Forward or backward tilt can affect the sagittal curvature of the whole spine, with
emphasis on the lumbar section of course, besides it can modify the position of the hip joint.
Causes of pelvic tilt have to be examined, too, to determine whether it is caused by pathological
issues or stress related posture problems. For example even in healthy people stress can cause
unilateral increase of the muscle tone of tensor fasciae latae, thus causing sideward pelvic tilt. Its
further consequences are the shortening of quadratus lumborum muscle on the other side as a
result of fatigue, with additional muscle reactions that can lead to knee pain as well.

Dynamic tests are used to test movement. Two different examination techniques have to be
mentioned, active and passive movement. Range of motion (ROM) compared to other body
parts can directly give numerical data, or result can be classified in a manner used in fuzzy rule
based systems. Fuzzy membership functions are defined over the possible domain of ROM, and
movement can be classified verbally, using qualifiers like normal, less than normal, extremely
small, etc. Experts have to define the numerical mapping of these verbal classifiers by setting up a
fuzzy rule base system. The presence and intensity of pain can be given by the widely used verbal
0(1)-10 scale, where zero means no pain and 10 is the worst pain the patient has ever
experienced, or graphical scales, like the Wong-Baker FACES Pain Rating Scale can be used.
Muscles in different spinal ranges can be tested by control exercises, to evaluate their resistance
to certain force and their ductility. These tests can be focused on movement, time-span and
number of repetitions. Marker based motion capture systems of various physical principles (like
infrared imaging) can also be part of the evaluation.

Recently developed equipment

Measurement devices shown below were developed as part of Gerinc6r (SpineGuard) Project as
stated in Introduction. One aim is this project is to develop new measurement methods for the
human spine, so results can be applied to lower back.

Moiré-imaging is a well-known and quite old optical method. It is used on the human back as a
non-invasive method to obtain information on the inner musculoskeletal structure. Modern
moiré equipment, such as the one developed at MOGI, use video projectors, digital cameras and
a computer integrated into a portable test system. An improvement and derivation from
traditional moiré imaging is the use of projected stripes with different colors. This system is
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dubbed as rainbow scanner and after processing images (Figure 1) provides a 2.5D model of the
human back (Figure 2).

Figure 1. Traditional and rainbow (moiré) scanner setup with stripes projected onto the back

The use of any moiré body scanner requires calibration and standardized measurement
conditions, so that results could be compared and evaluated. Methods for scanning and
calibration with the rainbow scanner are specified and the processing program was written with
these considerations in mind. A large number of school age children were screened for scoliosis
at various sites with the rainbow scanner setup, which is equipped with another imaging
equipment to simultaneously record foot pressure distribution. Moiré images belong to static
measurement, and rely heavily on correct positioning and posture. People using moiré scanners,
therefore need to be trained in calibration and examination protocol.
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Figure 2. Rainbow (moiré) scanner software with raw image, reconstructed body model and moiré images
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A mechano-optical handheld scanning device, or vertebral scanner for short, has also been
developed. The device shows some minimal resemblance to the commercially available
SpinalMouse, but has significant differences in measurement principle, measured region and data.
After experimenting with various measurement principles, constructions, hardware and software
solutions, the device shown in Figure 3 is used now. Data collected along the spine is processed
and a 3D geometrical spine model shows the measured position and rotation of each vertebra.
The use of this device requires training and the precise following of the measurement protocol,
too.

Figure 3. Vertebral scanner, a mechano-optical handheld scanning device and a spine model based on
scanned data

The third apparatus uses the depth sensor and cameras built into Microsoft’s Kinect. The
combination of cameras and depth sensors map 3D objects to 2D with additional distance
information for each pixel. Various graphical representations obtained by the software driving
Kinect and processing its data are shown in Figure 4. Depth information also helps create a 3D
model of the human body surface.

Figure 4. Vatious representations of the back produced with depth sensors
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The last measurement equipment to be mentioned is the 3D laser body scanner. Person to be
scanned has to stand motionless inside a special frame that allows simultaneous movement of
laser line sources and taking of multidirectional digital photographs. The associated computer
program processes data from these photographs: first it creates the body’s point-cloud model,
from which it produces a 3D body model with parametric features. Figure 4 shows the point-
cloud result of a body scan and two views of the body surface model.

Figure 5. Point-cloud and reconstructed body surface based on data from 3D laser body scanner

Data integration — software structure

The amount of data is huge in itself. Defining connection among various types of test results
require the specification of some (in the magnitude of 100) specific parameters, that represent
each data type. These parameters are then used to define connections. Relevant parameters have
to be selected by experts, like physicians, physical therapists, etc.

At the time of this writing an XML specification is being created to store relevant data and
provide a common connective frame. As various software produce results in different file
formats, each program has to be equipped with a data export module. The framework program
uses exported XML data from individual software sources and allows users to specify
connections. Based on consequences drawn by experts a complex database is under
development, enabling access to individual results, and provide follow-up.

“W | Orthopedic Relevant XML info file
evaluation ata ===

' X-ray Relevant » XML info file
[ | Pressure map

Moiré
image

3D body
scan

M i | Vertepral
scan
Depth sensor
2.5D image

Figure 6. Schematics of collected data, XML info files and program
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Conclusion

The ever increasing number of tests requires a careful selection; which tests are relevant for the
evaluation task in mind. It is also important to check the availability of measurement methods
and equipment and their relevance in connecting symptoms, measured data and eventual
consequences. When meaningful tests have been chosen, they are repeated, so that progress
could be monitored. The amount of gathered data can quite suddenly require adequate storage,
which is not the main problem, but it is the platform interconnecting the various results. The
developed software aims to provide such a system, focusing to data involving the lower back, at
the moment. As more and more data becomes available, the program has to be tuned
accordingly; this process is well under way, too.
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DECISION HELP SYSTEM SUPPORTED DATA-MINING METHOD

Péter Tamas, Norbert Szakaly
Budapest University of Technology and Economics Mechanical engineering Faculty Department of
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Abstract

Database of scoliosis examination stores a lot of data of patients. The exact numbers and the
written opinion of doctors are useable in decision about the resolution of screening process. The
moiré method and results of depth scanning are pictures. The conclusions are subjective. The
paper is about a data mining based method for qualification of case to help of diagnosis.

Keywords: scoliosis, screening, moiré method, POTSI, computer aided decision

1. Introduction

The aim of the project was to develop a teachable system which is able to store all data of
examinations and it is able to suggest a conclusion or a diagnosis to doctors based on the
database stored cases.

2. Methods

The heart of the system a database and selection of the nearest data and the interpolation.

2.1 Database of the system

The method of decision making is the known data mining method named n-nearest neighbor1
and the interpolation technics.” Data of examination is stored in database and upon the vector of
actual parameters of examination is compared with all of the stored exams data vector and select
the k nearest examinations. The nearest examination that where the difference between the
stored data vectors and the actual data vector is the minimal one. Conclusion can be defined on
the subset with k element, where the known conclusions interpolated with a polynomial as the
function of the known parameters. The actual parameters are substituted into the interpolated
function value will be the suggested conclusion.

There is a frame system teachable with measured data and accepted decisions. The aim to find
the closest cases to actual examination data set (green in the Figure 1.). Based this data the system
evaluates the conclusion upon the known cases (red in Figure 1.).
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Figure 1. Schema of the system

2.2 Working of the system

The data of all examination are stored in numerical form in database. Concluded data are
numerical too. The applied method is a multidimensional interpolation. The first step is to define
the set of closest data with help of a query. Let us imagine the decision data of the known cases
as the multidimensional function of the known datal

2.3 The developed mathematical background

Data of examinations are defined as elements of intervals. Limits of intervals defined by the

min  max

possible maximum and minimum of these values /x;/”,x/*/ where /=7,..N and N is the number
of known and accepted cases. That means data are in an interval of N dimension.

[lein, X, x [szin, szMJX----X[XNmm, Xy =X O

Similarly the accepted conclusions are in an interval of P dimension.

[yl miﬂ, Vi mﬂ?FJ X [yZmin, YmerJ XX [mein’ YPma)x] =Y (2)

The basis of work is to find the function ¢ mapping the known data to known conclusions.

P:X>Y; 0K =y x€Xandy€Y 3)
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If ¢ function is known we can substitute the questionable examination data in it and the
suggestion will be the function values. Because of numerical stability it is worth to project all

interval into [0,1]. Let the o; and f3; the normalizer functions.

o2 [ximinximax] = [0,1] 5 ou(x) = & i=1...Nandj=1...P

Bis by = 10,115 () = 2 x@Xandy €V @
EE€[0,7]N and 7 € [0,7]7

Using the normalized data we search for the ¢* function. It can be computed from (3) and (4).
G 01N> 0,115 (8 = n; £610,1" and g€ [0,1) ©)

The following shows the definition of d* function.

In the first step we search for the function in third order:

N .
. =1..P
$ () =D (a8 +b & o & +d,) / ©
i=1

We can select the 4#IN closest records to the questionable one based on the Fuclidian norm. The
. . . * . . .

interpolation function of ¢ is defined with the 4#IN equations for 4+N unknown ¢, b,, ¢,, d;
coefficient. If the equation system is solvable then we are ready. We can substitute the

questionable data end we get the suggestions.

If it is not possible to solve the equation system (there is no enough data or there is a singularity),

than the 55* function can be searched for the following form

¢ i(x)= i(aug&f +b,.& +c;)) j=L.P (D

In this case we have to select the closest 3*IN records from the database. If the interpolation ¢

function in second order successful, the coefficients «, , 4,, ¢;; can be defined we are ready and ¢

function is defined.

If it was not successful because of there is no enough data or there is a singularity, than we search

for the gé* function upon the 2+IN closest records in form of (8).
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¢ i (x)= i(ai,jf;i +b,;) j=1..P ©)

When there are 2+ closest records and it is successful to compute «

. » by, coefficients (7=1...IN),
then ¢ defines ¢b.

If it was unsuccessful then it is enough to search the closest record to the actual data. The

. . . * . . .
conclusion part of it will define ¢~ function and the ¢ function and the suggestion.

3. Used data

There are two special examination included in the system.

3.1 A POTSI (POsterior TrunkSymmetry Index)

Upon POTSI - posterior trunk symmetry index’ we are able to conclude the deformity of back
surface and so the curvature of vertebral in the vertical plane. There are eight points on the back
we have to define. It is easy to do however on a photo or on the moiré picture. In a symmetric
back surface the POTSI index is zero. The higher POTSI index is the worse. The index under
27.5 it is normal. Upon the experiences POTSI classification is good for asymmetry, but it show a
lot of cases of the scoliosis to be healthy. The experiences shows that the POTSI is the function
of Cobb angle in 44.6% and the rotation in 26.8%. The POTSI is defined by equation of (9)
based on Figure 2.

POTSI = FAI + HAI )

where definitions of FAI: is the Frontal Asymmetry Index and HAI: Height Asymmetry Index
There are the follows:

The eight anatomic points are:

1. C7 vertebra

2. upon point of back-end

3. intersection point of tangent of left
shoulder and tangent of left hand

4. intersection point of tangent of

right shoulder and tangent of right

hand

left armpit

right armpit

left waist point

right waist point

SN SN

Figure 2. Definition of POTSI
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Upon these

L distance between 1. and 2. points

A: length of vertical projection of 7 (this is the reference line of following
calculations.

distance of point 5. from A4 section
distance of point 6. from A4 section
distance of point 7. from A4 section
distance of point §. from A4 section
vertical projection of distance from 3. to 4.

vertical projection of distance from 5. to 6.

TN R YOS

vertical projection of distance from 7. to §.

From these

FAI=FAI +FAI

armpit

+FAI

waist

where
FAL,=A%100/1
and
FAIar/f/pit: |B_C| *700/1
and
FALmth: |D_E | *700/1
and
MI = H/41 J‘/JO%/[[@VJ’_ qul armpit + MIWWI 4
where
HAIJbon/d@r:F*ioo/I
MI&IW{Z)Z-IZG*700/ I
MI:vazkl:H*ioo/I
3.2 Prediag method

(10)

(11)

(12)

(13)

(14)

(15)
(16)

(17)

There was a survey made in frame of Gerinco2 project with more than 300 examinations of

students. Upon the test doctors created a new estimation method named prediag.4
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Figure 3. The estimation data

On Figure 3 the definitions of estimation data are shown. The main contour points are signed
with four sided yellow starts.

KFT maximum height of head,
KNYB, KNY]J contour points on the neck,
KVB, KV] contour on the shoulder,
KHB, KH]J contour points on the armpits,
KDB, KD]J contour points on the waist,
KTB, KTJ contour points on the hams.

The special main points are signed by red pentangular.

C7 vertebra C7
S1 spinal process of vertebra
L the lower point of the lumbal sector

Other point on the moiré picture signed by yellow triangle

ISOTHPB, ISOTHP] proximal iso-lines on left and right thoracic region
ISOTHDB, ISOTHD]J distal iso-lines on left and right thoracic region
ISOLPB, ISOLP] proximal iso-lines on left and right lumbar region

Estimated centrum points of iso curves are signed by orange rectangles. t

BDC Left dorsal centrum
JDC Right dorsal centrum
LC Lumbar centrum
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BGC Left gluteal centrum
JGC Right gluteal centrum (same as L)

From the above mentioned the healthy case when the C7-S1 line is the same than the VL -
vertical line (the sagittal plane) (Vertical Line) and the KTB-KT] line is the same as the (HL-
horizontal line). The measure of compensation is the angle of C7-S1 and the vertical line.

4. Results, Processing of moiré picture

In the software system there is a panel of moire picture (Figure 4). On the panel we are able to
show and to analyze the stored moire picture.

Vizsgilat adater
_Teszt 2012.01.24.
Alapadatok | Rartgen | Cafbsmoag

a5 | Mo lelvitel | Kinect feivétel |

Vizegalalok ideje &

2012.07.06.
2012.07.06.
20M2.07.06
20M2.07.06.
. 201207.05
Moiré 20308

2m3020

B and analysis

Médasitss ‘
Uj izsghlet készitése ‘

Vizsgdat todése ‘

Visszs a személyekhes ‘

Mo porkok Kipés !

Figure 4. Moiré panel

If we have a new examination or we want to modify an old one we show the dialog of moire
examination (Fjgure 4.). There is the possibility to zoom and re-zoom the picture by buttons. With

[I@ FOTSL.  button we select the POTSI examination. After selection the button ® and the
selection one element on list of Figure 5. (Hungarian software) we can select a distance to define
in the picture Figure 6.

IBaljobb wal
B al-jobb hanalj
B al-jobb derék

Figure 5. Selection of the POTSI distance

After defining the POTSI panel shows the POTSI value.
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&)@ . [5][ 4] ([ @rorsi] -5 [ @ presos |

Fignre 6. The POTSI panel

If we choose the \M button we will get the Prediag dialog (Figure 7.)

K@ (8] 4] 2] @ — - [Bomin]

Figure 7. The Prediag panel

Like in the case demonstrated above we can choose a distance by a list shown in Figure 8.

S1-L
BMY-INY
By
BFET-JFET
BH-JH
BEDC-IDC
BRART-JF&KT
ED-JD
BAFKT-JAFKT
BT-IT
BGC-IGC

FT-C7 -]
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Figure 8. The distances of Prediag

In the case of new examination or modified examination in the right scrollbar of the panel doctor
is able to qualify the patient. The healthy case is colored green, the problematic is yellow and the
dangerous is red. The system helps to decide in way written in 2. In the case of old examinations
the system automatically shows the qualification of the case.

5. Discussion

The presented method worked well in test phase. The next step is the verification in real
screening processes. Tuning of setting parameters can be made after the processing of results.
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Abstract

Treatment of traumatic head injuries and various neurosurgical conditions sometimes includes a
removal of a large part of the cranial bone. Later on, the formed crane window must be closed
with an implant. In this paper we present a method that allows producing implants of any size
and complexity, with accurate fit and relatively low manufacturing cost. The implants are
finalized upon virtual verification and need short operations to built in the cranial bone. The
method can be used also for changing existing implants.

Keywords: crane, reconstruction, CAD

Introduction

In case of certain diseases or injuries of the head it is necessary to remove a part from the cranial
bone. The cranial defect is closed either with autogenous bone or with alloplastic material.
Theoretically the use of autogenous bone should be better for the patient. However, in the
practice various problems (bone necrosis, bone absorption) may occur in this case. When
alloplastic material is used, the cranial defect is closed with metal (ex.: titan) or plastic material
(polymer). One of these mentioned polymers is the polymethyl-metacrylate (PMMA). This
material is not only cheap, but also easy to model with thus implants of various shape can be
realized. Upon the literature, infection type post operational complications appear in 13,3-13,8%
of the cases.' Removal of the implant is necessary in 4,4-12,5% of the cases.'

Methods

In the early 80’s the implant was realized by melting the half polymerized PMMA directly on the
bone window during the operation. The polymerization of plastic material finished in situ on the
crane. The heat produced by the process was removed through continuous cooling of the
implant.”

A typical implant making method used by Hungarian surgeons is shown in Figure 1. Here a rough
implant model is realized by melting PMMA on the hairy skin. From this model a negative mould
is made. A raw implant model is mould in the negative during operation. When the access to the
bone window is free, the surgeon takes the half-polymerized implant, and forms it so to fit the
window. The final implant shape and precision depend on the skills of the surgeon, and can not

be predicted.

Later, more developed methods used series of CT images. From these image series CAD model
of the cranial bone was constructed. From the crane model the CAD model of the implant has
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been created either using mathematical logical operations, or using a large database of CT-
extracted CAD crane models. Precise fit of the implant model has been verified by comparison
to the original CT images. Then a rough implant was realized using CAM techniques. After
finishing, a casting mould was made from the rough implant. The final implant was melt in the
mould and implanted after polymerization.” Often, even the crane model has been manufactured

with CAM technology for easier operation planning and implant shape verification.”

One of the first papers in Hungarian medical literature treating of the CAD-CAM method
application in implant realization has appeared in 1995.” In the late 1990’s researchers have
developed the possible methods for realizing a CAD implant model, and advantages and
disadvantages of such methods have been shown. Such research results are summed up for
example in the 2003 paper of Hieu et al.” In case of small implants, model is realized using the
principle of symmetry, while in case of large implants, model is based on a crane of similar
shaped crane extracted from a database. These methods are easy to algorithmize. With an
appropriate software based on such algorithms a simple implant model can be realized in 6-8
hours. If the implant is larger than the half of the cranial bone, or it passes through the symmetry
plane of the crane, or it covers irregularly placed crane windows, then modeling still needs large
quantity of manual work.” In such cases the skills of the implant model maker, and the
cooperation among the medical doctor, the model maker (CAD) and the manufacturer (CAM)

are of great importance.

making rough implant
model
¥
manufacturing the
negative mould
* ¥
wfolding the crane molding raw implant
model from negative

=

checking the fit of the implant

'

manual modification of the raw implant

operation

fixing the implant

¥

folding in the crane

Figure 1. A traditional method for making PMMA implants
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Figure 2. The developed CAD-CAM implant manufacturing process

All of the procedures using CAD designed implants are well proven, and there is large practical
experience behind them. We wanted to develop such design process that is more precise and
more cost efficient. Our priorities were the following:

. implant design based directly on the CT images (precision)

. implant model control directly in CAD environment (cost efficiency)
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. minimal use of CAM technology (cost efficiency)

. minimal operation time (cost efficiency, patient less exposed to surgery)

Instead of PMMA, ultra high molecule-weight polyethylene (UHMW-PE) was chosen as implant
material. This material is a very rigid, non corrosive, non toxic thermoplastic. It is relatively cheap

and has good radiological transparency.

The steps of the developed implant manufacturing process are shown in Figure 2. Implant models
are built manually, in cooperation of the CAD engineer and the medical doctor. The implant limit
surface follow closely the real cranial bone window contour. Example of generated crane model
is shown on Figure 3. The taylor-made implant can be seen in Fijgure 4. Note that optional
verification loop can be added to the algorithm if the CAD engineer is beginner or the implant
shape is too complex. For simpler implants or with professional engineer the optional loop can
be omitted. Example of implant fixation is shown in Figure 5. The implant and the crane are

linked with small titanium sheets fixed by screws both on the crane and the implant.

Figure 3. Crane model

Figure 4. Implant model
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Figure 5. Fixing the implant

The advantage of the manual method is that implant models of any shape, size or complexity can
be realized in good quality. The disadvantage of the method is that the time needed for building a
model is always more that building a model automatically by software.

Discussion

22 implants realized with the developed CAD-CAM manufacturing procedure were applied in 19
patients in the last 8 years. None of the implants had to be modified during the operation, all fit
perfectly the bone window. Short time post operational complications appeared at 2 patient (9%).
Long time post operational complications appeared at only 1 patient, where one of the two
implants had to be removed (4,5%).

After recovery, the presence of implant on the crane is not perceptible (Figure 6). Aesthetical
problems were not signaled by the patients.

Figure 6. Head shape before and after cranioplasty

The developed CAD-CAM implant manufacturing procedure can also be applied when a
previous implant is not convenient, is damaged, moved away or broken. Changing of a previous
damaged polymer implant can be realized in one operation: the old implant is removed, and the

133



Biomechanica Hungarica V1. évfolyam, 1. sgdm

tailor made new is implanted (Figures 7-8.). The procedure was successfully applied also for
changing problematic, infected old implants.

Figure 7. Steps of CAD correction: broken old implant, clean crane window, new implant fit

Figure 8. Broken old implant and head shape with new implant

Conclusion

The elaborated procedure allow to realize tailor made precise implants at relatively low cost. As
manual method is used, it is better applied for implants of complicated shape or big size. Upon
the experiences, the risk of post-operative problems is not higher than the usual.
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Abstract

More and more children and youngsters are affected by spinal deformities these days. These
diseases can be well cured if they are detected and filtered out in time. We wanted to set up an
objective and safe method with which we can diagnose wide spectrum of school-aged youngsters
without harmful side-effects. Creating moiré images was one way to solve this problem, that is
the reason why we started to test this method in filtering and following the condition of our
young patients. Patients measured by us were going through a general examination method where
their phisical status was examined by physiotherapists, and relief images were taken of their back.

The initial aim to make the moiré image use an objective method to filter and follow the patient’s
condition in case of weed curvature of the spine could not be totally fulfilled. The reason is that
the evaluation of the images is still a subjective method done by our vision. A possible solution
could be to find an objective evaluation method where we can process, evaluate and compare the
images with the same conditions. The programming and use of a proper image processing
algorithm could be a great help for us.

Keywords: digital moiré, moiré evaluation, Kamal’s method, moiré method

1. Introduction

In the Salus Kft. the digital, computer-aid moiré device is being tested for a few years. We use it
especially to follow patients’ conditions, but it can be used also for screening healthy patients.
Originally this method would have been a substitution instead of manual examination.
Unfortunately this system has not been developed yet, but we would like to improve a method.

In every 3 months children have to get their braces checked. They have to visit our company to
let us take a moiré picture/image of their bodies. In this way the improvement or deterioration
will be visible. Sometimes this picture can be eye-catching for children, in many cases they face
their backs’ condition. If somebody wears the brace carelessly and the moiré picture shows
decadence the experience causes the patient to wear the brace properly. If somebody wears this
device properly, 20-22 hours daily, the moiré picture generally shows some improvement. This
experience could help to follow the treatment dedicated to reach the best results.

In a few cases the moiré image is not in balance with the X-ray images. Sometimes improvement
was detected, however the X-ray showed unequivocal decadence. This phenomenon is attributed
to the physiotherapy led by us. We have experienced the opposite way as well.

The back is left untouched by the examination, so it does not cause any exposure for young and
teenage children. Moreover the number of examinations of the patient’s back could be increased
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using this method. The examination is fast and quite cheap, so it can be performed any number
of times.

2. The Moiré Effect

Optical measurement methods of three-dimensional surface metrology became rapid and

effective tools especially in the field of orthopedics," """

where moiré imaging (used mostly in
spinal deformities) is considered to be capable of measuring and graphically displaying whole

: 23
surfaces 1nstantaneously.

By the superimposition of two similar periodic structures translated, or rotated relative to each
other, a new structure arises with longer periods. This one is called moiré pattern and it consists

of the moiré fringes.

During the moiré surface measurement a grating (or its shadow) is projected to the surface of the
model, where this grating will take a distorted form due to te model’s shape. Another grating
(which can be the same) is located between the model and the observer (that can be for example
a camera or a person’s eye). As the second grating remains unchanged, it can be considered as a
reference grating. The axis of the observer encloses a certain angle with the axis of the projection

by intersecting each other on the surface.” >

We can find several points on the moiré pattern that have the same distance from the reference
surface (or base plane). By connecting these points, contours can be created, just as at the
topographical maps, in this way the test surface can be described with these lines.

By superimposing two periodic or quasi-periodic structures, the moiré phenomenon can be
observed. When the two structures have the same or slightly different line spacing and their lines
are set approximately parallel, a new coarse pattern appears. This pattern is known as the moiré
fringe pattern. The spacing and orientation of the moiré fringes depend on the spacing and
orientation of the structures being overlapped whereas the visibility of fringes is related to the
width of transparent or black lines with respect to the line spacing of the structures. Moiré
topographical methods can be distinguished as: the basic grating—shadow, the grating-projection,
the grating—TV and the synthetic, computer generated grating methods. Shadow moiré is a
contour mapping technique that involves positioning a grating close to an object and observing
its shadow on the object through the grating. Thus, the basic grating—shadow method offers the
best accuracy and the simplest arrangement because the projected grating and the master grating
are identical, so they have the highest degree of binding. The disadvantage of the shadow moiré
technique is that the master grating must have similar size as the measured object.

The moiré method has several advantages, such as being fast, relatively cheap, highly sensitive,
and has graphical results. It is also essential that the method offers a non-contact surface
measurement” which does not burden the patient with radiation, unlike x-ray analysis. Moiré
measurement can be a supplementary method for determining the necessary further examinations
and treatments of patients.

The main advantages of the moiré technique during the quantification of spinal deformities are
the simple assembly and cheap construction of the measuring device. It offers a fast and easy way
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to interpret the content of the moiré picture towards the user. The moiré fringes formed on the
human back allows the examiner to find the characteristic points of the spine easily.

The masurement method can be applied in several other areas, as it offers the chance to
determine deformations caused by pressure or temperature change in cases where mechanical
measurement methods are not an option. The dimensional accuracy of mass production or
products in robotics can also be measured with this method.

3. The moiré equipment

This equipment is used in the gym of Salus Ltd., it is designed and developed with help of
ortophedic medicals. Actually it is a classical projection moiré equipment,”* but we use video
projector instead of the traditional projector. We have to take a picture from the reference area
first, then the patient’s back appears in the examinated area. The pattern and the settings are left
without change. Because of the examined object the pattern will be strained. Another photo is
taken of this, and the computer” produce a moiré picture from these data.” The image can be
evaluated with one of the previously described algorithms. In this picture the contours are
visible, subjective evaluation also can be applied.””**

4. Spinal Deformity Types

Scoliosis is a weed deformity on the spine it can be visible mostly in the frontal plane. It has two
different types, functional and structural scoliosis. In both cases there are weed lateral deformities
on the spine, but in case of funtional scoliosis there isn’t any rotation. Rib deformations cannot
be observed with stoop instead of structural scoliosis, as it is hard to remark. Mostly angle of that
deformity will stagnate. Physiotheraphy can be the suitable method to cure it. Asymmetrical
strengthening of the back muscles is a good solution to pull weed curvatures into the right
position.

It can be divided into primer and secunder scoliosis. If patients has difference between their legs,
weakness in their muscles, it can be diagnosed as a secunder scoliosis. It is very important to find
and cure cases for the successful treatment. Without any visible cases can be diagnosed as a
primer scoliosis.

By structural scoliosis there are weed lateral deformities on the spine with torsion. Cases has not
been found yet to complain the development of the disease. Dispersion is not equal between the
two genders. Young girls are more often concerned compared to boys. It could be discovered in
rapid growth phase of the bones, mostly at teenagers. Sadly we meet 3-4 years old little children
with large deformities who have to wear the brace until the end of ossification.

Rib or chest deformations can be observed, as the result of vertebrae torsion. Patients handled by
us the physiological sagittal curvatures seems to be reduced. Patients have to wear brace until the
end of ossification, without this the disease will deteriorate. For teenage girls the ossification ends
two years after the first menstruation. To verify it X-ray images are needed, that can show the
developed Rissel mark on the pelvis. Scoliosis without treatment can cause pain, aesthetic
problems, diasbility and even failures in blood circulation.
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The Cobb angle is measured on plane radiographs by drawing a line through the superior
endplate of the superior end vertebra of a scoliotic curve, and another line through the inferior
endplate of the inferiormost vertebra of the same scoliotic curve, and then measuring the angle

between these lines.**

e

Figure 1. Scoliosis

The second type of spine deformity is the Scheuermann disease. At this disease the spine is
straight in the frontal plane, but the kyphosis is much rounder than at healthy people. Nowadays
the lumbar kyphosis is also very frequent. Often negligent posture is diagnosed instead of
Scheuermann disease, and it remains without a brace and a suitable treatment. In general, shapes
of vertebrae change on the inner side of spine. In case of the disease vertebrae are lower in the
inner side and the collagen combination is changed in the endplates, so the cartilage rift becomes
tight between vertebrae.

: : 29
Figure 2. Scheuermann disease
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5. Treatment of The Spinal Deformations

The treatment method has to be chosen according to the condition of the disease.

Under 20 Cobb degree physiotherapy can be sufficient. During the tournament muscles are
strengthen asymmetrically, so they can keep the weed curvatures in the normal position. A few
special exercises have to be practiced 5 to 7 times a week to get improvement.

Between 20 and 50 Cobbs special Schroth physiotherapy have to be combined with brace
treatment. The brace is a rigid, uncomfortable device. It puts pressure on the trunk to upright
carriage. Opposite of this there have to be moving areas, it’s because of the movement needs of
the trunk. It stimulates patients to use their own muscles, as they try to get into a position where
they don’t feel pain. It is important to do also physiotherapy. Doing other sports (swimming for
example) while wearing brace could be also effective, as muscles of the spine get stronger

asymmetrically, just like with physiotherapy.'’ "

Figure 3. Gschwend brace °

Above 50 degree surgical consultation shall be needed. In case of a considerable deformity with
large rotation the spine has to be stretched a few weeks before the operation. Under the
operation surgeon lay a metal device onto vertebrae and connect it with the spine. This device
removes weed curvatures and keep the spine in a fixed position. It is only suggested in case of a
very serious disease.
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Spinal fusion
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into the bone
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Scoliotic spine

Fignre 4. Spinal surgery 16

6. Evaluating method

With Kamal’s method™ we can calculate the 6 angle of the spinal curvature from moiré images
which correlates to Cobb angle in case of single curve scoliosis. The following points have to be
used by this mathemathical method (according to Figure 5.):

Figure 5. Measurement of the angle of spinal curvature by moiré topographs b

0 =4CAO + 4CBO =Y1 +Y2

The d1, d2 and d3 sections show the minimum asymmetry and can be given with the following
equations where left to right direction is positive while right to left is negative:
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d1 = o* (CH+CE)
d2 = ¥o* (AD+AG)

d3 = Vo* (BF+BI)

di-d2
tanY1 = loidi-dzio]

CA
vy — | ojd1 — d3|o]
an = BC

Kamal’s algorithm to determine the points necessary for the calculations according to Figure 5. is
as follows:

1. The midpoint of the neck (P) have to be joined to the midpoint of the pelvis (Q).

2. Find the moiré fringe on the scapula, which shows the most significant asymmetry, and
intersect it with a line perpendicular to line PQ. So we can get points H, C and E.

3. Draw an upper tangent to the moiré fringe, which has been intersected by HE. This way we
get points G, A and D.

4. Finally, find a moiré fringe on the lumbar part of the spine, which is not significantly distorted,
and intersect it with a line perpendicular to PQ. Points G, A and D can be defined this way.

Moiré images taken by us are used mostly to detect changes of patients’ backs. The subjective
evaluation by eyes can also show the changes. It is important to give psychical help for young
children. Showing the result is always a good experience for them. This can give them willpower
to continue the treatment. Otherwise decadence can be also challenging.

We found some conflicted cases, where the moiré picture showed improvement, but X-ray
images showed reverse results. It is planned to examine this problem, but at first very simple
problems were choosen to be evaluated. Patients were selected with long thoracic curvature and
minor rotation. The most often type of weed curvatures is a curve with right convex, long
thoracic and left convex short lumbar part. Four patients were selected by us with similar
deformity. We paid special attention to the perfect selection, the selected children’s curves are

very similar.

7. Examinations

The 4 selected children have at least two different X-ray photos, and two or more moiré pictures.
12 moiré pictures were evaluated. From moiré pictures approximate results were calculated.
These results were compared with the Cobb angles calculated by orthopedic medicals from X-ray
pictures.
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The evaluation and the measurements were done using RapidformXOR software. The height of
the children and the zoom of the pictures were taken into consideration. The height of the
patients were mesaured in the picture, and the measured height was scaled with the original
height.

Figure 6. The first examined patient’s moiré and X-ray images

The pictures were imported into the program, and the mentioned points were marked. Between
the neck (P) and the hips (Q) a line was drawn to show the gradient of the spine. G, A, D, H, C,
E and I, B, F points were designated also.

The distances were measured and summarized in a table. The angles were calculated using
Kamal’s method and mathematical equations.

We wanted to try Kamal’s method in use. The easiest deformity is the mentioned right convex
long thoracic and left convex lumbar curvatures. It is easy to be perceived on the back. Kamal’s
method can be used, as the effect of the disease can be visible mostly in the middle of the back,
under the scapulaes.

8. Results

Every selected patient has 3 moiré pictures. The first and the 3th images were taken at the same
time as the X-rays, while middle moiré picture was compared to whichever X-ray image was
taken at closer time to it.

The original Cobb angles — measured by orthopedic medicals — were compared with the
calculated angles using the Kamal algorithm. I paired the results to be able to prepare a statistical

. 3436
evaluation.

Average of medical measured Cobb angles was 30.4°. The average using the Kamal algorithm
turned up 28.58°.

The standard deviation in the first case was 10.66, in the second case it was 10.95.
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Standard error was 3.078, after the evaluation of moiré pictures 3.161.

The original and the measured angles were stand in pairs, and paired t-test’” was applied. The P
value was 0.2642. It can be declared that there is no significant difference between the two
methods, the evaluation of moiré images can give similar results as the other method.

The normal dispersion was checked with the Shapiro-Wilk test, p is not significant.

9. Recommended Modification

The first problem is that Cobb angles are measured on every weed curvature. If there is 2 or 3
weed curvatures on the spine, medicals measure 2 or 3 different values of them. Kamal algorithm
is good for thoracic curvatures, but we haven’t got data for other types of deformities. It is
planned to examine other types of curvatures, like lumbar curvature and Scheuermann disease.

It is very important to have correct claibration and right settings before the measurement. The
camera and the projector have to be perpendicular to the patient’s back.

It is important to warn patient to stand in the right position, the picture has to be taken in time of
total exhalation. We plane to use a handrail during taking the pictures to eliminate movement of
the patients. It is important to have the pelvis in the correct position, length of legs have to be
checked if it is necessary.

During the evaluation we have to pay attention to use the same contour lines, if it is possible.
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Conducting The research part of the tender called “Research of an intelligent device and
method for observating and nursing orthopaedic deformities” (TECH_ 08-A1/2-2008-
0121), specified by the Hungarian National Bureau of Research and Technology.
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TECHNOLOGICAL INNOVATION AT SALUS ORTOPEDTECHNIKA KFT. REGARDING
THE GERINCOR PROJECT

Petra Balla, Ferenc Marlok, Katalin Prommer, Gyula Kocsis
Salus Ortopedtechnika Kft.

Abstract

In this article we tried to introduce our renewed technology regarding the Gerincor project.
Instead of the old technology the new provides much cleaner, more accurate, and more
comfortable procedure for our young patients. Moreover data could be archived much easier.

Keywords: Imageware, RapidformXOR, plastering, milling, spinal deformity

1. Introduction

The GERINCOZ2 project — started in 2009, with 5 different company and Research Institute —
got a problem to solve: how to simplify manufacturing of the aid for spinal deformities, and how
to improve the brace. Our company, Salus Orthopedic Ltd. is one of the leading hungarian
orthopedic companies, medicating thousands of patients in Hungary and beyond the borders.

Wearing a brace is not easy. It is a firm, rigid device, that has to be worn from the detection of
spinal deformity until the end of the ossification. Our company is leader of manufacturing these
devices in Hungary, Europe and even in the whole World.

Spinal deformities are diseases, which are weed variation of phisiological spinal curvatures. Weed
variations could be: scoliosis, and Scheunermann disease.

2. Spinal Deformity Types

Scoliosis means spinal weed deformity mostly in the frontal plane. It could be divided into
functional and structural scoliosis. In both cases there are weed lateral deformities on the spine,
but in case of funtional scoliosis there are problems only in two dimensions, so there isn’t any
rotation. Therefore no rib deformations can be observed with stoop, as it is hard to remark. In
general angle of that deformity won’t deteriorate. In most cases it can be cured with special
physiotherapy. With asymmetrical strengthening of the back muscles the curvatures could get
better. If there is not a simple reason, it is a primer scoliosis. In case of secondary scoliosis a
cause could be found, for example difference between the length of the legs, muscles weakness.
Liquidation of cases is very important for an effective treatment.'”

By structural scoliosis there are weed lateral deformities on the spine with minor or large torsion.
Researchers has not found any cases to complain the development of the disease. Young gitls are
more often affected than boys by this disease. It could be discovered in rapid growth phase of the
bones, mostly at teenagers. Rarely it has appeared by younger 3-4 years old kids, where the
opportunity of recovery is less.
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As a result of vertebrae torsion, rib or chest deformations can be observed. The physiological
sagittal curvatures seems to be reduced. Without treatment structural scoliosis could be even
worse until the end of ossification. For teenage girls the ossification ends two years after the first
menstruation. To verify it X-ray photographs are needed, that can show the developed Rissel
mark on the pelvis. Scoliosis without treatment can cause pain, aesthetic problems, diasbility and
even failures in blood circulation.

The Cobb angle is measured on plane radiographs by drawing a line through the superior
endplate of the superior end vertebra of a scoliotic curve, and another line through the inferior
endplate of the inferiormost vertebra of the same scoliotic curve, and then measuring the angle
between these lines.’

The second type of spine deformity is the Scheuermann disease. In case of this disease the spine
has a normal curvature in the frontal plain, but the kyphosis could be rounder than at healthy
people, or a kyphosis will develop near the groin on the spine. It is hard to discover, while it is
often mistaken with simple negligent posture, and it remains without treatment. In general,
shapes of vertebrae change on the inner side of spine, they are shorter and the collagen
combination is changed in the endplates, so the cartilage rift become tight between vertebrae.
Sometimes Schmotl lumps could be found. It means that a piece from cartilage disc go under the
border plates. It is not an important alteration, however medicals take it for a sure symptom of
the disease.

Figure 1. 0

3. Treatment of The Spinal Deformations

There are more alternatives for the treatment, but it’s important to take the condition of the
disease into consideration.

Under 20 Cobb degree physiotherapy is recommended. It is built up from very special exercises,
muscles are strengthen asymmetrically, so they could stand the weed curvatures in the normal
position. A few special exercises can be learned and have to be practiced 5 to 7 times a week to
get better.

150



Biomechanica Hungarica V1. évfolyam, 1. szdm

Between 20 and 50 Cobbs it’s very important to use a brace™ combined with Schroth
physiotherapy. The brace is a rigid device. It puts pressure on the trunk to upright carriage.®”
Opposit of these it is very important to make moving areas, it’s because of moving the trunk. It
helps patients to use their own muscles, as they feel pain on pressurized areas, so they try to get
in a position where they don’t feel pain. It is important to do special excercises to strengthen the
muscles. Doing other sports (swimming for example) while wearing brace could be also effective,
as muscles of the spine get stronger asymmetrically, just like with physiotherapy.

Fignre 2. Cheneau brace 12

Above 50 degree Cobb spine surgery shall be needed. In case of a considerable deformity with
large rotation the spine have to be stretched during weeks before the operation. Under the
operation surgeon lay a metal device onto vertebrae and connect it with the spine. This device
removes weed curvatures and keep the spine in a fixed position. It is only suggested in case of a

very serious disease.
4. Modeling

Our technology changed a lot with the project’s help. Modern scanning is used by modelling, and
carving is also digitalized. It ensures more comfort for patients and technicians as well.

The patients have a conversation with the leader our technicians’, Ferenc Marlok. The discussion
gives us informations about the children, for example about their hobbies, sport activities. It all
helps us to make the best, individual brace. Another very important reason is that children know
that we deal with their personality.

According to the old technology modeling a brace was a long, dirty process, and it was very
uncomfortable for young girl patients. Children had to take off almost all of their dress to let
technicians put pen marks on their hips. Then they got a slim, transparent, stretch cotton T-shirt,
named tube tricot. After orthopedic technician wound their trunk round with plaster bandage,
they marked the hips before the plaster became solid. They cut this negative from the patient,
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and produce the trunk model from plaster using that negative. Later this model was carved by
technicians’ hands. During this process the model was made flat to produce pressure areas, to
produce moving areas the model had to be fatten by plaster. Around the finished model
technician laid a warmed polyethylene sheet and it was tightened onto the model with vakuum. It
became the final form of the brace. After the unnecessary parts were cut off, patient could get the
individual device after last fitting and final formation.

Figure 3. Plastering

The first technical modernization was the digital modeling. Old, uncomfortable plastering is
being followed by 3D scanning,.

With the new technology patients have to take off their dress until underwear, then they have to
step on a rounding podium. During rounding a 3D scanner takes photographs of their bodies.
The frequence is 2 frames per seconds. This table turns round 360 ° in 40-50 seconds, so it can
take pictures from many sides. In this way information is enough for the program to produce a
3D model of the patient. There are some sponge disc markers used to point at some important
bones. These are the hip bones, to point at the base of the brace. In addition the 7th neck
vertebra, vertex of both sholuder-blades, intersection of the spine and the line between the
marked shoulder-blades, spina iliaca posterios superiors, and endpoints of claviculas near the

arms.

Markers help us to compare the X-ray photographs and the 3D models. With this we can find
out the real degrees of the curvatures, because it is an important problem, that X-ray assistants
stand patients in the right posture, so the spine problem seems lighter, than it is in real.

To produce a brace, first step after scanning is to duplicate the original scan. So we can look the
original conditions during the production. After that the unnecessary parts have to be cut off.
The final model is a trunk without arms and legs, it’s base line is under the hips. The rumpled,
crushed parts have to be made smoother, for example borderlines of underwear. This step is
important by milling the model.
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Fignre 4. Scanned trunk

5. Transformation Using Imageware Software

The Imageware program'’ can transform the scanned 3D point cloud. An .STL Binary file have
to be opened from the program, so we get the original scanned point cloud. We have to produce
horizontal slides, then the vertical axis has to be defined. After that the program helps us to lay a
skin on the cloud. The model is ready to use it in Rapidform XOR software.

AMCmE

Figure 5. Point cloud after using Imageware

6. Digital carving

To develop the final form of the brace orthopedic technicians’ experience and knowledge is
needed. The model is imported to the RapidforrnXOR11 software, then digital hewing is started.
By hewing pressure and movig areas have to be produced to push the spine in the normal
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position. First step is also duplication to keep the original conditions, then the model will be
digitally fatten and reduce to make the necessary areas. The final model can be compared with the
original next to or on each other to show the visible differences. By symmetrical models we can
wotk on a half model first, than we can mirror it to the other side. It can be useful to carwe

Gschwand braces for patients with Scauermann disease.

Figure 6. — The carved model (blue) imposed on the original scan (red)

7. Final Form

The next step is to create a millfile in the NX software. We have to create a new model with the
name of the patient, then patient’s digitally carved model will be imported. The opened model
have to be prepared for milling. A line is needed to be moved out 250 mm on the shoulder-side.
On the other end of the model the line have to be moved out only 10 mm. After that we can
start to create a millfile. The system of co-ordinates has to be placed in the milling body. The
program generates the milling courses. It is possible to change the generated courses, but is not
recommended. The file now can be saved and sent to the milling machine.

The final file is forwarded to a CNC milling machine - with closed work area. It can produce the
1:1 proportion model of the carved trunk model. This body is made from foam (density 10-12
kg/m’). After milling it can be perfected by our technicians with plaster. The final body has to be
placed on a stand and plastic rods also have to be sticked on the right areas for stiffen the
sholulders. A large PE sheet will be warmed to 60 degrees to make it formable but not fluid. This
sheet is rounded over the body by technicians and is strengthened using vakuum. After firming
the unnecessary parts have to be cut off from the rigid PE trunk model. The brace is ready, but
during the planned handing over it will be perfectly formed for the patient’s body. Technicians
always try to satisfy every demand according to their best knowledge, as device has to be quite
comfortable. It has to be wearable more than 20 hour a day.
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MECHANICAL BEHAVIOUR OF HEALTHY AND DAMAGED HUMAN ARTERIES AND
VALIDATION OF PARAMETERS DERIVED FROM EXPERIMENTS

Brigitta Krisztina To6th, Imre Bojtar
Budapest University of Technology and Economics Department of Structural Mechanics

Abstract

Our research group aimed to develop a numerical model for the analysis of healthy and damaged
human blood vessels (e.g. an aneurysm, an adverse vasodilatation) and to investigate the
hyperelastic mechanical response of human brain arterial tissue. One of our tasks was to perform
laboratory analysis on the specimens taken from the wall of the vessel, to calculate material model
parameters for numerical models based on our measurements. Biaxial biomechanical
characterization of living tissues — like the artery walls — provides important information about
their in vivo behaviour. The aim of our research is to estimate stresses of the aneurysm wall and
its parent artery, and to estimate the likelihood of a later aneurysm rupture, too. Laboratory
measurements have been undertaken, we have taken the specimens of the vessel wall from
human cerebral aneurysms and from control healthy artery carotis interna (both from surgery and
cadavers), and then we investigated the biomechanical properties of samples in uniaxial and
biaxial tensile tests. We attained for this by means of processing the values of the deformations
and (Cauchy-)stresses arising from the wall. We verified the necessity of the parameters calculated
from the laboratory measurements with finite element simulations performed on a real geometry
aneurysm sack. From our study it may be concluded that there is a need for a constitutive model
which describes the hyperelastic behavior of the human arterial wall. We demonstrated with
numerical simulations that consideration for inhomogenity in investigations of diseased segments
of blood vessels has crucial importance. We proved that damage taking place in aneurysm-sacks
is many times more presumable than in healthy material parent arterial segments.

Keywords: hyperelastic material properties, internal carotid artery, aneurysm, biaxial
measurement, finite element modelling, coupled modelling

Introduction

Since a few years we have been working in a research group, which aimed to develop a numerical
model for the analysis of damaged human blood vessels, i.e. a model, which is hoped to once
help medical doctors to judge whether a damaged section of the blood vessel (e.g. an aneurysm,
an adverse vasodilatation) needs to be operated on, and if so, with what urgency.

Our task was to perform laboratory analysis on the specimens taken from the wall of the vessel,
to calculate material model parameters for numerical models based on my measurements. We
performed laboratory measurements on specimens of vessel wall in order to determine the
strength properties of the vessel wall. Several members of staff at the Budapest University of
Technology and Economics deal with the simulation of brain aneurysms (sack-like
vasodilatations), which makes it important to learn the modified properties of such adverse vessel
sections. Naturally, to make a comparison, for this purpose we have to know the material
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properties of the healthy vessels as check data. One of our aims is to determine material
properties of both the adverse and the healthy vessels, which can be applied to computational
models. Measurements on the material properties was necessary because we have not found any
database regarding such vessels. It is the case because in several countries measurements on
human tissues are prohibited by the law, and the scarce data collected with difficulty in the
literature come from animal experiments.

During the numerical modelling we took into consideration the material properties of our own
measurements to describe the elastic behaviour the vessel wall, therefore we can consider the
material properties of the elastic tube in the coupled models.

Methods

Let us consider the mechanical material model which we can use for our intended mechanical
analysis of the vessel wall. It is often assumed about polymer-like — live or lifeless — materials with
inner microstructure that they do not change their elementary volume due to external mechanical
influences, that is (in the case of homogeneous isotropic material) their bulk modulus is
approximately infinite and their Poisson’s ratio is 0.5. The material of the vessel wall can be
considered of this kind.

Stresses in hyperelastic, rubber-like materials are obtained by derivation of a deformation energy
function assumed as known. We determined material properties for the so-called Mooney—Rivlin
model, which is one of the most widely used model in numerical software packages. The
Mooney—Rivlin energy function applies deformation invariants and the condition. The model
has variants with two, three, five, or more parameters, too. Let us consider the energy function
related to the variants with two, three, and five parameters without much detail. In the case of

five parameters, the Mooney—Rivlin deformation energy function' takes the form of

Y :cl(ll, _3)+C2(15 _3)"'03(11, _3)2 +C4(11, _3)(1£ _3)+C5(I£ _3)2’ €))

where I] is the first deviatory deformation invariant, I, is the second deviatory deformation
invariant, ¢,,¢,,C5,C,,Cs are parameters characterizing the deviatory deformation of the material.

The three-parameter variant of the Mooney—Rivlin models differs from this only as it contains

material constants c,,c,,c, in the equation above, while the two-parameter variant contains

c,,C, only.

It is essential for the numerical analysis of human artery walls to have at least an approximate
knowledge on the material behaviour of the vessel wall. In order to reach this goal, laboratory
measurements have been undertaken for several years in the Institute of Human Physiology and
Clinical Experimental Research of the Semmelweis University. We joined this series of
measurements, too. We have taken the specimens of the vessel wall from patients under
operations, and from brain vessels extracted from cadavers (deceased patients), and then we have
measured the stress-strain curves of the material of the vessel wall in one-dimensional and two-
dimensional tensile tests.

We cut 3 mm wide lengthwise and circumferential stripes out of the brain arteries (vessels of type
internal carotid artery) obtained from cadavers for the purposes of the uniaxial tests and 8-by-8
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mm large square-shaped specimens parallel to the above directions for the biaxial tests. The
specimens were gradually pulled by a device equipped with strain gauges (fixed at both ends for
uniaxial tests and fixed at all four sides for the biaxial tests), while the pulling force was digitally
recorded (Figure 7).

During the processing of the measurement data, we have considered the original position of the
specimens in the artery, basically in order to examine the inhomogeneous and anisotropic
character of the material behaviour as accurately as possible.
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Figure 1. Biaxial laboratory measure device
(Institute of Human Physiology and Clinical Experimental Research, Semmelweis University)

The main parts of the biaxial device and the block chart are shown on the left and on the right,
respectively. The specimen holders (H) are displayed with the two strain gauge (SG) attached. The two
pairs of holders are placed perpendicular to each other. The output of the gauges is lead to a two-channel
force measuring device, and the signals are transmitted to a PC by a multilab card. Displacements of the
screws are actuated by 4 motors (SM), and the motions are transmitted to the PC by the multilab card and
the SM control unit.

Results and discussion

It is a common property of the curves obtained that the initial line with small elastic modulus is
followed by a steeper curve with an elastic modulus multiple of the initial one. Dividing the
curves in two parts approximately linear sections are obtained, hence separate moduli of elasticity
can be determined for each section. We have evaluated the measurements on the 12 specimens of
internal carotid artery and determined the piecewise moduli of elasticity. During these
measurements we have calculated moduli of elasticity of lengthwise, circumferential, and square-
shaped (for the biaxial tests) specimens for all artery sections, therefore we was able to evaluate a
total of 46 valid measurement data.

By means of the stress-strain curves calculated from my measurements on internal carotid
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arteries, we determined the hyperelastic Mooney—Rivlin material parameters required for the
numerical analysis. By calculating the material properties we did not purely aim to provide data
for our own research, but to make the foundations of a database which can be utilized by both
medical doctors and engineers, and expanded in the future, too. Precisely for this purpose we
have separately evaluated each specimen, and then tried to generalize the results. In the case of
measurements on internal carotid artery used as a control group, we found the biaxial results
particularly valuable. Plotting all curves obtained from biaxial measurements we can only deduce
that a softer and a harder type of material can be distinguished. We fitted Mooney—Rivlin curves
for all measurement series on internal carotid artery, and also on measurements we judged to be
belonging to the softer and the harder types of material separately. For each measurement we
considered the number of parameters (2, 3, or 5) in a way to get an acceptable approximation.
The results are summarized in Tabl 1 without details, together with the averaged maximal
stresses and strains related to the first damaged states, which are regarded as failure.

¢, [Pa] | c,[Pa] |c;[Pa]| c,[Pa]|cs [Pa]| Max. stress [Pa] Max. strain [m/m)]

ICA_all 4248 -3946 22900 1592000£679000 0,8053%+0,1650
ICA_harder | 150900 | -136600 75490 2301000£1319000 0,6258+0,1176
ICA_softer | 35700 | -30560 9998 1000000488800 0,9550£0,2446

Table 1. Hyperelastic material model parameters obtained from averaging specimens of suternal carotid artery
(ICA), and the maximal stresses and strains related to the first irreversible damage.

Following our measurements on the walls of healthy arteries we dealt with the examination of
aneurysms (adverse vasodilatations). As have mentioned before, we joined a series of
measurements running for years at the Institute of Human Physiology and Clinical Experimental
Research of the Semmelweis University. We took over the measurement series from Gabor
Raffai, who performed measurements under the supervision of Emil Monos.”* He cut stripes out
of the aneurysms parallel to the imaginary axis (meridional) and perpendicular ring-like direction
(circumferential) for the uniaxial tests. We have performed the procedure shown for the internal
carotid artery now for the total of 91 uniaxial measurement results, too. During this we
determined stress-strain curves, and determined for each specimen whether the 3-parameter or
the 5-parameter variant of the Mooney—Rivlin model approximates the diagrams more precisely.
Since we had a significantly larger amount of measurement data were at our disposal, we
examined differences with respect to gender and orientation. We formed a total of 9 groups: all
together, males and females separately, circumferential (perpendicular to the main axis of the
aneurysm) and meridional (approximately in the main axis of the aneurysm) separately, and also
the cases of circumferential female, circumferential male, meridional female, and meridional male.
Unfortunately, the data were insufficient to distinguish on the basis of pathological history.
Distinctly visible difference is observable after averaging samples from women and men. We
found that samples from men are harder: they get damaged by lower strains but higher stresses.
This symptom remains, if we examine women and men belonging to the circumferential class, as
well as (but less characteristically) we do the same in the meridional class. We did not show
significant deviation between classes circumferential and meridional. In Tabl 2 we have

summarized the Mooney—Rivlin material constants obtained by the grouping of aneurysms,
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together with the averaged maximal stresses and strains related to the first damage regarded as
failure.

¢, [Pa] | c, [Pa] | c5[Pa] | c,[Pa] |cs [Pa]| Max. stress [Pa] M"E;;/S:l]a n
ANEURYSM all | -168300 | 187800 196000 431500£69420 | 0,6834+0,0535
ANEURYSM female | -101600 | 154200 118900 416200£68570 |0,6995£0,0767
ANEURYSM male | -104200 | 148400 205300 524200£151300 | 0,5928%0,1154

Table 2. Hyperelastic material model parameters of aneurysms — obtained by averaging and grouping, and
the maximal stresses and strains related to the first irreversible damage.

Our next task was to create the model of the blood and the vessel wall with multiple couplings.
On the one hand, the fluid (i.e. the blood) and the particles carried in it (red blood cells) mutually
influence one another (see previous section, also in the case of the rigid wall), and on the other
hand, due to the pulsing of the blood plasma, the motion of the vessel wall encircling the lumen
of the blood reacts on the flowing field. Thus the so-called multiply coupled (’back and forth’)
modelling is doubly present in the problem we analyse. During the modelling the two ends of the
artery section were fixed for brevity, and the tube was surrounded by elastic embedding
representing brain tissues.

We carried out numerical analysis of blood flow in vessels in the range of internal carotid artery
because this is the range of which we possess material properties. We determined these
properties from the vessel models created using the averaged material properties of our biaxial
tests (see the first row in Tabl 7). We performed fluid dynamics simulations on the fluid
contained in the lumen of the vessel as before, and a solid mechanics finite element analysis on
the encircling vessel, and the two were coupled. In each time step the output of the fluid
dynamics simulation in the tube with rigid wall was applied as loads on the encircling vessel wall
of hyperelastic material. The displacements arising in that tube were applied then to the fluid field
in the next time step in such a way that the fluid space was modified with those displacements.
The input fluid flow and the particles representing the red blood cells were physiological realistic
(concentration of 40-50%). We did not elaborate the effects of the elastic supports applied
around the tube of the artery since this topic is investigated by another member of our
department, Ferenc Nasztanovics.

Following the numerical simulations on the idealized geometry, we have performed simulations
with finite element software package ANSYS 11.0 on real geometry as well — on a section of
vessel containing a real brain aneurysm. The geometry and finite element mesh we used were
obtained from Adiam Ugron, a member of the Department of Hydrodynamic Systems at BUTE,
who deals with the simulations of fluid dynamical conditions of real brain aneurysms. Again in
the numerical simulations we applied the hyperelastic material properties we gained from our
laboratory measurements. We compared two cases. In the first case we applied the Mooney—
Rivlin material parameters obtained by fitting a curve to the averaging of the healthy control
arteries (internal carotid artery) to the entire vessel (including the aneurysm), see the first row in
Table 1. In the second case the above mentioned parameters related to the general healthy arteries

were exclusively applied to the parent arteries of the model and the aneurysm itself was modelled
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with Mooney—Rivlin material parameters obtained from the averaged curves of measurements on
the aneurysms, see the first row in Table 2). Since geometric dimensions of this real model were in
direct correspondence with our idealized tube with diameter of 3 mm, the velocity of the blood
was taken at a value of 0.35 m/s.

We found significant difference in stress values between the case of modelling the aneurysm with
Mooney—Rivlin parameters of healthy vessels and the case of Mooney—Rivlin parameters of real
aneurysms (see the von Mises stresses in Figure 2 and also the principal stresses in Table 3).

von Mises | 1st pr. stress| 2nd pr. stress | 3rd pr. stress
- B N 1 [P [P [P
Dilatation as healthy arteria carotis 0,65 0,55 0.1 04
interna
Dilatation as aneurysm 6 4 1,45 24

Table 3. Maximal stresses in the aneurysm bag (pr.=principal)

Von Mises Stress i Von Mises Stress
Fam_1

_ Fam_1
ﬂ 1.000e+000

. 6.000e+000
| 7.501e-001

4.500e+000
|| 5.002e-001 | 3.000e+000
2.503e-001 -~ 1.500e+000

4.250 4.163e-004
[Pa]

0 0.005 0.01 (m) ¢ 0 0004 0,008 (m)
— — — —

00025 0.0075 0,002 0008

Figure 2. Von Mises stresses in an aneurysm with real geometry a) the entire vessel wall as internal carotid
artery b) parent artery as internal carotid artery, and dilated section as aneurysm

Conclusion

We performed uniaxial and biaxial stretching measurements on carotid interna type arteries
obtained from interventions and from cadavers, by means of which we determined the
characteristic stress-strain curves of the artery wall resulting from stretching force. On the basis
of the stress-strain curves we developed the bilinear elastic and the more parametric hyperelastic
Mooney—Rivlin constitutive material model of the artery wall for the period before damage. We
created the basis of a database for medical purposes by performing the statistical investigation of
the received results. In the direction of cutting-out we did not show significant deviation. Based
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on the measurements we concluded that the type of artery under examination can be
premordially characterized by a soft and a brittle material type. Our Mooney—Rivlin material
parameters another data (maximal stresses and strains) obtained from arteries can be used as
fundamental tools for further numerical examination of human arteries.

Based on the measurements we determined the characteristic stress-strain diagrams resulting
from stretching forces of human cerebral aneurysms. Based upon these findings we developed
the multi-parametric hyperelastic Mooney—Rivlin constitutive material model of this type of
abnormal arterial wall related to the period before the damage. We created the basis of a medical
database, and for each of the measurement data we determined whether the 3-parametric or the
5-parametric model is more suitable to describe. By performing the statistical investigation of the
received results we established that characteristic divergences appear depending on the gender,
however we did not find evident difference as a function of the cutting direction. We proved that
the tissue samples obtained from males are more brittle in all sample categories: they deteriorate

at shorter stretching and at higher values of stresses than the tissue samples of females.

We performed a numerical simulation of blood circulating in a real diseased arterial segment
(including aneurysm) of dimension in the range of arteries of carotid interna type defined with
Mooney—Rivlin material model with continuum based method by stationary flow. We proved that
application of our material constants derived from the measurements performed on aneurysms
yields significantly higher stresses compared to the application of material constants derived from
the samples of healthy arteries of carotid interna type.
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Abstract

3D motion anlysis is a tool for evaluating gait and posture parameters in orthopaedic deformities.
Spinal desorders are very common in paediatric orthopaedic practice. Recently used motion
capture methods are not suitable for modeling the kinematics of the trunk segments. The aim of
this study was to develop a kinematic model for the trunk that could be applied to measure
segmental motions. In the present model the trunk was divided into three parts: the upper thorax,
the lower thorax and the pelvis. 13 healthy volunteers were measured to calculate standard graphs
for the segmental movements of the trunk. The distance of the C7-Th10 vertebrea, the sagittal-
and frontal plane balance and the intersegmental rotation were evaluated. Results of this study
present normative values of the trunk motion and highlight the flexibility of the thorax. Our
trunk model provide possibility for segmental modeling the trunk in adolescence posture
desorders such as scoliosis, Scheuermann’s kyphosis and also in adult spinal diseases.

Keywords: Multi-segment model, Thorax, Gait Analysis, Scoliosis, Scheuermann’s disease

1. Introduction

Scoliosis and Scheuermann’s disease are the most frequent orthopaedic deformities in the
adolescence. The overall prevalence of scoliosis with curvature of more than 10° is 1.2% (3.5
times more frequent in girls), moreover the prevalence of curves exceeding 20° is 0.5%.' The
frequency of Scheuermann’s kyphosis is rather difficult to estimate, since different authors use
variable criteria for the diagnosis. The prevalence varies from 3-8%.”" Due to these two
conditions thousands of teenagers need therapy. In both diseases the vertebral column is
deformed, the shape and functions of the spine are altered.

Evaluation the rigidity of the deformed thoracic spine has utmost importance both for
physiotherapy and for brace treatment. In the everyday clinical practice only manual methods
exist to estimate the mobility of the thoracic spine. Functional X-ray tests are usually used to
assess the possibility of correction only for planning surgery.*

Neither motion capture methods are suitable for assessing the 3D flexibility of the vertebral
column for conservative therapy, because the commonly used gait models demonstrate the trunk
as a single rigid body without any internal movements. The aim of our current study was to plan
and develop a motion capture model which is able to describe the basic functional parameters of
the spine during gait and to get information about the tilting and rotation movements of the
upper part of the thorax compared to the lower part of the thorax.
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2. Methods

Eleven healthy volunteers (mean age 24F3.6 years) were examined in the Gait Lab of
Semmelweis University. Vicon PlugInGait FullBody model * was used for observing the range of
motion of the lower limb joints. The trunk is represented as a single rigid body in the Vicon
model. In our experimental setup the trunk was divided into three parts: the upper thorax, the
lower thorax and the pelvis. The markers which were used for the model are shown in Table 1.
Marker placement defines three axes. The C7 and CLAV markers for the axis of the upper
thorax, the T10 and STRN markers for the axis of the lower thorax and the ILASI, RASI, L.LPSI
and RPSI markers for the sagittal midline axis of the pelvis. A simple axis allows assessing two
dimensional movements. Therefore only tilting- and rotation of the segments can be measured.
Tilting was determined as sagittal plane movements of the upper thorax to the lower thorax
named on the trunk model as UPtoLOW tilt, movements of the upper thorax to the pelvis
named on the trunk model as UptoPELV tilt, and movements of the lower thorax to the pelvis
named on the trunk model as LOWtoPELV tilt. Similarly, rotation was determined as horizontal
plane movements of the upper thorax to the lower thorax-, the upper thorax to the pelvis and the
lower thorax to the pelvis and named on the trunk model as UPtoLOW rotation, UptoPELV
rotation and LOWtoPELV rotation respectively. Although lateral bending movements are
undetectable in this model, the benefit of this simple marker placement gives the possibility to
use the model in corset wearing as well.

Marker name Position Segment
C7 7" cervical vertebra spinal process upper trunk
T10 10" thoracal vertebra spinal process | lower trunk
CLAV proximal end of the sternum upper trunk
STRN distal end of the sternum lower trunk
LASI left anterior superior iliac spine pelvis
RASI right anterior superior iliac spine pelvis
LPSI left posterior superior iliac spine pelvis
RPSI right posterior superior iliac spine pelvis

Table 1. Names and position of markers used in the trunk model

2.1 Upper thorax

2.1.1 Anatomical definition

The upper part of the thorax is modelled with the axis defined by the segment between C7 and
CLAV markers. The C7 marker is placed over the spinal process of the 7th cervical vertebra and
the CLAV marker is placed over the jugular notch. The rigidity of this thoracic part is ensured by
the first rib.

166



Biomechanica Hungarica V1. évfolyam, 1. szdm

2.1.2 Technical frame

Axis 1 is from C7 to CLAV. A horizontal supporting vector was set perpendicular to axis 1. Axis
2 is perpendicular to axis 1 and to the supporting vector.

2.2 Lower thorax

2.2.1 Anatomical definition

The Vicon FullBody model uses markers on the spinal process of the 10th thoracic vertebra and
also on the xiphoid process of the sternum. The segment defined by these two markers assumed
to move as a rigid body since the 10th pair of ribs provides bony connection between the two
markers.

2.2.2. Technical frame

Axis 1 is from T10 to STRN. A horizontal supporting vector was set perpendicular to axis 1. Axis

2 is perpendicular to axis 1 and to the supporting vector.

2.3 Pelvis

2.3.1 Anatomical definition

In conventional gait models the pelvis is usually demonstrated with markers on the iliac bones
and on the sacrum.””* We use markers placed over the anterior superior iliac spines and over the
posterior superior iliac spines. Although the four markers would allow the 3D modelling of the
pelvic movements, in our trunk model only the sagittal midline vector of the pelvis was
considered.

2.3.2 Technical frame

The sagittal midline vector of the pelvis was determined with the help of two virtual markers: one
in the midpoint of LASI and RASI, named SILS, and one between LLPSI and RPSI named SACR.
The line defined by the two virtual markers is axis 1. A horizontal supporting vector was set
perpendicular to axis 1. Axis 2 is perpendicular to axis 1 and to the supporting vector.

2.4 Additional calculations

The perpendicular line to a vector in the horizontal plane is calculated by swapping the first and
second coordinate and multiplying one of them by (-1). The third coordinate is O or a constant
due to being parallel to the ground.
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The model calculates the frontal- and sagittal balance of the spine too. The frontal balance
describes the distance of the C7 marker from the virtual SACR marker on the horizontal line
(frontal plane balance or clinically called decompensation)’ The sagittal balance means the
distance of the C7 marker from the virtual SACR marker on the sagittal line (sagittal balance)."

The distance between the C7 and Th10 markers was measured as well. The distance can model
the upright position of thoracic spine, however aiming the inter subject comparability the
parameter has to be normalised by the body height.

On the rotation graphs and also on the horizontal balance graphs the kinematic curves produced
during the left step are presented in real values, however to ease the interpretation, the kinematic
curves produced during the right step were multiplied by (-1) to allow the curves to run parallel.

3. Results
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Figure 1. Averaged trunk segment angles and parameters from 11 healthy volunteers

A preliminary study has been carried out on the reliability on a model calculating the deformities
of the trunk and movement of the spine during level walking. Based on the results of the eleven

healthy volunteers the graphs of the trunk model are shown on Figure 1.
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Fignre 2. Normalised distance of the C7 and Th10 vertebra

The distance of the 7th cervical- and the 10th thoracic vertebra is a proper parameter to quantify
the curvature of the spine, and is normalised by the height of the subject. Normalisation is
necessary to compare the patients with different body height. Based on the results of the healthy
volunteers the value of 0.15610,009 is considered normal.
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Figure 3. Frontal and sagittal balance of the spine

The frontal plane balance is oscillating with 1.5 cm amplitude around 5 mm decompensational
offset. The peaks occur in midstance and in terminal swing. The offset can be explained by the
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natural right convex curve of the spine. The sagittal balance can be described by a double bump
shaped curve. The peeks occur in midstance and midswing. On the curve an average of 40 mm
anterior imbalance is seen. The explanation for this phenomenon is that the sagittal balance was
calculated with the distance of the C7 marker from the virtual SACR marker on the sagittal line,
however sagittal balance means when C7 plumb line intersects the body of the first sacral
vertebra. The virtual SACR marker is 3-5 cm posterior to the body of the first sacral vertebra.

UPtoLOW it UP{oLOW rotation

Fignre 4. Upper trunk motion compared to lower trunk

As shown in Figure 4. the upper trunk movements compared to the lower trunk are minimal. An
almost constant UptoLOW tilt can be observed and only a minimal clockwise rotation was
measured in the upper trunk with respect to the lower trunk. The range of tilt is reduced to a
value of less than 1° around 46°%*11,5, while the range of rotation is less than 2.5° These
observations are in good concordance with our expectations since the mild anticlockwise rotation
of the lower trunk is caused by the physiological scoliosis of the healthy volunteers.

The motion of the upper and lower trunk compared to the pelvis is presented in Figure 5. The
connection between the trunk segments and the pelvis is more flexible. The increased ROM is
especially prominent in the coronal plane. UPtoPELV tilt and LOWtoPELV tilt show a double
bump shaped curve with the peeks at loading response phase and at initial swing phase. Since
initial swing phase corresponds with the loading response phase of the contralateral limb, the
explanation of these peeks is the hip flexion and the sequel anterior pelvic tilt at loading response
phase. UPtoPELV rotation and LOWtoPELV rotation curves are oscillating around zero degrees
according to the alternating forward progression of the pelvis in stance phase of the gait cycle.
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Figure 5. Upper and lower trunk motion compared to the pelvis

4. Description

The model was planned for measuring the tilt and the rotation between the upper and lower
segment of the thorax and also the movement of these two thoracic segments compared to the
pelvis. The measured movements may model the thoracic torsion that can be observed in spinal
deformities. Our results strengthen the theory that the thorax can be handled as a rigid body in
the 3D motion capture measurements. Non-significant changes in tilting (UPtoLOW tilt) and
less than 2.5-degree-changes of rotation (UptoLOW rotation) can be observed between the two
thoracic segments during the gait cycle. UPtoLOW tilt gives information about the thoracic
kyphosis. UPtoLOW tilt and UPtolLOW rotation together refer to the thoracic static torsion and
appear as a positive or negative offset compared to the standard curves. According to our
knowledge this is the only way for measuring thoracic torsion during gait.

The angles describing the movements between the upper thorax and the pelvis (UPtoPELV tilt
and UPtoPELV rotation) refer to the posture of the trunk and to the movements of the pelvis
compared to the thorax. The angles between the lower thorax and the pelvis provide information
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about the position of the lumbar spine (lordosis) and about the static rotation of the lower
thoracic spine (thoracic scoliosis).
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Figure 6. Trunk model results of a scoliotic patient compared to standard

As an example a 16 year old scoliotic patient (48 Cobb°, right convex dorsal — left convex
lumbar) (Figure 6.) and a 15 year old patient with Scheuermann’s disease (Figure 7.) was measured
and processed with the Trunk Model. During the clinical measurement a 1 cm decompensation
was observed. The difference in the frontal balance shows the change of this value during the gait
cycle. On the sagittal balance graph a 25 mm anterior imbalance can be observed compared to
the normal curve. All the 3 tilt graphs are within the standard range. The rotation graphs follow
the normal curve with reduced amplitude in the segments compared to the pelvis and with the
static offset caused by the rotation of the thoracic spine.
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Figure 7. Trunk model results of a patient with Scheuermann’s disease compared to standard.

In case of the patient with Scheuermann’s disease the most prominent difference can be
observed in the sagittal balance graph. Only a minimal gap can be seen in the frontal balance
graph, while the rotation graphs overlap the normal curve. The anterior tilt which characterises
the disease can be detected on the tilt graphs. The most prominent tilt can be observed in the
UPtoPELDV tilt graph.

In our trunk model we use the original marker set of Vicon PluglnGait model, however extra
markers may allow more accurate measurements. Additional marker may be positioned over the
apical vertebra of a scoliotic curve showing the rotation of the thorax exactly at the point of the
maximal vertebral rotation. Another possibility for further development of our model is to mark
the Th12 vertebra which would show the complete thoracic kyphosis on the UPtoLOW tilt

graph.
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5. Conclusion

Authors present a possible motion capture model for segmental modelling of the trunk. In the
model tilting and rotational position, as well as movements of the upper- and lower part of the
thorax and the pelvis are observed together with the frontal- and sagittal balance of the spine
during gait. The possibility of applying the model is a subject for further investigations.
Deformities under consideration are scoliosis, Scheuermann’s disease, osteoporotic spine
deformities and any other spinal or trunk disorders.
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Abstract

Interbody devices are widely used to replace the degenerated discs of the spine. For this purpose,
a novel methodology uses cement instead of conventional spacers, which is hypothesized to
provide smoother transition of forces, lower risk of bone tissue damage, thus smaller subsidence,
reduced risk of further pathological deformations and other complications. This new treatment
approach has been compared with the conventional method experimentally by mechanical
loading of human vertebral motion segments treated with either of these. The present study
aimed at complementing the that work with finite element analysis and, by performing in silico
mechanical testing of QCT-based case specific models incorporating the elasto-plastic behavior
of bone, providing better understanding of experimental results, in particular, the differences
between the two sample groups equipped with the different spacer types. This report presents the
applied numerical methodology as well as the first results, which are in line with the experimental
ones. Besides providing deeper insight into the experimental outcomes, these models are
expected to provide a basis for virtual parameter analysis studies, which may help to optimize the
surgical procedure.

Keywords: vertebral spine, intervertabral disc degeneration, interbody device, motion segment,
QCT, finite element analysis

Introduction

In severe pathological cases of degenerated intervertebral discs surgical intervention is required to
restore the original distance of the adjacent vertebrae and stabilize the spine. The most often
applied solution is the fusion of adjacent vertebrae using graft material, which is in most cases
combined with the application of interbody implants like metal or PEEK cages and spacers to
provide mechanical stability and preserve the restored height. This approach leads to reduced
range of motion but offers increased global stability of the spine and relieve low back pain. In the
severe cases when the pathology of the intervertebral disc is accompanied by impaired bone
competence e.g. in osteoporosis, application of the standard fixation approaches using interbody
implants can be inadequate due to the reduced bone quality and the degeneration of the vertebral
endplates and may lead to damage of the bone tissue at the interface via excessive subsidence of
the spacer, yielding to further complications, pain, instability and potentially to the collapse of the
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motion segment.”* A novel method aims at circumventing the drawbacks of the conventional
techniques by using cement spacers. In the frame of this approach bone cement is injected into
the gap of the removed parts of the degenerated intervertebral disc and the remaining space is

filled with graft material to foster fusion of the adjacent vertebrae.”®

The cement spacer
accurately follows the actual contours of the endplates, provides larger contact surface and thus
smoother transition of forces along the bone-cement interface. This technique is therefore
believed to reduce stress concentrations and therefore the risk of bone tissue damage and

extensive spacer subsidence leading to pathological deformations.

An in vitro experimental loading setup has recently been developed and utilized to obtain and
compare the apparent mechanical properties of human spinal motion segments fixed with either
a conventional or the cement spacer. Even though the mechanical testing represents the gold
standard in assessing these properties and provides the ground truth, not all details can be
obtained during the experiments and the investigation of all key influencing factors requires a
large number of specimens. In silico approaches offer an alternative tool which can be efficiently
used to complement or even replace experiments. Finite element models can be utilized to mimic
the mechanical conditions and provide insight into the details of stress and strain fields in space
and time. Such models may therefore help to better understand and correctly interpret the
experimental results,” however, have first to be carefully validated against the real tests. Once
validated, the models can be used to investigate the influence of certain factors like changes in the
material properties or adjustment of the applied boundary conditions.

The goal of this study was to investigate and compare, by means of finite element analysis, the
loading and damage profile of human motion segments stabilized with conventional and with
cement spacers. In particular, we aimed at (i) generating case-specific finite element models based
on CT images, (i) validating these against the experimental results, (iii) using the details provided
by the validated numerical analyses to better characterize and thus more accurately understand
the observed differences between the two operation techniques and (iv) performing a sensitivity
analysis to identify and optimize the major factors influencing the results to provide hints for
enhancement of the surgical procedures. In this manuscript we report the preliminary results of
steps (1-iii).

Methods

Sixteen thoracic and lumbar spine motion segments, ie. two adjacent vertebrae with the
intervertebral disc were extracted from eight human cadaver spines. Donors were four female
and four male with age ranging from 52 ys to 88 ys (70.6 £ 13.9 ys). All experiments were in line
with the Hungarian legislative requirements and the ethical approval was granted by the Ethical
Commission of the Semmelweis University, Budapest, Hungary. The samples were cleaned of
surrounding soft tissues and stored frozen at -20 °C until further processing. The superior and
inferior parts of the segments were shallowly embedded in polymer plastic. The thickness of the
embedding layers was closely 10 mm, but varied slightly due to the different sizes of the vertebrae
and the fact that the volume of the resin was standardized. As the X-ray attenuation coefficient
of the selected embedding resin was close to that of water, small glass beads were placed into the
resin shortly before polymerization in order to mark the upper and lower surfaces of both

embedding layers. Three to four beads were used for each surface. The planes of the inferior and
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posterior resin layers were closely, but not completely parallel. A prepared and embedded

specimen is shown in Figure 1.
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Figure 1. Human spinal motion segment specimen prepared for mechanical testing. The blue dots in the
embedding layers are the glass beads.

Quantitative computed tomography (QCT) images of the motion segments were assessed by
means of a conventional clinical instrument (Hitachi Presto, Hitachi Medical Corporation, Tokyo,
Japan) according to the lumbar spine acquisition protocol. Scanning settings were 120 kVp
energy, 150 mA current, 150 ms exposure time, 512x512 pixel matrix, 0.47 mm in-plane pixel
size, 0.75 mm slice thickness. The samples were scanned in native state submerged in a water
filled box to mimic the attenuation and scattering effects of soft tissues surrounding the vertebral

spine 2 vivo.

Subsequently, the motion segments were operated with either a conventional method using a
polyether ether ketone (PEEK) spacer, or the novel technique using polymethylmethacrylate
(PMMA) cement. The motion segments were assigned randomly to the both groups. The
posterior segments of the vertebrae were cropped on one side, a small window was cut on the
annulus of the intervertebral disc and the nucleus removed. In case of the conventional method a
commercial PEEK spacer was placed between the adjacent vertebral endplates. In the other case,
PMMA cement was injected into the space left opened by the removed disc parts. To separate
and elucidate the effect of bone quality, no posterior fixation instrumentation have been used.
The graft material used in in vivo cases to fill the remaining gaps was not used here. Following
the operation, the CT scans were repeated with the same settings described above. The CT
images acquired before and after the cement injection process are shown in Figure 2.
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Figure 2. CT scans of a specimen of the cement spacer group. (a) Transverse CT slice showing one
vertebral body of the motion segment in the water filled tank and the calibration phantom with five rods
of different densities. White scale bar: 50 mm. (b) Mid-sagittal slice prior to operation with the
intervertebral disc being intact. Note the glass bead marker of the embedding layer appearing as a bright
dot. (c) Post operative mid-sagittal CT slice demonstrating the cement injected into the space of the

removed nucleus between the adjacent vertebral bodies.

Destructive mechanical testing of the specimens were then performed by applying uniaxial
compressive loading on the outer surfaces of the embedding layers by means of a servohydraulic
testing device (Instron 8872, Instron, Norwood, USA). The samples were thawed at room
temperature for 4-6 hours prior to testing. Loading rate of the displacement driven experiments
was set to 5 mm/min to ensure quasi-static conditions, the displacement of the cross-head and
the force in the load cell were recorded. The ultimate state was defined either as 20 % reduction
in the resisting force or as 20 % total deformation. CT imaging was repeated after the tests with
the aim to assess the final damage pattern. The test results of two specimens were not usable and
thus these were excluded from further analyses.

The post-operative CT images were segmented by means of a semi-automated approach using
the software tool ZibAmira (Zuse Institute Berlin, Germany) and the following compartments
were separated: the cortical and trabecular bone volumes of both vertebral bodies, the articular
cartilage layers at the joints of the vertebral posterior elements, the remnants of the annulus of
the intervertebral disc as well as the PEEK or the bone cement spacer, respectively. The
embedding layers were added as rectangular regions thickness and orientation of which were
adjusted using the glass bead positions. Case-specific finite element meshes of each motion
segment were then generated based on these images, all domains were meshed with linear
tetrahedral elements using the CGAL library (www.cgal.org). Maximal cell size was set to 1.4 mm
and the size of the tetrahedrons was adjusted to the local dimensions of the geometrical features
(Figure 3a).
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BMD in g/cm?®
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Figure 3. Finite element model of a motion segment stabilized with a PEEK spacer. Half of the model
cropped by the mid-sagittal plane is made invisible to show the inner details. (a) The tetrahedral mesh with
the different compartments (inferior vertebra, superior vertebra, articular cartilage, disc annulus, PEEK
spacer, top and bottom embedding layers) distinguished by colors. (b) Average BMD in the bone elements
as computed from the underlying QCT images. The non-bony parts are shown with 0 value (datk blue).

Material properties of the soft tissues, spacer, cement and embedding were assumed to be
isotropic, homogeneous and linear elastic. For the two latter materials the elastic modulus was
measured experimentally on small cylindrical samples. The properties of PEEK articular cartilage
and annulus were taken from literature. Bone was assumed to be a transversely isotropic,
inhomogeneous and linear elasto-plastic material. For both the trabecular and cortical bone
compartments the properties of the elements were scaled based on the CT images. Towards this
end, the Hounsfield (HU) values were first converted into bone mineral density (BMD) units
using the conversion rule assessed as the linear regression between the computed volumetric
average HU value and the known mean mineral density of the five distinct rods of the calibration
phantom appearing on each CT image (Figure 2a). The mean BMD value of each element was
then determined using a custom written Matlab script (Matlab2009b, Mathworks Inc., Natick,
USA) by identifying the image voxels centers of which fell within the element boundaries and
taking the average density value of these (Figure 3b). The elements were categorized into 255 sets
based on their mean densities. For each set, the elastic moduli and the yield strength were
computed using experimentally established vertebra-specific relationships.*” The applied material
properties are summarized in Table 1.

Material Type Anisotropy Young's mod. in MPa  Poisson's ratio
Spacer (PEEK) Linear elastic ~ Isotropic 4000 0.4
Bone cement Linear elastic ~ Isotropic 10000 0.3
Embedding plastic ~ Linear elastic ~ Isotropic 700 0.3
Articular cartilage  Linear elastic  Isotropic 5 0.45
Disc annulus Linear elastic ~ Isotropic 10 0.45
Bone Linear elasto- Transversely BMD-based®’ 0.381 and 0.104

plastic isotropic

Table 1. Material properties used in the finite element models.
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Boundary conditions were set to represent the mechanical tests. The lower plane of the inferior
embedding layer as fully constrained. To approximate the loading, two distinct type of boundary
conditions were used. In the first, more simplified case the uniaxial compressive displacement
load was applied directly on the top surface of the upper embedding and a simple ramp scheme
was used. In the second one, in order to better mimic the mechanical testing setup, an additional
rectangular volume, parallel with the inferior embedding layer and representing the loading plate
of the testing device, was included into the model and positioned above the superior embedding.
Contact was defined between the upper surface of the superior embedding and the lower plane
of the loading plate and the displacement load was applied on the upper surface of the loading
plane along the direction of the plane normal. The embedding layers, bone cement and spacer
were assumed to be rigidly bound to the bone surfaces.

The facet joints of the vertebrae were only approximately included into the models as the applied
imaging modality could not capture the full level of details. In particular, the boundary and
thickness of the articular cartilage layers could not be propetly assessed. This joint was therefore
simplified in the model, and as a simplified solution the cartilage layer was assumed to be very
soft. A more proper approximation was targeted in a second approach, where cartilage layer was
added only to one articular surface by defining a minimal constant gap between the outer surface
of this cartilage layer and the articular bone surface and frictionless contact was defined between
these both surfaces.

The nonlinear finite element simulations were performed in Abaqus v6.10 (SIMULIA, Dassault
Systemes, Velizy-Villacoublay, France) and ANSYS v14.0 (ANSYS Inc., Southpointe, USA).

Results

The results of the experimental tests are shown in details in the paper “Biomechanical evaluation
of interbody devices by using mechanical compressive test: PEEK spacers versus PMMA cement
osteoplasty” published in the same Proceedings Book. The processing of all simulation data is
currently in progress and therefore we cannot present the complete set of results. Instead, we
show and discuss the first outcomes of the finite element analyses.

The case-specific models allowed detailed evaluation of the initial position, orientation and
contact conditions of the cement and PEEK spacers, which showed considerable variations
among the specimens of both groups. The contact surface between the cement and the vertebral
endplates were quantified based on the meshes and was found to be 536.0 £ 82.9 mm? on
average in three samples.

The force-displacement curves on the virtual mechanical tests were assessed by taking the
summed nodal reaction forces extracted from the constrained surface of the inferior embedding
layer and plotting this versus the applied displacement. Figure 4a shows the comparison of two
specimens fixed with PEEK and cement spacers, respectively. The motion segment with cement
spacer exhibits a larger initial stiffness, but a similar ultimate force as the one with the
conventional spacer. The cement case have a more distinct yield point, while the PEEK spacer

seems to cause a more continuously softening. All these are in line with the experimental
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observations. A more through comparison of the simulation results with the experimental ones is
in progress.

The effect of the boundary conditions is demonstrated in Figure 4b. The force-displacement curve
of the models loaded through the stiff top plate exhibit an initial toe region, which resembles
better the experimental results and is due to fact that during the first part of the loading the
superior embedding progressively becomes more parallel with the inferior one. This is followed
by a stiff part which corresponds to the shifted curve of the more simple loading situation. The
differences between the two approaches to model the facet joint is in progress, the first results
show that these do not have significant effect in the initial part of the loading process.
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— CeMent — \ith Plate
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Figure 4. Force-displacement curves obtained from the finite element simulations. (a) Results of motion
segments fixed with the cement and the PEEK spacer fixation. (b) Results of a motion segment fixed with
PEEK spacer, loaded with either an additional plate (with plate) or directly through the embedding
(without plate).

Contour plots of the plastic strains at each analysis step allowed to evaluate the initial location
and evolution of damage zones within the bone compartments in coarse of the loading. The
plastic deformation is more homogeneously distributed over a larger volume within the vertebral
bodies (Figure 5a), while the conventional spacer, contacting the endplates on a relatively small
area, causes a localized damage in both endplate and trabecular bone (Figure 50).
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Figure 5. Plastic strains in the initial loading phase shown in a mid-sagittal cut plane of the finite element
models of motion segments fixed with cement (a) and conventional spacer (b).
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Discussion

This paper presents the first results of a finite element simulation approach targeting the
evaluation and comparison of the biomechanical properties of human vertebral motion segments
fixed with two different interbody devices. Validation of the models with the quantitative results
of the mechanical tests and the qualitative results of the post-experimental CT images is currently
in progress.

The models seem to properly capture the softer behavior of the PEEK spacer case and the
similar ultimate force of the both interbody devices. However, loading of the cement model
produces a more distinct yield point, while the PEEK spacer appears to cause a more
continuously softening, which is not fully in line with the experimental observations. The lack of
the initial linear elastic response of the PEEK spacer models may be due to the inaccurate
representation of the endplate, which may partially be due to the limited resolution of the QCT
and the element sizes used to mesh this domain. Further, this may be attributed to the limitations
of the applied material properties. All these details will have to be investigated with special care.

Despite these potential limitations, the preliminary plastic strain plots results reveal that, as
expected, the cement spacer, offering a larger contact surface, efficiently reduces the stress
concentrations at the bone-cement interface compared to the conventional spacer and thus leads
to a more homogeneous distribution of plastic deformations. In fact, the conventional spacer
seems to first perforate the endplate locally by shearing and the further loading involves only a
rather small trabecular volume (Figure 5a). In turn, the larger cement bulk deforms the endplate as
a whole in bending mode and therefore the plastic deformation accumulates first in the trabecular
compartment rather than the endplate (Figure 5b). The endplate is thus subjected to smaller local
stresses and a larger trabecular volume is involved into the resistance. These may be the reason
for the higher initial stiffness of the cement spacer cases compared to the conventional ones,
which exhibit an early reduction of stiffness. These differences can be crucial from a clinical point
of view as the cement spacers, offering higher initial stiffness, may more efficiently inhibit
excessive spacer subsidence and further complications. These early findings must be supported
by the analysis of further specimens, however, are in line with the experimental results. Further,
these results may help to understand the chronology of the damage processes, ie. at which
location the plastic zone was initiated and how it was propagating. Both models shown in Figure 5
suggest the major damage to take place in the inferior vertebra. The important, but complex
information carried by the spatial maps of plastic deformations will be compared at the ultimate
state with the fracture patters extracted from the post-experimental CT scans.

The available results allow to conclude also that the embedding has a significant effect in the
mechanical behaviour of the segments. In particular, the plastic deformation seems to localize
also at the cortex-embedding interface (Figure 5a). These boundary conditions were selected for
the sake of the experimental tests and differ considerably from the physiological conditions and
do not appropriately represent the in vivo case. Having the QCT-based case-specific models at
hand will allow us to investigate the influence of selected parameters on the outcomes in
particular, the effect of the embedding layers. Preliminary results indicate that removal of these
layers alters the results significantly, non-embedded segments are softer and weaker. Moreover,
the intact models can be generated from the CT images assessed prior to operation and the
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differences in transmission of forces between the quasi-native anatomy and the post operative
situation can be evaluated.

The models generated with the presented approach are suitable for the purposes of optimization
aiming at defining the ideal positioning of the conventional spacers as well as the optimal
location, volume and material properties of the cement spacers.

Conclusion

The finite element simulations of human vertebral motion segments fixed with two distinct inter-
body devices efficiently complement the mechanical tests and allow detailed investigation and
better understanding of the experimental outcomes. Further, these models can be used to analyze
and optimize the effect of different parameters like spacer location and material properties, which
may help to improve the effectiveness and success of the surgical interventions and ultimately to
reduce the occurrence of potential complications
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DEVELOPMENT AND TEST RESULTS OF A SYSTEM FOR THE RECOVERY OF THE
LOWER LIMBS

Peter Molnar, Gyorgy Posgay, Istvan Németh
Metalelektro Measuring Technique Ltd.

Abstract

According to medical research, exertion of a certain level of loading to injured lower limbs is
considered as important from the point of view of their recovery. Total unloading would
decelerate coalescing of bones just like their permanent overloading. In order to avoid it, patients
must be trained to walk with optimal load on lower limbs. A data logger with built-in load cell is
designated both to sustain this process and to store data on load values exercised to limbs during
recovery as well. The report below tells how this device was developed.

Keywords: load cell, lover limb, partial weight bearing, recovery, feedback, rehabilitation

Introduction

An important condition for the recovery of the lower limbs is optimal loading distribution during
walking. The goal of the development is to realize a system to train and control walking leading
to limb loading prescribed by the physician. This article describes the development of the system
measuring the loading of the lower limbs, criteria taken into account during development, the
performed experiments, and the developed solutions. We review the patients who need
rehabilitation and whose efficient recovery is assisted by the system.

Methods

In course of rehabilitation related to lower limbs and walking it is necessary to know when and
how much load the patient exposed the affected limbs or side to, what difference can be
measured between the load of the healthy and rehabilitated limbs. An indispensable condition of
the right recovery of the injured lower limb is partial release from load because full release may
delay the setting (recovery) of the bone in the same way as overloadl. During recovery the limbs
are increasingly loaded up to 70% of full load, then the patient himself gets to full load at more or
less suitable rate. Final goal of the rehabilitation of those with nervous system injury is to develop
symmetrical walking and load therefore the patient must be urged to load the weaker limb to a
greater extent. Similar is the case with patients walking long time with pain and load releasing
devices. We can see that following the implantation of the prosthesis symmetrical limb loading is

not restored” therefore symmetry of walking must be corrected through separate rehabilitation.
Current solution
Training partial unloading is carried out by teaching the patient after he is standing to realize how

much pain belongs to the desired load. It is usually carried out by a personal scale in hospital but

the use of foot-board with force measurement possibility or instrumented treadmill are also
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possible. This load is periodically controlled and new level of load is determined during control
examination. The deficiency of the procedure is that the patient exerts load from memory, there
is no continuous measurement and feedback on the right and wrong load. Data are not recorded
to indicate to the physician how many steps the patient took under what load and whether kept
the physician’s advice.

Goal

The goal is to develop force transducer-data collection-feedback device continuously usable
during full recovery.>” The force transducer shoe may continuously help the patient to learn and
practice right limb loading. Thy physician and the physical therapist may set the next load level
according to the improving condition of the patient on the basis of the unloaded data.

Selection of force components characterizing the load of the lower limb

In course of normal walking only ground reaction force component is calculated during the
measurement of lower limbs load because forces in the plane of the ground, in the direction of
walking and perpendicular to it may take place only in case of significant acceleration like among
professional football players. Among the occurring moments the torsion moment of the limb
may be significant, but in case of patient requiring rehabilitation this value can be neglected

because of slow, considered movement.
Ground reaction force during normal walk

During normal walking there are more phases of movement of foot while contacted to the
ground from heel strike while toe-off. The ground reaction force has two maximum points like
peaks of heel and forefoot loading (Figure 7). It is suitable to measure the ground measuring force
under the heel if the patient is able to walk in normal way. In that case the first peaks are

measured and stored.

cell (measured) cell (modified) B scale
A amplified
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Figure 1. Walking phases and ground reaction force was recorded by scale platform
(x axis — time with 50Hz sampling rate; y axis — load in kg)
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If the patient is unable for rolling walk, does not load cleatly his heel the action line of the
maximum of the reaction force is shifted towards toes. The walking image of patients is
measurable with a scale having big walking surface on which several steps can be taken. The
shape of the force diagram can show that the walking image of the patient does not change
therefore it is enough to measure reaction force on the heel. When measurement is started when
force transducer shoe is adjusted to the patient, the extent of force shift can be set with the scale
platform, in this way the measured values comply with the actual load. If the patient is unable to
load his heel, forces must be measured on several points of the sole, on the heel, on the inner and
outer sides of the first part of the foot, and on the big toe.

Results
Development of suitable shoes

Three criteria must be taken into account during the development of force transducer shoes:
comfort, safety and accurate measurement results. Our experiments proved that comfortable
force transmitting surfaces cannot be developed into flexible shoes between the force transducer
and the sole because the roll of fat of the human sole and the flexible heel-sole of the shoes can
cause great deformation during walking. The hard force transducer cell placed in the foot-shoe
system on the one hand makes the use of shoes uncomfortable because of local pressure peaks;
on the other hand flexible condition does not ensure that full load may be shifted to the force
transducer cell because of the force components taken up by the flexible condition. Human sole
cannot be made more rigid therefore a rigid pair of shoes was developed. Wooden sole clogs are
comfortable and safe. Its wood frame is properly rigid, ensures comfortable force transducer
surface and provides enough space for force transducer cell. The wooden frame of the clogs
must have two parts: the upper part having contact with the foot and the lower part having
contact with the ground. The lower and upper parts are connected with the force transducer cell
or cells. Necessary measurement accuracy can be achieved with this development. Use of strap
increases safety (Figure 2).

Figure 2 Force transducer shoes on the scale platform
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Force measurement

Force transducer sensor

As the first step of our development on the basis of literature and market research we decided to
develop our own force transducer sensor and electronics since any device meeting the target is
not available on the market. The following parameters were decided in the technical description:
low consumption, thin construction, pressure directed load capacity, long term stability and
accuracy, robust construction, usable up to 150 kg mass. We could not choose from insole-like
pressure measuring sensors, which can be placed into shoes since everyday use would be
unaffordable because of the high price and computer of high capacity and size to handle the great
quantity of data is also necessary and it cannot be integrated into the shoes.

Figure 3. Electric board of system with three sensors

Therefore force measurement was reduced to measure one force only with optimum
construction. Capacitive force transducer sensor was chosen (Fjgure 3). The “soul” of the
capacitive sensor is dielectric and the spring element, which determine force shift, the force-
electric signal characteristics and their dependencies on different conditions (temperature,
humidity, etc.). Since sensors with these required characteristics are not available, we carried out
our own development. We have developed a cell working with steel membrane; in that case
dielectric is air, which is between measuring unit and spring element. The load bearing capacity of
the cell with steel membrane, remaining deformation, and hysteresis were tested under laboratory
conditions. The sizes of fitting parts taking part in springs and construction of their fitting
surfaces were optimized, in this way hysteresis measurable during up load and release was
reduced to minimum, the failure range of measurement fell within 2% (Figure 4). The
disadvantage of the steel membrane cell is its weight and relatively high production cost because

of several precision parts.
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Figure 4. Hysteresis of steel spring

Capacitive force transducer using artificial rubber (silicone, polyurethane, PDMS) spring element

was developed because of its simpler solution and lighter weight. In this sensor the artificial

rubber spring is dielectric at the same time. On the basis of literature and market research several

artificial rubber materials deemed suitable were chosen and the change of dielectric characteristics

under pressure change, the change of force deformation functions under the effect of

temperature, the limit load whose long term use does not cause remaining deformation in the

artificial rubber were examined in laboratory.

450
_ 400 —=
s il
o
£ 350 /
<
= 300
o
5 el
& 250
£
5 /
S 200
s /
5 150
Ll
o
S 100 /
8 50
o

0 f T T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100 110

LOAD [kyg]
]—0—increase1 —I—decrease1|

Figure 5. Hysteresis of PDMS spring

In addition we examined what geometric construction can minimize hysteresis typical of artificial

rubber because of the relatively high inside friction of the material. The use of PDMS material
could keep the 5 % failure range (Figure 5).
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Data processing

To determine the load peaks during walking with appropriate accuracy a data processing
algorithm was developed for the dynamic measurements results based on force measurement
with the frequency of 50/second. Continuous evaluation of the measurement data is necessary
because the patients need feedback on each step. The evaluation algorithm working continuously
during the measurement procedure is looking for maximum value or values during the given
steps according to optimised parameters. We have to distinguish normal walking — when force
decreases to zero — from the stamp and lounge, when the force does not decreases to zero
between two maximum force values.

Feedback

On the basis of the results of the evaluation algorithm the force transducer shoes give feedback
to the patient, according to load levels determined to the given treatment period, which can be
modified arbitrarily during the whole treatment period by the physical therapist or the physician.
A proper procedure for the feedback can be the use of stimulus by sound, light and vibration.
Tests have verified that the most efficient way is the sound signal is, because the mostly elderly
people cannot listen to a lamp during walking, or have difficulties to interpret the vibration signal
of the force transducer shoes.

The force transducer shoes themselves can give sound signal with their built beepers, but outer
signal devices can improve the efficiency of the feedback, in case of hard of hearing patients.
Two outer feedback instruments have been developed, with which the force transducer shoes are
communicating on wireless channel. One of them is a sound signal attached on belt, it has its
own power supply, loudspeaker and earphone (Figure 6), the other one is a watch which in
addition to sound signals also shows measurement results on its display (Figure 7).

Figure 6. Use of wireless external feedback instrument with earphone
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Figure 7. Use of wireless watch as feedback instrument

Two possibilities were developed for the way of feedback. On the one hand, based on the
calculated maximum values the patient gets different sound signal after the step in case of load
release or overload, it is called “punishing” feedback, because shoes beep only in case of error
and with phase delay since maximum value is obtained only after finishing the step and sound
signal can be started then. On the other hand “rewarding” sound signal, which gives different
buzzer sound at the moment when the measured force value reaches the desired range, in this
way indicates that the patient should not weigh on his foot to a greater extent since load is just
right! The two feedbacks can be used simultaneously and separately, but clinical tests proved that
elderly patients have difficulties to interpret three types of sound signals. “Personalization”
procedure during measurement and data collection observes the efficiency of feedback, which is
different person by person. It continuously modifies the feedback levels that the patient should
remain in the load range defined by the physical therapist/physician.

Calibration of force measurement

The relation between the value measured by the shoes and the value measured on the ground
depends on the number of force transducer sensors, location in the shoes and the walk image of
the patient, therefore the force measurement shoes must be set on force transducer platform by
control measurement in case of all patients. A folding scale platform was constructed on which
the patient can take several steps with only the affected foot on the surface, the other one and
load releasing device are not (Figure &). The measurement results of the scale platform along with
the results of force transducer shoes appear in the application running on the joined computer.
The measurement of the force transducer shoes can be corrected on the basis of the results
(Figure 9). Simultaneously with the current article the construction of a force transducer treadmill,
which is suitable for continuous measurement of the ground reaction of both feet is going on
(Figure 10). The treadmill is equipped with load releasing elements and fall restricting pending
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strap in this way it is not only suitable for the calibration of the force transducer shoes, but is also
usable for rehabilitation therapy and examination. Joint measurement of the ground load of the
two feet provides the physician accurate image about the asymmetrical walking of the patient.

Figure 8. Calibration of force transducer shoes on the scale platform
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Figure 9. Results of calibration of force transducer shoes on the scale platform (green — shoes original;
orange — shoes calibrated; blue — scale platform; x axis — time with 50Hz sampling rate; y axis — load)
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Power supply

The force transducer shoes must operate for at least 30 days safely with minimum handling. To
this end there are three ways: battery and everyday charging, high capacity battery and self-
charging system. Although several promising power supplies resulting from the force of steps
during walking are published in periodicals, not one usable as real solution could be found. As
final solution high capacity batteries were chosen, which are able to operate the force transducer
shoes for at least 30 days even in cold weather. In addition to adequate power supply energy
demand decreasing solutions were developed as the sleeping and measurement operation of
electronics.

x

Figure 10. 3D view of force transducer treadmill

Software, data base

Following the log in to the server new patients and walk improving devices can be entered, new
treatments can be started and measurement results from treatments can be unloaded. All the data
and measurements related to the treatment get to the server and in case of proper entitlement the
entitled user can have access to all data from anywhere with the help of internet browser.

Elements of the realised system

e force transducer data collecting-feedback shoes
o feedback instrument with wireless communication
e scale to train walking, to calibrate shoes

e treadmill to train walking, to calibrate shoes
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e wireless communicator to PC for data movement between PC and scale, PC and
treadmill, PC and shoes
e PC program

® server program

Discussion
Results of clinical tests

The clinical testing of the system is carried out with TUKEB license at three hospital
departments. The clinical test was not finished when the manuscript was sent.

Results up to now:’

The system was tested on 10 healthy volunteers and 72 patients. The majority of patients in the
test used the force transducer shoes following implantation of arthritis prostheses, the others
after different fractures. The average age of the examined persons was 65 years, the average
weight 76 kg. Test periods are traditional training of load release by physical therapist, the use of
the device without feedback then with feedback.
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Figure 11. Measuring results in the data evaluation section of software (red — overload; green — load in the
range; violet — load under the range)

On the basis of aggregate results we could conclude that the device must be used with feedback
(sound signal, light signal or in vibrating mode). In this case the results showed 40 % reduction of
overload in the clinical tests. Simultaneously with sending this article clinical tests are going on
with patients affected by problems of the nervous system.
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Possibilities for further development

The Angel Heel slippers can be made suitable to measure also walk pattern, that is, the distance-
time-angle parameters of walk, for the complex kinematic and dynamic examination of walking
under natural conditions. These continuously wearable measurement- data collection systems can
provide more accurate data than case by case control measurements since statistical mass of real
results recorded under stress free environment can be obtained.

REFERENCES

1. Palinkas J, Daréczi L, Pék Gy, Mand S, Csernatony Z. Electronic walking heel to train and control
optimal load on lower limbs. In: Proceedings of the First Hungarian Conference on Biomechanics
(Budapest, 11-12/06/04), 2004. p. 342-47., Budapest, Research Center of Biomechanics and BUTE
ISBN 963 420 799 5

2. Molnar P, Németh I, Farkas L, Juhdsz T. Intelligent load cell as a new medical aid DAS 29 (29th
Danubia-Adria Symphosium), University of Belgrad Serbia, 2012. p. 70-71.

3. Molnar P, Németh I, Farkas L, Juhasz T, Alsé végtag gyogyulasat segité Angel Heel készilék és
rendszer. Biomechanica Hungarica, 2012 December p. 11-24.

4. Holnapy G, Kiss R. A csipéiziileti protézis betltetés feltirasmodjanak hatasa a dinamikus egyensilyozo
képességre a posztoperativ idSszak elsé hat honapjaban. Biomechanica Hungarica, 2012 December p.
25-30.

5. Hunya Zs, Mané S, Koésa V, Molnar P, Csuhaj Gy, Csernatony Z. Az als6 végtagi tehermentesités
betanitasat segité Gj tipusu rehabiliticios segédeszkéz, MOT-MTT 2013 accepted presentation A-0188

Device development runs with contribution of the European Union and the co-financing
by the European Social Fund. Identification number: GOP-1.1.1-09/1-2010-0183

195



Biomechanica Hungarica V1. évfolyam, 1. szdm
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Abstract

In recent years the number of titanium dental implants in use has significantly increased. At the
same time bacterial infection of implants has become more common. The goal of our study was
to develop a titanium-dioxide layer on the surface of titanium implant materials by anodisation
with a view to impeding the attachment of contagious bacteria. In our experiments Grade 2
titanium and nanograin Grade 2 titanium discs were subjected to anodisation. We investigated the
effect of voltage on the surface pattern of emerging titanium-dioxide. We examined the surfaces
by reflected-light microscopy. We found that the value of the applied voltage and variation in
grain size affected the thickness of the formed titanium-dioxide layer. These layers may promote
or support desired forms of biological activity, such as cell attachment to integrate with bone.

Keywords: anodisation, titanium, Grade 2, nanograin, surface treatment

1. Introduction

Implant-associated infections have dramatically increased over the last decade in line with an
unfortunate trend of growing resistance by bacteria to antibiotics. Bacterial infection can seriously
compromise the success of an implant." One way to reduce bacterial colonisation of an implant
might be to subject it to a surface treatment that gives the implant surface a texture which is
difficult to colonise. Perhaps paradoxically, we are therefore trying to achieve a surface which
impedes one kind of cellular attachment (bacterial) and yet promotes another kind of cellular
attachment (osseointegrative, supporting attachment by bone cells).

Anodisation is an electrolytic surface treatment. The work piece is connected into a circuit as an
anode immersed in an anodising bath. A cathode is immersed in the bath as well, made from the
same or different material as the work piece. The most common geometries of the cathodes are
sheet or roll. After closure of the circuit electrons can flow (Figure 7).

CATHODE (-)

WORK PIECE

MAGNETIC L SOLUTION H,0= H+OH
MIXER OH = H,0+',0,
Me+O,= MeO,

Figure 1. Schematic depiction of the anodisation experiment
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Because of the voltage, oxygen is released from the anodising bath, which reacts with the work
piece. A metal-oxide layer is created on the surface, the thickness of which depends on the
applied voltage and to some extent duration of immersion.

Aside from time, the process is jointly determined by the applied voltage, the composition of the
anodising bath and the material comprising the work piece. With anodisation, metals can be

. . 2,"
coated whose oxides adhere to their surfaces.”

Chen and his colleagues in their work examined titanium-dioxide films of 0.3 mm thickness.
Samples were mechanically polished and cleaned in acetone with ultrasonic cleaning equipment.
Experiments were completed in a solution of 6 wt% hydrogen-fluoride. They used a cathode
surface area of 9 cm?2 at a distance of 1 cm from the anode, and at voltages of 40, 60, 80 and 100
V, for durations of 2, 5 and 12 hours. They found that high hydrogen-fluoride concentration and
voltage at 80 V are crucial for the formation of nanogrooves.’

Gong and his colleagues anodised pure titanium samples in 0.5 wt% hydrogen-fluoride mixture at
18°C for 20 minutes. They used magnetic mixing. It was found that nanotubular structures did
not form if the applied voltage was more than 40 V. They found that under an applied voltage of
20 V nanotubes were formed which had average diameter 60 nm and length 250 nm.

The colour of the formed oxide layer depends on its thickness. For titanium this ranges across a
wide spectrum allowing us to infer the thickness of the formed titanium-dioxide layer from its

colout.§

Puckett and his colleagues anodised films of pure (99.2 %) titanium. Before their experiments,
the samples were chemically etched in a solution of hydrogen-fluoride and nitric acid to remove
any surface contamination and the thin oxide layer. After this treatment the films were anodised
in solution of 1.5 V/V% hydrogen-fluoride for 10 minutes at 20 V. They found that nanotubular-
like titanium-dioxide structures were created on the surface. In another experiment they
performed the anodization in a solution of 0.5 V/V% hydrogen-fluoride at 20 V for 1 minute.
They found the surface had acquired nanotexture.’

Poznyak and colleagues anodised pure titanium samples with a titanium cathode. Before the
experiment mechanical and chemical polishing were done in a warm hydrogen-fluoride and nitric
acid solution. During anodisation, maximum current density was 10 mA/cm2, and maximum
voltage was higher than 1000 V. The anodising bath they used was a mixture of nitric acid and
distilled water. The depth of the created oxide layer was determined with Auger-spectroscopy, the
phase composition was determined with X-ray diffraction, and the morphology of the surface
was determined with scanning electron microscopy. They found that the density of the oxide
layer was 3.2-3.9 g/cm3, which was 180 nm thick, containing 4 to 5% sulphur from the acid. The
thicker oxide layer was rougher, and where d<50 nm then it was amorphous, whereas if d=100
nm then it was composed of atanase. If d=300 nm then the oxide layer contained both atanase

and rutile"

In his research, Elias treated with a range of processes discs and dental implants made of one
type of pure titanium. The etching pickle was a solution of nitric acid, hydrochloric acid and
sulphuric acid. He found that chemically etched homogeneously rough surfaces were more
biologically active in the osseointegrative sense. This facilitated the attachment of bone cells so
the implants would support mechanical loading. The electrolytic solution for anodisation
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contained calcium and phosphorus and he used micro-arc oxidation based on previous research.'
He found that various treatments differently changed surface morphology and therefore the
anodised samples needed greater torque to screw into bone than chemically etched implants.'

Gubicza and his colleagues in their research manufactured ultrafine-grained titanium with equal
channel angular pressing, which known as ECAP technology and the combination of modern
and conventional plastic deformation techniques. The formed grain size was 200-500 nm using
ECAP and 50-300 nm using a combination of the ECAP, forging and drawing. They found that
this material had increased yield stress (652 MPa) and increased dislocation density (24X1014 m-
2)'13714

2. Methods and materials

In our experiments we used 13 mm-diameter titanium rods out of which we machined 2 mm-
thick discs. We used two types of base material: pure titanium, known as Grade 2, and nanograin
Grade 2 pure titanium. The latter is prepared using ECAP. The two materials vary only in grain
size.

After making these discs we cut each disc into 4 identical quarters with a diamond disc cutter.
The machining left burr and surface imperfections so we applied chemical etching to remove
these. During treatment we used ultrasonic cleaning equipment. We used a mixture of 12 V/V%
nitric acid, 9 V/V % hydrogen-fluoride, and distilled water. Based on our preliminary
experiments the time of the chemical etching was chosen as 30 seconds. We kept the temperature
at 30£1°C. The chemical etching successfully removed the burr and surface imperfections caused
by machining and cutting."”

To further smooth surfaces we electropolished the chemically etched samples. We kept the
temperature at 3021°C during the process. We used 20 V and a 3-minute duration. After this we
applied anodisation on the resulting work pieces.

We held samples with a clip of nickel-coated 316L austenitic stainless steel. This material
transferred power to the sample. The clip did not touch the anodising bath. The cathode was a
cylindrical mesh of 316L austenitic stainless steel.

Because the main criteria for the anodising bath were its oxygen and acidic properties we used a
mixture of 0.1 V/V% hydrogen-fluoride and distilled water. We chose this concentration based
on preliminary tests.

The applied voltages were between 10 and 200 V. The necessary voltages we created with a
toroidal transformer. The exact value of the voltage in the circuit depends on the conductivity of
the anodising solution and on the current limit. Over-high current density can cause problems so
we limited this with a current limit, which stopped the voltage rising further during anodising.
Exact values of the applied voltages of the samples are given in Tabl 1.

Nir. 1 12 (3 |4 |5 |6 |7 |8 |9 |10]11 |12 |13 |14 |15 |16 |17 |18 |19

20

U[V] |10 |20 |30 | 40 | 50 | 60 | 70 | 80 | 90 | 100| 110| 120| 130| 140| 150| 160| 170| 180| 190

200

Table 1. The values of the anodising voltage of the samples
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In preliminary anodising experiments we treated samples for durations of 1, 5 and 10 minutes
and observed the formed oxide layer. We found this layer formed immediately so in the actual
experiments we stopped when applied voltage reached the required value. During the process we
used magnetic mixing with 150 rpm to keep the anodising solution in motion. The temperature
of the anodising bath was 20+1 °C.

3. Results and discussion

We examined the formed surfaces with reflected-light microscopy. On images we can see that
different voltage resulted in differently coloured titanium-dioxide layers (Figures 2-3). The colour
is closely related to the thickness of the layer. Figures 4-5 shows the reflected-light microscopy
images of the anodised surfaces.

The two different types of base materials have the same chemical composition, they vary only in
grain size. The grain size influences mechanical properties (e.g. tensile strength, hardness,
dislocation density) as well as electrical properties (e.g. conductivity). On images we found that
different grain sizes resulted in different oxide layer thicknesses at the same voltage value. We can
conclude this from oxide colours, which closely track thickness.

On images we found local surface heterogeneities in titanium-dioxide layers. These are due to
material defects, work piece shape, and uneven voltage distribution. The size of these
heterogeneous areas stayed low at low applied voltages (10-100 V) but rise at higher voltages
(100-200 V). This phenomenon held for both materials.

Figure 2. Sections of surfaces of the anodising Grade 2 titanium discs, with voltage changing from left to
right from 10 to 200 V in 10 V increments

Figure 3. Sections of surfaces of the anodising nanograin Grade 2 titanium discs, with voltage changing
from left to right from 10 to 200 V in 10 V increments

To observe possible nanostructures formed on the surface we have to use atomic-force
microscopy. This gives higher-resolution images of the surface.

To observe the biological behaviour of these surfaces, bacteriological experiments were needed.
Based on these we concluded that the formed titanium-dioxide layer can support

osseointegration.
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Figure 5. Reflected-light microscopy pictutes of surfaces of the anodised nanograin Grade 2 titanium discs
10V (a), 30 V (b), 60 V (c), 90 V (d), 120 V (e), 150 V (f), 180 V (g), 200 V (h)
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Conclusion

In our study we worked on disc segments of pure titanium, known as Grade 2 titanium, and
nanograin Grade 2 pure titanium. Both materials can be used for medical implants. Before
anodisation we treated the specimens with chemical etching and electropolishing. Chemical
etching removed burrs and surface contamination, while electropolishing smoothed the surface.

For the anodising experiments applied voltages were between 10 and 200 V. The anodising bath
was a mixture of 0.1 V/V% hydrogen-fluoride and distilled water and the temperature was 20 °C.
During the process we used magnetic mixing.

Reflected-light microscopy images show that different voltages resulted in differently coloured
titanium-dioxide layers, indicating varying thicknesses. On images we found that different grain
sizes resulted in different oxide-layer thicknesses at the same voltage value. We found these layers

contained local heterogeneities whose size increased with voltage.

Based on our experiments we can conclude that it is possible to create titanium-dioxide layers on
the surface of pure titanium, and nanograin pure titanium. The thickness of the formed oxide
layer depends mainly on the applied voltages and on the grain size.
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Abstract

OBJECTIVES: Endovascular stents, such as coronary stents, are widely used for the treatment of
narrowed or blocked blood vessels caused by plaque formation in the arteries. The narrowing of
expanded blood vessels (restenosis) is perhaps the major complication associated with
endovascular stent implantation that is believed to be caused by insufficient metallic surface area
(MSA) in some stent designs. Our aim was to compare three examination methods which were
developed at our department, to measure stent surface areas.

METHODS: The first method was manually performed using rotating equipment under a
stereomicroscope. The second method, which has recently been developed, is an automated
method using an integrated scanner and a rotating engine. Both methods aimed at converting the
cylindrical stent into a flattened two-dimensional image in order to enable the measurement of
stent surface area by imaging software. The third method is based on a calculation which uses
various stent values such as diameter, length, and strut thickness. Each measurement process was
tested on different types of stents.

RESULTS: Our findings showed that the methods gave similar results. The largest differences
between the methods were speed and accuracy.

CONCLUSIONS: The results lead us to propose favouring the automated rotation method.

Keywords: coronary stent, metallic surface area (MSA), stent pattern, cell size, examination
method

1. Introduction

In the European Union the commonest reason of death is diseases of the cardiovascular system,
amongst which the most significant is coronary artery disease. The numbers are still increasing, so
preventing this disease is a high priority in public health policy.'

Stent implantation is the primary method of angioplasty to treat atherosclerosis. A stent is a small
mesh tube structure mounted on a balloon and delivered to the site of arterial narrowing by a
catheter system. When the balloon is inflated, pressure expands the stent and causes its
deformation plastically. After the deflation of the balloon and the removal of the catheter system,
the newly expanded stent rigidly supports the arterial wall, alleviating the arterial narrowing.
Therefore the artery is reopened to its full extent and blood flow to downstream tissues restored.”
We prepared the following explanatory 3D models (Figure 7).
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Dilated balloon and stent

Compressed plaque

Crimped stent
Balloon catether Stent supports the arterial wall

Figure 1. Stent dilating process

The narrowing of expanded blood vessels (restenosis) is perhaps the major complication
associated with endovascular stent implantation. It is believed to be caused by inadequate MSA in
stents.” The metallic surface area (MSA) of coronary stents is a ratio given as a percentage, of the
stent's cylindrical surface to the covered sutface of the blood vessel. For technical reasons too
high a ratio is not recommended, because the contact area with the blood vessel wall is too large.
In this case the risk of thrombus formation increases, increasing the risk of restenosis. On the
other hand, too small a ratio can lead to mechanical problems.*

30-35% of all percutaneous coronary interventions involve small-diameter vessels of less than 3
mm. Small blood vessel size correlates with risk of restenosis after balloon angioplasty, as well as
after stent placement. Stents deployed in small arteries have a higher metal-to-artery ratio; this
may increase the risk of sub-acute thrombosis or restenosis. Various studies have shown that
stent design, stent coating, and stent strut thickness may all influence event-free survival.
Dedicated stents for small vessels with less metal (so a smaller metallic surface area), appropriate
expansion properties and cell morphology, may further improve the results from stenting in this
setting.’

Most studies related to stent surface focus on stent coatings. They are looking for a material, that
meets mechanical requirements and generates an optimal biological response in the body.
Because of this, knowing the exact size and geometry of the stent surface is very important.
Furthermore, in the case of drug-eluting stents the stent pattern can also affect uniform
dissolution.

In our work we looked at two experimental methods and a calculation to determine the MSA
value and we compared their efficiency. All methods were developed at our department.

2. Methods and materials

In the study we investigated 4 coronary stents. (A) stent (Figure 2) and (B) stent (Figure 3) have the
same geometry, but different size. (C1) stent (Figure 4) and (C2) stent (Figure 5) have the same
geometry and size too. The stents were expanded at nominal pressure. The experimental methods
are shown by the 3.0 x 8 mm, L.605 CoCr (A) stent.
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Figure 5. 3.0X12 mm stent (C2)

Stent Diameter Length Mass Density Strut Nominal Material
name [mm] [mm] [mg] [g/cm?] thickness pressure
[mm] [105 Pa]
A) 3.0 8 9.5 9.1 0.085 9 CoCr (L605)
®) 3.0 12 11.2 9.1 0.085 9 CoCr (L605)
C1) 3.0 12 17.7 9.1 0.091 9 CoCr (LL605)
(c2) 3.0 12 17.7 9.1 0.091 9 CoCr (LL605)

Table 1. Data for the investigated stents

Table 1 shows the investigated stent systems’ basic dimensions. Investigations were performed by

stereo microscopy and a scanner. Surface areas were determined by evaluating the digital images

with image analysis software. Evaluation was performed with JMicroVision measuring software.

All measurements correspond to the MSZ EN ISO 25539-2 standard.’
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2.1 The manual method

The first method was performed by manual stereo-microscopy. High-resolution digital images
were taken of each segment of the stents’ mantle. The pictures were taken with a stereo
microscope fitted to a precision rotary unit. The stents were rotated by increments of 15° from
the starting 0° position to 360°. The 24 pictures were then joined to each other, and examined
with image analysis software.

2.2 The automatic method

The second method was done in an automated manner by a new configuration. The stents were
pulled up to a shaft connected to a motor, so that the stents were rotating during the scanning
process. In this case we get one whole picture of the stent pattern. The rotational speed and
direction can be changed using the buttons of the control panel. Pictures were taken at a
resolution of 4800 DPI. The Canon CanoScan LLIDE 700F scanner that we used has a 9600 DPI
resolution, so the images have far better quality than required.

Both (the first and the second) methods aimed at converting the cylindrical stent into a flattened
2 dimensional image in order to analyse the stent pattern with imaging software. With the stent
pattern, the largest and the smallest cell area, and the maximum achievable cell diameter in them
can be easily determined by an image analysis program. This feature is useful when another stent
needs to be placed into a side branch of a vessel and the physician has to go through one of the
stent cells with another stent or a balloon catheter.

2.3 The calculation

The third method is based on a calculation using various stent values such as stent diameter,
length and strut thickness. If we imagine an ideal tube where we know the material (and thus
density of the material), and set the outer diameter, length and wall thickness to be the same as
the stent's, then by defining these features we can calculate the mass of the ideal tube which
would have a 100% MSA value. We use the following formula (Equation 1):

Meype # d-1-1-5-p, ©)

where mtube: mass of the tube, d: stent outer diameter, I: stent length, s: tube’s wall thickness (so
the strut thickness of the stent), o: density of the stent.

We get the metallic surface area (MSA) from the ratio of the stent mass (mstent) and the
calculated mass of the ideal tube which has 100% MSA value (Equation 2).

MSA = —=Stent.. 100[%)] ©

Mtybe

208



Biomechanica Hungarica V1. évfolyam, 1. szdm

To determine the strut thickness a slide was made from a normal (perpendicular) section of the
struts. Given a large number of test samples, this significantly complicates the measurements.
Also, this calculation only gives information about the MSA value and nothing about cell sizes.

3. Results

Our findings showed that the first and the second methods gave similar results (Fzgure 6). The
third method gave a different MSA value for the (B), (C1) and (C2) stents. These are eatly
estimates, but further studies will explore possible reasons for the difference.

The location of the largest and smallest cells are the same with the manual and the automatic
method, except in the case of (C1) stent, where the location of the largest cell was different. Since
the difference between the largest and the second largest cell was negligibly small, the error might
be due to inappropriate joining of images.
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Figure 6. MSA values with the three methods

Figure 7 shows the stent pattern of stent (A) with the manual and the automatic method. The

largest cell is yellow, the smallest cell is blue, and the circles with the maximum achievable
diameter are red. Each stents’ cells were counted; (A) has 12 cells, (B) has 15 cells, (C1) and (C2)

both have 24 cells.
n. ¥
R g
@ (b)

Figure 7. The evaluated stent pattern of stent (A)
(a) with the manual method (b) with the automatic method
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The metallic surface areas of all these stents are maximum 20%. This is appropriate for the re-

formation of the intima cell layer. The measurement results are given with the following markings
(Table 2):
- largest cell area (marked in yellow in Figure 7): ALC [mm’]

- maximum diameter of the circle in the largest cell (marked in red in Figure 7): DLC [mm]
- smallest cell area (marked in blue in Figure 7): ASC [mm’]
- maximum diameter of the circle in the smallest cell (marked in red in Figure 7): DSC [mm]

- average cell area: AAC [mm’]

Stent | Method MSA Aic Asc Aa Dic Dsc
[0] [mm?] [mm?] [mm?] [mm] [mm]
A) 1. Man. 15.38 412 2.72 3.33 1.25 0.89
2. Auto. 14.51 4.03 2.70 3.31 1.25 0.91
3. Cal 16.29
(B) 1. Man. 16.64 3.58 2.41 2.99 1.08 0.93
2. Auto. 17.33 3.62 2.22 2.94 1.07 0.89
3. Cal 12.80
Cy 1. Man. 18.80 3.88 1.61 3.14 0.83 0.68
2. Auto. 20.32 3.88 1.77 3.26 0.86 0.71
3. Cal 11.96
(C2) 1. Man. 18.20 4.06 1.70 3.19 0.81 0.68
2. Auto. 18.25 4.04 1.79 3.25 0.81 0.69
3. Cal 11.96

4. Discussion

Table 2. The measurement results

The largest differences between the methods were speed and accuracy. Calculation was the

quickest, but it gives just estimated results without cell sizes. Further studies will be taken to

explore the accuracy of this method.

Figure 8. Stent (A) pattern with the manual method
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The automatic method also needs less time (the difference is in hours), because the pictures did
not need to be joined together. This is an important factor when the stent is too long to fit in the
microscopic field. In that case separate images are taken of both ends of the stent, and then 48
images have to be joined up to create one big image. Resulting errors are multiplied during image
editing, and time needed also increases.

In addition, Figure 8 clearly shows that the struts reflect light in the microscope pictures of the
metal stent surface. Bright and dark parts seem to have different strut widths which need to be
corrected during evaluation. This both takes more time and causes inaccuracy. In contrast,
reflective glare is eliminated in the images taken by scanner (Figure 9).

«n~-

Figure 9. Stent (A) pattern with the automatic method

5. Conclusion

Some stent properties are important during implantation such as crossing profile or flexibility of
the stent system, and others are important for the long-term effectiveness of the stent after
implantation such as metallic surface area, the largest and the smallest cell sizes, and the
maximum achievable cell diameter.

We used 3 methods to measure MSA values. These results favour the automatic method, which
on the basis of this study seems to give the most information, most accurately, in the shortest
time. The collected experience and results of this study provide a basis for further research. We
plan to use the obtained image data to create a three-dimensional stent model and run finite-
element simulations to predict mechanical properties of stents with given defined patterns.
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NOVEL MINIMAL INVASIVE SURGICAL TECHNIQUES FOR THE TREATMENT OF
SEGMENTAL-LATERAL PATHOLOGIC LESIONS OF THE SPINE, PRESERVING THE
DORSAL STABILIZING STRUCTURES

Zoltan Papp', Janos Vajda', Robert Veres', Péter Banczerowski'”
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Abstract

Objective: Laminectomy, the commonly used dorsal approach for the surgical removal of most
of the pathologic lesions, situated in the spinal canal and the neuroforamen destroying the dorsal
stabilizing structures of the spinal column. Retraction and detachment of the longitudinal
muscles, removal of the vertebral arches (laminectomy), and injury of the joint capsules and
ligaments are responsible most of short and late-time complications. Among of these
complications spinal deformities, segmental instability and permanent spinal pain are most often
mentioned in the literature.

The main objective of the authors was to develop and evaluate the novel minimally invasive
techniques suitable for exploring and treating different segmental-lateral pathologies, expanding
to the neuroforamen or even paravertebraly, with preservation of the stability of the spine. One
of the key issues of this article was to summarize these procedures, with evaluating the safety and
efficacy in the routine spine surgery.

Methods: 153 patients were operated and followed up during 2000 to 2010 in our Institute with
segmental lateral spinal pathologies. For the surgical treatment we used “Over-the-top”
decompression, hemi-semi laminectomy, supraforaminal burr-hole, open-tunnel and
paravertebral approaches alone or combined with each-other. The above mentioned surgical
techniques are mostly our developments, or modifications of previously used surgical techniques.

Results: The new surgical procedures developed or modified by our team, are effective
techniques for treating the spinal pathologies located in the spinal canal, neuroforamen or even
the paravertebral space. The posterior stabilizing structures of the spine, as the vertebral laminae
and the longitudinal musculature are mostly preserved. Leaving the longitudinal paraspinal
musculature innervations intact, and with the preservation of the bone-muscle attachments and
ligaments, the dynamic stability of the spine remains unchanged. Retaining the bony structures
(vertebral arches) and the vertebral joints the static stability of the spinal column remain intact,
the chance of developing the long-term spinal deformation is minimal.

During the follow up we performed static and dynamic X-ray, MR and CT scans, completed with
neurological examinations to evaluate the progression of the illness, the neurological deficit and
the actual state of the spinal column. With clinical use and evaluation of the various surgical
approaches we determined the main indications and contraindications of the surgical procedures,
highlighting the pit-falls and limitations.

Conclusion: The above mentioned minimally invasive surgical approaches are suitable for treating
segmental — lateral spinal pathologies. . For the routine clinical use we organized the surgical
techniques into a complete framework based on the location of the pathologic lesions.
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Introduction

The use of the classical laminectomy for dorsal approach to the pathologic lesions located in the
spinal canal is widely used in spine surgery. Removal even of one vertebral arch, with detachment
of the paravertebral muscles and uni- or bilateral destruction of the facet joints and ligaments are
leading to the well- known short and long term complications. The most mentioned in the
literatures are the persistent pain, spinal deformities, instability, even subluxation.”®'"*! Several
surgical techniques found in the literature to preserve the posterior structures, but most of them
focused on multilevel spinal pathologies.**”'"'*'®

One spinal segment consists of the two joining vertebras with all of the ligaments and muscles
connecting them to each-other. Our novel classification system for treatment of spinal disorders
based on the intraspinal localization of pathologic lesions. Mainly, the lesions are localized in the
spinal canal in segmental-lateral or axial-longitudinal situation. New minimal invasive spine
surgery techniques have been developed with the goal to achieve better clinical outcomes, with
the preservation of the dynamic and static stabilizing structures of the spinal column in treatment
of the segmental-lateral pathologic lesions.™”'!"'>"7

The purpose of our retrospective study is to summarize the minimal invasive procedures with
describing technical features, advantages, complications and clinical outcomes for treating
segmental-lateral pathologies, located in the spinal canal, in the neuroforamen, or even

paravertebraly, ">+

Clinical Materials and Methods

Between 2000 and 2010 the authors performed 153 surgical procedures on patients with
segmental-lateral pathologic lesions. Regarding to the minimal invasive surgical concept, every
patients were operated with the following surgical techniques, thus are developed by our team, or
modification of a previously used surgical technique.

Over-the-top decompression:

Unilateral approach and short paravertebral muscle retraction performed, throughout a midline
incision, on prone positioned patient. To achieve the sufficient decompression of the neural
structures the medial part of the articular process, partially the upper and lower laminar arch, the
base of spinous process, the ventral part of the interspinosus ligament and the ligamentum
flavum on both sides were removed. We operated 51 patients with one segment degenerative
spinal canal stenosis.

Hemi-semi laminectomy:
This approach also mentioned as partial hemilaminectomy.>” The patient in prone position. The

paraspinal muscles are dissected and retracted. The upper and lower arches of the laminae are
drilled severally or in case of need altogether at the level of the lesion. The integrity of laminae
remains intact. For wider surgical view, the base of spinous process may be removed. The
interspinous ligaments are remained intact. 86 patients were operated during the evaluated time
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period (2000-2010) with one to three segment “hemi-semi laminectomy* technique. Histological
distribution was as follows: 32 meningeomas, 27 neurinomas, 12 ependymomas, 3 arachnoideal

cysts, 4 epidural haematomas, 5, epidural abscesses, 3 dural arterio-venous fistulas. (Figure 7,

Figure 2)

Figure 1. Intraoperative photograph showing two levels hemi-semi approach, on the thoracic spine, right
side. The paraspinal muscles retracted on the right side, and the upper and lower arches of the laminae are
drilled. The dura is not yet opened.

Figure 2. Postoperative three dimensional reconstructed computer tomographic image showing hemi-semi
laminectomy approach and the fenestrated laminas on the thoracic spine.
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Supraforaminal burr-hole:

This approach is suitable for the treatment of lesions extending to the neuroforamen. A hemi-
semi laminectomy was done the above mentioned way, than the intervertebral foramen exposure
was performed across the medial part of the facet joint with a high speed drill with the aim of
sparing as much facet as possible. Throughout this 5-7mm wide burr-hole the removal of the
intraforaminal part of the lesion was achieved. 7 patients were operated with neurinomas
extending to the neuroforamen in the cervical spine. In 4 cases we removed schwannomas, and 3
cases neurofibromas. (Figure 3.)

10mm/{div

Figure 3. Postoperative three dimensional reconstructed computer tomographic image showing hemi-semi
laminectomy with supraforaminal burr-hole approach on the cervical spine.

Open-tunnel:

This procedure is consists of a hemi-semi laminectomy and the removal of the lateral part of the
facet joints. With this approach, both end of the neuroforamen are opened, the tumor removal
can be achieved, preserving the bony structures and facet joint as well. Patients are in prone
position. After a midline or slightly parasagittal skin incision the paravertebral muscles were
dissected and retracted as far as the lateral edge of the facet joints. At the level of the lesion a
hemi-semi laminectomy was done. The intraforaminal components of the lesions are exposed
from the inner side of the spinal canal through the hemi-semi laminectomy and from the outside
made by the partial removal of the lateral part of the facet joint. The exit of the neuroforamen is
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opened and tumor removal is possible from both ends of the opened ,,tunnel” with sparing the
facet joints as much as possible. With this operative technique 6 patients were treated with
schwannomas, while 3 with neurofibromas between 2000 and 2010. (Figure 4., Figure 5.)

Figure 4. Postoperative three dimensional reconstructed computer tomographic image showing the open-
tunnel approach at C2 level.

Figure 5. Schematic showing a thoracic dumbbell tumor and the “open-tunnel” approach. The inner part
of the tumor removed during two level hemi-semi laminectomy approaches, while the paraspinal part
resected directly. The neuroforamen opened at both end, and the remaining tumor was “pulled out”.
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Results

Postoperatively regular control examinations were done. On patients with degenerative spinal
canal stenosis we performed CT and MR scans to verify the extent of the decompression of the
neural structures. On tumor patients we did regular MR scans to follow the progression of lesion.
Both patient group we performed static and dynamic X-ray examinations, to uncover the signs of
segmental instability. All of the patients undergone neurological examinations regarding the initial
symptoms as well.

All of the surgical approaches and procedures were sufficient to treat the selected pathologic
lesions.

76% of the patients operated with “over-the-top” decompression technique have neurologic
claudication symptoms eliminated, and the remaining 24% mentioned significant reduction. The
low back pain was disappeared in 13%, reduced in 63%, and not changed in 24%. No sign of
instability was detected.

Use of the hemi-semi laminectomy approache all of the pathologic lesions were removed
completely.

All of the tumors, expanding to the neuroforamen were removed completely with combination
of hemi-semi laminectomy and the supraforaminal burr-hole technique but one, because
unsepareable infiltration of the C6 nerve root. Instability in cervical spine flexion and extension
did not occur during the follow up period.

The use of “open-tunnel” technique the extent of resection or neurological outcome was
satisfactory. Regarding to the minimal invasive surgical approaches the skin incision and
paraspinal muscle dissection was shorter, comparing to the “classic” dorsal surgical procedures.
Early postoperative mobilization was allowed at every case. The average length of the hospital
stay was 7.2 days (range 6-9 days).

No sign of spinal instability found during the follow-up period.
Discussion

The most frequently used dorsal surgical approach for treatment of spinal lesions has been
laminotomy until the last two decades. The surgical treatment of multilevel spinal pathologic
lesion requires long, destructive approaches with multiple laminectomies and sacrifice of the
attachments of the paraspinal muscles, the facet joints, and the ligaments. To avoid the
postoperative complications various types of surgical techniques have been developed.””'*"” The
main objective of these innovations to preserve and reconstruct the posterior spinal structures.
Beyond the disadvantageous effect of the multilevel approaches the preservation of the
anatomical and functional spinal segment is highlighted in the literature. For treating the
segmental pathologic lesions also the laminectomy was the mostly used dorsal approach.
Removal of one laminar arch with cutting the inter,- and supraspinosus ligaments, bilateral
detachments of paraspinal muscles and destruction of facet joints are the most frequent cause of
disturbance of the sagittal balance. Other important factor for development of long term

complications is the segmental instability. The above mentioned irreversible changes accelerate
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the ongoing degenerative procedures on the entire spinal column, advancing the long term
symptoms and even neurological impairments.

The literature emphasizes the important role of the deep extensor muscles, especially in the neck.
The multifidus and the semispinalis cervicis muscles act as dynamic stabilizers of the cervical
spine together with the important static stabilizer structures, including the intervertebral discs, the
vertebral arches, ligaments and intervertebral joint capsules. Once these muscles have been
detached, it is impossible to reconstruct the complicated anatomy. The integrity of the nerves is
also important because if they are injured (branches ramified from the dorsal ramus),
preservation of the muscles becomes meaningless.”

According to the up-to-date biomechanical concepts new surgical approaches have been
developed to avoid the short and long term complications of treatment the (one) segmental-
lateral pathologic lesions.”™"”?" All of these surgical procedures preserving the paraspinal muscle
attachments and also the innervation of these muscles. The muscle retraction performed
unilateraly, the contralateral side remain totally intact. Using the keyhole concept, the exploration
of the spinal canal, and the neuroforamen needs only partial bone removal. The laminar arch
remains intact at every approach. In consequence of this the various forces evoking in the course
of spinal movements transmitted physiologically throughout the pedicles to the vertebral body.
Due to the intervertebral facet joints and ligaments are not injured with these surgical techniques,
the segmental stability does not affected.

With the above mentioned methods the operative field is restricted compared to laminectomy,
but according to the keyhole principle, it is still enough under the operating microscope for the
surgery of lesions located within the spinal canal, in the neuroforamen or paravertebraly.

Between 2000 and 2010 we operated 153 patients with segmental-lateral pathologic lesions with
the newly developed or renewed minimal invasive surgical technique. During this period we
determined the indications and limits of the procedures and arranged them into a framework
based on the localization of the pathologic lesion. Based on our experience, these procedures are
safe on all spinal segments (the cervical, thoracic, and lumbar spine) with an acceptable
complication rate. Our novel, modified, minimally invasive technique enables surgeons to obtain
a sufficient field for exploring different segmental-lateral spinal pathologies that require spinal
canal decompression with preservation of the posterior structures of the spine and the
attachments of the muscles.

Conclusion

The minimally invasive surgical techniques for treating segmental-lateral pathologic lesions are
safe and effective surgical procedures. The extent of resection are not affected by the newly
developed approaches. The posterior dynamic and static stabilizing structures of the spine, as the
vertebral laminae, the joint capsules, ligaments, and the longitudinal musculature are mostly
preserved. Preservation of these structures helps to avoid the short and long term complications
of the widely used laminectomy.
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Abstract

3D finite element analysis of long term aging and sudden accidental degeneration processes is
presented for physiologic compression load. A systematic modeling and simulation is applied for
analyzing the separated and mutual effect of certain material moduli of the components of
lumbar motion segments on the mechanical behaviour and stability of the segment during the
long time and sudden degeneration processes. It was concluded that due to their smallest
stiffness the younger segments with light degeneration are the most vulnerable during both the
long-time age-related and the sudden overload-related degeneration.

Keywords: finite element simulation, age-related degeneration, sudden accidental degeneration,
lumbar motion segment, compressive stiffness

Introduction

Numerical analyses are able to simulate biomechanical processes in their progress that are
impossible to be followed experimentally, like spinal degeneration processes. Degeneration
represents special and injurious changes in the structure, composition and function of spine or
part of the spine, caused by aging or by certain accidental injurious effects, like a wrong

. . 1
movement or mechanical overloading.

The age-related changes of spine start generally in the intervertebral discs; within the disc nucleus,
altering markedly the mechanics of load transfer and spinal stability.” The age-related changes of
the disc are manifested in loss of hydration, a drying and stiffening procedure in the texture of
both nucleus and annulus.” Aging procedures are often accompanied by other kinds of
degeneration: buckling, lesions, tears, fiber break in the annulus® or osteoporotic changes in the
vertebral bone. However, some degeneration can happen suddenly, due to some traumatic effects
causing disc prolapse, endplate disruption or osteoporotic vertebral fracture. These kinds of
sudden degenerations can happen at any age.

Several recent studies conclude that instability of lumbar spine happens to the younger discs, and
the stability restores with further aging.”” Since sudden degenerations may also be dangerous in
young age, further studies are necessary for understanding the biomechanical function of
degeneration processes. Although FE modeling of lumbar spine focused recently to
degenerations, there are no papers dealing with sudden degeneration processes. Some authors
concluded that the nucleus underwent a transition from fluid-like to solid-like material during
aging6’7, or classified the grades of aging degeneration as first stiffening of the nucleus then the
whole disc.® Others””"” model aging degeneration by different loss of disc height and nucleus
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compressibility, or other material properties. Others used poro-elastic FE models to simulate
aging degeneration."* Most of these studies concluded that the highest risk of disc prolapse was
found in mildly degenerated young discs, however there are no answer to the question why.

The goal of this study was to obtain numerical conclusions for the mechanical effects of the cases
of (1) normal age-related changes and (2) sudden overload-related degenerations, moreover, (3)
to answer the question why the mildly degenerated young segments are more vulnerable.

The paper aims to determine the separated and mutual effect of the main mechanical
degeneration phenomena, the effect of gradual decrease of incompressibility of disc nucleus and
the increase of stiffness of nucleus during age-related degeneration processes. The aim was also
to determine the degenerative effects of short-term sudden compressive overload and to answer

the question why are the younger spine segments more vulnerable.

Methods

A 3D model of a typical lumbar segment 1.4-5 was created (Figure 1a) by using Pro/Engineer
code. The geometry and tissue volumes were obtained by the anatomical measures of a typical
lumbar segment.'>'® Cortical and cancellous bone of vertebrae was separately modeled, including
posterior bony elements and facet joints. The height of the disc was considered to decrease
linearly from 10 to 6 mm for the five aging degeneration degrees. The endplates were divided
into external bony and central cartilaginous part. Accordingly, the annulus matrix was divided
into internal and external ring and three layers of annulus fibers; (Figure 10).

posterior bony

elements
— Finite element model of the disc

cancellous
bone

—»— endplate

cortical
shell

disc annulus

articular o AL /gf‘* ,f—\’

joints disc

Geometrical
model of FSU

nucleus pulposus

annulus matrix %

disc nucleus

Figure 1. Geometric and finite element model of the lumbar segment

The FE mesh was generated by ANSYS Workbench and the connections between the several
geometrical components were integrated to the FE model by ANSYS Classic (Figure 1¢). The FE
model consisted of solid, shell and bar elements. Annulus matrix, nucleus, cancellous bone,
articular joints and different types of attachments were modeled by solid elements; cortical shells
and endplates were modeled by shell elements. The compatibility between the adjacent solid and
shell elements was guaranteed by contact elements. All ligaments were modeled by shell elements.
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Components of FSU Young’s mod Poisson’s
[MPa] ratio
vertebral cortical bone 12000 0,3
posterior elements, facet 3500 0,3
vertebral cancellous bone 150 0,3
bony endplate 12000 0,3
cartilaginous endplate 100 0,4
nucleus 1 0,499
annulus ground substance, internal 4 0,45
annulus ground substance, external 5 0,40
annulus fibers 500/400/300% -
anterior longitudinal ligament Riga 0,35
posterior longitudinal ligament 10%* 0,35
other ligaments SHk 0,35

*external/middle/internal fibers, **tension only

Table 1. Material moduli of the components of healthy FSU

Table 1 shows the material moduli of healthy FSU. For the bony elements and endplates, for both
tension and compression, linear elastic isotropic materials were applied, based on the
literature.*>"”"  Annulus ground substance and nucleus were considered linear elastic for
compression and bilinear elastic for tension. For the fluid-like healthy nucleus, the data of,* for
the annulus matrix of *'**** was considered. Collagen fibers of the annulus were considered as
bilinear elastic isotropic tension-only material.”**” All the seven ligaments were integrated in the
model with bilinear elastic tension-only materials of the literature again.

For the numerical simulation of age-related and sudden degeneration processes we developed a
concise modeling system, seen in Tuble 2 containing five columns and five rows, consequently
5x5=25 main blocks, named Ajj, 1,j=1,2,3,4,5. Since the main characteristics of aging
degeneration procedure of motion segments are the gradual loss of incompressibility of nucleus
modeled by decreasing Poisson’s ratio, and the gradual hardening of nucleus modeled by
increasing Young’s modulus, the main variables in Table 2 are the Young’s modulus E of nucleus
(in horizontal headings) and the Poisson’s ratio nu of nucleus (in vertical headings). Thus,
horizontally the stiffening of nucleus and annulus matrix and the weakening of cancellous bone,
endplates and annulus fibers are modeled during aging; and vertically the loss of nucleus fluidity
is modeled. That is, horizontally (from left to right) the long-term age-related changes, while
vertically (from up to down) the sudden degenerations could be modeled separately. Moreover,
the five grades of age-related degeneration process are represented in the shadowed main
diagonal blocks of Table 2 (Aij, i=j), from the healthy (block A11) to the fully degenerated cases
(block A55). Sudden degenerations were modeled by considering the actual grade of aging
degeneration state in which the sudden overload happens. Based on Tuble 2 systematic numerical
analysis could be done to analyze the separated and mutual effect of the material moduli.
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Table 2. Systematic material modeling of age-related and sudden degenerations for numerical simulation of
degeneration processes

For simulating age-related degeneration processes, 1000 N axial compression load was applied
for all degeneration grades. For sudden traumatic degeneration processes, the 1000 N
compression was increased to 5000 N.”

Our finite element models of healthy and degenerated FSU were validated both for compression
and tension. Distribution of vertical compressive stresses in the mid-sagittal horizontal section of
the disc, calculated for 2000 N compressive load for healthy and fully aging-degenerated FSU was
compared to the experimental results of Adams et al.” obtained by stress profilometry for the
same load. Degeneration caused vertical stress decrease in nucleus and internal annulus with high
stress peaks in external annulus. Our numerical results were in good correspondence with the
experiments of "' For axial tension, the calculated elongations of discs were compared to the in
vivo measured elongations of lumbar FSU model 1.3-S1 in* just after being suspended in water
with 700 N body weight and 40 N extra weight in weightbath hydrotraction treatment.” The
calculated elongations of healthy and degenerated lumbar FSUs were practically the same as
measured by.”

Results

Fignre 2a shows the mean mid-sagittal compressive strains of disc elements that were smaller at
the cartilaginous endplate supported middle of disc, in nucleus, and larger at the bony endplate
supported edge of disc, in external annulus. Figure 2b shows the decreasing posterior, anterior and
lateral disc bulging during aging. Figure 2c and 2d illustrate the central compressive strain of disc in
terms of the separated effect of the gradual loss of incompressibility (Poisson’s ratio) and gradual
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stiffening (increasing Young’s modulus) of nucleus. Their mutual effect can be seen in Figure 2a
for nucleus, demonstrating that in the beginning period of aging, the effect of loss of nucleus
incompressibility dominates, yielding maximum disc deformability in the second grade at mild
degeneration, while later the effect of nucleus hardening dominates resulting significant decrease
of deformations in further aging.
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Figure 2. ) Mid-sagittal compressive strains of disc components and b) sagittal disc bulging duting normal
aging; The separated effect of ¢) the decrease of Poisson ratio of nucleus and d) the increase of Young’s

modulus of nucleus on the central compressive strain of disc during aging.

Figure 3a illustrates the mid-frontal vertical compressive stresses for the five aging grades. During
aging, the gradual decrease of central and increase of external compressive stresses can be
observed. Figure 3b shows the mean mid-frontal compressive stresses in the nucleus, internal and
external annulus, demonstrating that the compressive load transfer moves from inside to outside
the disc with aging. During the total aging process the stress decrease in the nucleus was 60%, in
the internal annulus was 35%, however, in the external annulus 150% stress increase was
observed. The separated effect of the decrease of Poisson ratio of nucleus (Figure 3¢) and the
increase of Young’s modulus of nucleus (Figure 3d) on the vertical compressive stresses of
nucleus demonstrated that in the beginning period of aging, the effect of loss of nucleus
incompressibility dominated, causing rapid stress decrease in nucleus in the second grade, while
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later the effect of nucleus hardening dominated resulting significant stress decrease during further

aging.
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Figure 3. a) Mid-frontal distribution of vertical compressive stresses for the five aging degeneration grades;

b) Change of the mean mid-frontal vertical compressive stresses of disc components during aging.
The separated effect of ¢) decrease of Poisson ratio of nucleus and d) increase of Young’s modulus of

nucleus on the vertical compressive stresses of nucleus
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stress divergence in nucleus
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Figure 4a and 4b show the separated effect of the decrease of Poisson’s ratio of nucleus and the

increase of Young’s modulus of nucleus on the stress divergence in nucleus. A healthy nucleus is

in hydrostatic compression stress state, namely, the stresses in nucleus in different directions are

equal. During the loss of hydrostatic stress state, the stresses start to diverge, that is, the

difference among them starts to increase. Figure 4a and 45 demonstrates that the hydrostatic stress

state needs fluid-like material with small Young’s modulus.
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Figure 5. Change of compressive stiffness of disc components and total disc during aging degeneration
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Figure 6. Sudden degeneration in grade 1 with a) sudden loss of nucleus incompressibility accompanied by

b) annulus fiber damage, c) vertebral cancellous bone and endplate damage, d) internal annulus damage.
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In Figure 5 the change of vertical compressive stiffness of the disc and each of its components are
seen during the age-related normal degeneration procedure. The stiffness of the total disc was
about 2150, 1900, 3000, 5550 and 8500 N/mm in the five aging degeneration degree. It can be
seen clearly that the minimum of compressive stiffness belongs to the early period of life, to the
young adult age for all disc components and for the total disc.

The sudden degeneration in young age (in grade 1) was modeled by an accidental loss of
hydrostatic stress state in nucleus due to a sudden overload when the nucleus quasi bursts out

modeled by rapid decrease of Poisson’s modulus of nucleus parallel to an accidental load increase
from 1000 to 5000 N.

Figure 6a llustrates the mid-sagittal vertical compressive stress distribution in disc with sudden
loss of nucleus incompressibility but all other organs are intact. In Figure 6b the nucleus damage is
accompanied by annulus fiber damage, in Figure 6¢ by cancellous bone and endplate damage
together, in Figure 64 by internal annulus buckling.

It can be seen that during the sudden overload with nucleus damage, the vertical compressive
stresses did not change in the nucleus, however, in the annulus the stresses increased extremely,
by 400%.
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Figure 7. a) Central disc shortening and b) postetior disc bulging during a sudden overload for different
grade of aging degeneration

In contrast to the aging degeneration, the overload-related degeneration can happen in any time,
at any age. However, the consequence of it depends highly on the actual aging grade when it
happened. In Figure 7 the central disc shortening and the posterior disc bulging is illustrated in
terms of the grades of normal aging degeneration when the accidental overload happened.

Figure §a shows the mid-sagittal vertical compressive stress distribution in disc when the sudden
overload happens in grade 3, in older age, accompanied by vertebral cancellous bone and
endplate damage. In Figure 8b the stresses in disc components are illustrated during the sudden
overload, demonstrating that due to the loss of load bearing capacity of cancellous bone, the load
transfer through the vertebra and disc moves from inside to outside.
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Figure 9. Stiffness loss of disc components during the sudden overload in the case of a) young age of grade
1 and b) older age of grade 3

Figure 9 shows the sudden stiffness loss of disc components during the sudden overload for grade
1 of young age and for grade 3 of older age. Observe that the stiffness decrease in young age
starts from a lower level than in older age and consequently tends to a lower level. On the other
hand, the gradient of fall of stiffness is more rapid in young age than in older age.

Discussion and conclusion

By numerical simulation the separated effect of the two main factors of age-related disc
degenerations, the gradual loss of incompressibility and the gradual increasing stiffness of nucleus
can be modeled numerically by gradually decreasing Poisson’s ratio and increasing Young’s
modulus of nucleus respectively.”” In the first period of aging degeneration process the loss of
incompressibility, later the stiffening of nucleus has the dominant effect on the deformability and
stresses of disc (Figures 2 and 3). The reason of this phenomenon lays on the fact that the nucleus
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is fluid-like only in young age, so it is obvious that the effect of loss of hydrostatics can be related
to the first period of aging.””

During the aging degeneration the vertical load transfer moves from inside to outside, it tends to

the external annulus (Figure 3b). Indeed, Adams et al.>”

obtained experimentally that the vertical
compressive stress decreases int he nucleus and increases in the external annulus during aging

degeneration.

The compressive stiffness of the whole disc is minimum in mildly degenerated state, and duribg
further aging the stiffness of the disc strongly increases. leading to the risk of instability and
injury in young age (Figure 5). Schmidt et al."* found that the disc prolapse initially increased for
mildly degenerated state, and subsequently decreased for moderately and severely degenerated
discs. Tang et al.” concluded that light degeneration of disc leaded to instability, while the stability
restored with further degeneration. Adams et al.” found that lower lumbar discs which appeared
to prolapse were non-degenerated of cadavers aged 40-50 years; severely degenerated discs could
not be made to prolapse.

During sudden overload-related nucleus degeneration in young age, due to the sudden loss of
nucleus incompressibility, the support of the internal annulus disappears, causing buckle in the
annulus layers, thus, the load transfer moves dominantly to the external annulus (Figure 6) yielding
strong increase in disc shortening and bulging, however, if the sudden overload happens in older
age, these effects are smaller (Figure 7).

While during the age-related degeneration process the compressive stiffness of the disc increases,
during the overload-related sudden process, the stiffness strongly decreases (Figures 5 and 9). Also
in sudden degeneration the smallest stiffness belongs to the weakly degenerated state in young
age since in this case the sudden stiffness loss starts at the smallest stiffness level. In older age,
the sudden stiffness loss starts at a higher stiffness level (Figure 9). The gradient of sudden
stiffness loss is also stronger in younger age.

We have proved by numerical analysis that younger segments are the most vulnerable during
both long-time age-related and sudden overload-related degeneration. Several recent studies®™ "
concluded that light degeneration of disc in young age leaded to instability of lumbar spine, since
the lightly degenerated discs had the smallest stiffness. These effects explain why are the young

adults who suffer so frequently by low back pain problems.
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FINITE ELEMENT PARAMETER-ANALYSIS OF AGE-RELATED DEGENERATIONS OF
COMPONENTS OF LUMBAR SPINE SEGMENTS IN COMPRESSION
Mirta Kurutz', Liszl6 Oroszvary”

'Budapest University of Technology and Economics
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Abstract

3D finite element parameter analysis of the degeneration-sensitivity of the material properties of
the components of lumbar spinal motion segments is presented for physiologic compression
load. The aim was to determine that material behaviour which dominantly determines the
mechanical behaviour of the aging spine. Systematic numerical simulation was executed by using
a finite element model validated by experimental results for both tension and compression. It was
concluded that to keep the hydrostatic compression state of nucleus is the most important factor
to maintain the stability of lumbar segments in the first period of aging process.

Keywords: finite element parameter analysis, lumbar motion segments, compression, material
property, degeneration

Introduction

Using numerical simulation we can find out how the stability of spinal motion segments is
influenced by the healthy or degenerated state of each of its components, or rather the healthy or
degenerated state of which of its components has the dominant effect on the degeneration or
failure of the whole segment. At the same time, by numerical parameter-analysis we can
determine that components the material moduli of which needs the most care and correctness to
be collected for numerical analyses of spinal degeneration. In this study a systematic parameter-
analysis is presented to determine the separated effect of each material parameter of the
components of the lumbar spine segments on the mechanical behaviour and stability of the
whole segment.

Degeneration represents special and injurious changes in the structure, composition and function
of spine or part of the spine, caused by aging or by certain environmental external effects.' The
age-related changes of spine start generally in the intervertebral discs; within the disc nucleus,
altering markedly the mechanics of load transfer and spinal stability.” The age-related changes of
the disc are manifested in loss of hydration, a drying and stiffening procedure in the texture of
both nucleus and annulus.” Aging procedures are often accompanied by other kinds of
degeneration: buckling, lesions, tears, fiber break in the annulus or osteoporotic changes in the
vertebral bone.

The goal of this study was to obtain numerical conclusions for the separated mechanical effects
of the material moduli of each components of the lumbar motion segment on the degeneration
of the whole segment.
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Methods

For the numerical parameter-analysis, the finite element model of a typical lumbar motion
segment was used that we developed earlier in ANSYS system," representing five degeneration
grade of aging. A 3D model of a typical lumbar segment 1.4-5 was created by using Pro/Engineer
code. The geometry and tissue volumes were obtained by the anatomical measures of a typical
lumbar segment.” Cortical and cancellous bone of vertebrae was separately modeled, including
posterior bony elements and facet joints. The height of the disc was considered to decrease
linearly from 10 to 6 mm for the five aging degeneration degrees. The endplates were divided
into external bony and central cartilaginous part. Accordingly, the annulus matrix was divided
into internal and external ring and three layers of annulus fibers.” The FE mesh was generated by
ANSYS Workbench and the connections between the several geometrical components were
integrated to the FE model by ANSYS Classic. The FE model consisted of solid, shell and bar
elements. Annulus matrix, nucleus, cancellous bone, articular joints and different types of
attachments were modeled by solid elements; cortical shells and endplates were modeled by shell
elements. The compatibility between the adjacent solid and shell elements was guaranteed by
contact elements. All ligaments were modeled by shell elements.

Table 1 shows the material moduli of healthy lumbar motion segment. For the bony elements and
endplates, for both tension and compression, linear elastic isotropic materials were applied, based
on the literature. Annulus ground substance and nucleus were considered linear elastic for
compression and bilinear elastic for tension. Nucleus and annulus matrix were considered linear
elastic. Collagen fibers of the annulus were considered as bilinear elastic isotropic tension-only
material. All the seven ligaments were integrated in the model with bilinear elastic tension-only
materials of the literature again.

Components of FSU Young’s mod | Poisson’s
[MPa] ratio
vertebral cortical bone 12000 0,3
posterior elements, facet 3500 0,3
vertebral cancellous bone 150 0,3
bony endplate 12000 0,3
cartilaginous endplate 100 0,4
nucleus 1 0,499
annulus ground substance, internal 4 0,45
annulus ground substance, external 5 0,40
annulus fibers 500/400/300%* -
anterior longitudinal ligament 8** 0,35
posterior longitudinal ligament 10%* 0,35
other ligaments 5¥* 0,35

*external/middle/internal fibers, **tension only

Table 1. Material moduli of the components of healthy motion segment

Five grades of age-related degeneration process were introduced, seen in Table 2. Age-related
normal degeneration processes of segment start generally in the nucleus. A healthy young nucleus
is in hydrostatic compression state. During aging, the nucleus loses its incompressibility by
changing gradually from fluid-like to solid material of increasing stiffness.*’ These kinds of
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nucleus changes were modeled by decreasing Poisson’s ratio with increasing Young’s modulus,
seen in Table 2. This behavior is generally accompanied by the stiffening process of the annulus.
This procedure was modeled also by increasing Young’s modulus with slightly decreasing
Poisson’s ratio, by distinguishing the internal capsular and the external ligamentous part of
annulus, by considering the internal annulus to be weaker. The elastic moduli of annulus fibers

were decreased during aging.

Grades of aging degeneration* grade 1 grade 2 grade 3 grade 4 grade 5
(Young’s mod/Poisson’s ratio) (healthy) (fully deg.)

disc height [mm|] 10 9 8 7 6
nucleus 1/0.499 2/0.475 6/0.45 16/0.425 36/0.4
annulus matrix, internal ring 4/0.45 4,5/0.44 6,5/0.43 11,5/0.42 20/0.41
annulus matrix, external ring 5/0.40 6/0.39 9/0.38 17/0.37 29/0.36
cancellous bone 150/0.3 125/0.3 100/0.3 75/0.3 50/0.3
cartilaginous endplate 100/0.4 80/0.4 60/0.4 40/0.4 20/0.4
annulus fibers (ext/middle/int) | 500/400/300 | 250/200/150 | 125/100/75 | 63/50/38 10/10/10

*Other bony elements are seen in Table 1

Table 2. Modeling of normal age-related changes of lumbar motion segment

In the parameter-analysis we assumed that all components of the motion segment are under
normal degeneration according to the data of Table 2 except for only one component that
remains intact with the data of grade 1, with no degeneration. Then, the obtained mechanical
results were compared to the case where all components are normally aging and degenerating. We
have chosen this method where all components are normally aging only on does not, instead of
the inverse unrealistic process where only one component would aging and all the others remain
young. The reason was to follow a physiologically normal degeneration procedure to determine
the component the healthy state of which would have a dominant effect on the stability of the
whole motion segment.

The model was validated for both compression and tension. The compression behaviour was
compared to the experimental results of Adams et al.” obtained by stress profilometry for 2000 N
axial compressive load with endplate damage. For axial tension, the calculated elongations of
discs were compared with in vivo measured elongations of lumbar FSU model 1.3-S1 in

weightbath hydrotraction treatment.'""

1000 N axial physiologic compression load was applied for all degeneration grades for all
numerical simulations. The compression load was distributed along the superior and inferior
surface of the upper and lower vertebra of FSU, by applying rigid load distributor plates at both

surfaces.

Results

Figures 14 illustrate the stresses, strains and stiffnesses of the different parts of the disc for the
age-related degeneration process when all components of the lumbar motion segment were under
aging degenerated state characterized by the material moduli seen in Table 2 except for the
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nucleus, namely, its Young’s modulus, its Poisson’s ratio and both of them were separately kept

on their initial healthy values of grade 1.
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Mid-sagittal vertical stresses for the five grades of normal

-0,8

A /\/-\/i‘i?‘

RN

-0,6

stress, MPa

/i

0,4 / 4 Q
0.2 j """"""""""" \
0,0 + . . :

0 4 8 12 16 20 24 28 32 36

mid-sagittal distance from anterior to posterior side [mm]

grade 1 —a—grade 2 - -

- -grade 3 —o— grade 4 ==o==grade 5|

stress, MPa

0,8
0,6 9
0,4

-0,2

0,0

Mid-sagittal vertical stresses for the five grades of normal

aging with changeless nucleus nu

0

mid-sagittal distance from anterior to posterior side [mm]

4

8 12 16 20 24 28 32 36

grade 1 —a—grade 2 - - -

- grade 3 —o— grade 4 === grade 5 ‘

o)

b)

Mid-sagittal vertical stresses for the five grades of normal
aging with changeless nucleus E+nu

l??

, S0

stress, MPa

AP ....._ A

. p—. 2> .—.-.‘ . R
‘\-.

i

0 4

8

12

16

20
mid-sagittal distance from anterior to posterior side [mm]

28

32 36

grade 1 —a—grade 2 - -

- -grade 3 —o— grade 4 ==o=—=grade 5

)

Figure 1. Mid-sagittal vertical stress distribution in the disc in the five grades of aging process while a)

nucleus E, b) nucleus nu and ¢) nucleus E+nu keep their initial healthy values changeless

Figure 1 shows the mid-sagittal vertical compressive stress distribution in the disc from the

anterior to the posterior end for the five aging degeneration grade. In Figure 7a the Young’s

modulus of nucleus kept its initial young value, in Figure 75 its Poisson’s ratio remained

changeless, while in Figure 7¢ both of them were changeless.

Figures 2a, 2b and 2¢ show the related change of mean mid-sagittal vertical compressive stresses in

the disc nucleus, in the internal and external annulus, while Figure 24 shows the related posterior

disc bulging during the five degeneration grade of the aging process. In Figures 3a and 3b the

change of the internal and external compressive strains of disc can be seen, respectively. In Figures

4a, 4b and 4¢ the vertical compressive stiffness of the nucleus, internal and external annulus can

be seen, respectively, while in Figure 4d the stiffness of the whole disc is illustrated.
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Figure 2. Mean vertical compressive stresses in a) nucleus, b) internal annulus, ¢) external annulus and d)
posterior bulging for the cases of aging degeneration process while nucleus E, nu and E+nu keep their
initial healthy values changeless
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Figure 3: a) Central and b) external vertical compressive strains of disc for the cases of aging degeneration
process if the nucleus E, nu and E+nu keep their initial healthy values changeless

When the Young’s modulus of nucleus was kept separately on its initial small value (E=1 MPa)
during the aging of all other components (Table 2), the stresses in nucleus rapidly decreased (by
27%, in grade 2, by 63% in grade 3, Figure 2a), in the internal and external annulus rapidly
increased (by 5-11% and 15-25% in grade 2 and 3, resp., Figures 2b and 2¢). At the same time the
central deformations in disc nucleus rapidly increased (by 21% in grade 2 and by 74% in grade 3,
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Figure 3a), and the external deformations in annulus also increased (by 10% in grade 2 and by
23% in grade 3, Figure 3b), together with the increased posterior bulging (by 3% in grade 2 and by
7% in grade 3, Figure 2d). The most dangerous was the complete stiffness loss of nucleus (by 40%
in grade 2 and by 79% in grade 3, Figure 4a) and the rapid stiffness loss of internal annulus (by 9%
in grade 2 and by 20% in grade 3, Figure 4b) that leaded to the radical stiffness decrease of the
whole disc (by 15% in grade2 and by 33% in grade 3, Figure 44).

Figure 1b illustrates that keeping the Poisson’s ratio of nucleus on the fluid-like level (nu=0,499)
with increasing solid-like Young’s modulus of it was meaningless in grade 4 and grade 5 (Table 2),
yielding chaotic zigzag lines on Figure 1b. However, with small Young’s modulus, in grade 2 (E=2
MPa) and 3 (E=6 MPa) it means that the incompressibility of nucleus is kept, that increased the
stresses in nucleus (by 40-42% in grade 2 and 3, Figure 2a), and unloaded the external annulus (by
17-18% in grade 2 and 3, Figure 2c). At the same time the central deformations of disc decreased
(by 30 and 40% in grade 2 and 3, Figure 3a), and the external deformations also decreased (by 17-
18% in grade 2 and 3, Figure 3b), with decrease of posterior bulging (by 9-10% in grade 2 and 3,
Figure 2d). There was a rapid stiffness increase of nucleus (100% and 133% in grade 2 and 3,
Figure 4a) and a large stiffness increase of internal annulus (29-31% in grade 2 and 3, Figure 4b)
that leaded to the radical stiffness increase of the whole disc (by 41% and 54% in grade2 and 3,
Figure 4d).
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Figure 4. Vertical compressive stiffness of a) nucleus, b) internal and ¢) external annulus and d) the whole
disc for the cases of aging degeneration process if the nucleus E, nu and E+nu keep their initial healthy
values
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Keeping the Young’s modulus and Poisson’s ratio of nucleus simultaneously on its young healthy
level, the most radical effect was observed in the second grade of aging degeneration process,
where the stresses in nucleus increased the most (by 29%, Figure 2a), the compressive strains in
nucleus decreased the most (by 21%, Figure 3a), similarly to the external strains (by 14%, Figure
3b), and the stiffness of nucleus increased the most (by 62%, Figure 4a) yielding the largest
increase of the whole disc also in grade 2 (by 30%, Figure 4d).

Figures 5-8 illustrate the stresses, strains and stiffnesses of the different parts of the disc for the
age-related degeneration process when all components of the lumbar motion segment were under
normal aging degenerated state (Tuble 2) except for the annulus (internal and external together),
namely, its Young’s modulus, its Poisson’s ratio and both of them were separately kept on their
initial healthy values of grade 1.

Figures 5a and 5b illustrate the mid-sagittal vertical stress distribution for the five grades of aging if
the annulus Young’s modulus and Poisson’s ratio were kept changeless. The related mean vertical
compressive stresses in nucleus, in internal and external annulus are seen in Figures 6a, 66 and 6,
respectively, while the posterior bulging is seen in Fjgure 6d. The related central and external
vertical compressive strains of the disc are illustrated in Figures 7a and 7b, respectively. Figures 8a,
8b, 8¢ and 8d show the vertical compressive stiffness of the nucleus, internal and external annulus,
and the whole disc, respectively.
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Figure 5. Mid-sagittal vertical stress distribution in the five grades of aging process when a) the Young’s
modulus, b) the Poisson’s ratio of both the internal and external annulus are separately kept changeless

If the Young’s moduli of internal and external annulus were kept on their initial values (E=4 MPa
and E=5 MPa, respectively) during the gradual aging of all other components of the motion
segment (Table 2), the stresses in the aging nucleus rapidly increased (by 7%, in grade 2, by 29%
in grade 3, and by 68% in grade 4, Figure 6a); while both in the internal and external annulus
decreased (by 8-13% in grade 3, Figures 6b and 6¢). At the same time the central deformations of
disc rapidly increased (by 12% in grade 2 and by 43% in grade 3, Figure 7a), and the external
deformations also increased (by 10% and 36% in grade 2 and 3, Figure 7b) in harmony with the
posterior bulging increase (14% in grade 2 and 49% in grade 3, Figure 6d). There was a small
decrease in the stiffness of nucleus (5-10% in grade 2 and 3, Figure 8a), but both in the internal
and external annulus a considerable stiffness loss was observed (11% and 36% in grade 2 and 3,
Figures 8b and 8¢) that leaded to the radical stiffness decrease of the whole disc (by 10% in grade2
and by 27% in grade 3, Figure 8d).
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It can be seen in Figures 6, 7 and § that the Poisson’s ratio of the internal and external annulus in
itself has no significant effect on the stresses and deformations of the disc or on the stiffness of
the disc components and the whole disc. If keeping simultaneously the Young’s modulus and
Poisson’s ratio of internal and external annulus on their young healthy level, the effect was similar
to the separated influence of Young’s modulus of annulus in Figures 6, 7 and 8.
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Figure 6. Mean vertical compressive stresses in a) nucleus, b) internal annulus, c) external annulus and d)
posterior bulging for the cases of aging degeneration process when E, nu and E-+nu of both the internal

and external annulus are kept on their initial healthy values changeless
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Figure 7. a) Central and b) external vertical compressive strains of disc in aging degeneration process if E,
nu and E+nu of both the internal and external annulus are kept on their initial healthy values
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Figure 8. Vertical compressive stiffness of a) nucleus, b) internal and ¢) external annulus and d) the whole
disc for the cases of aging degeneration process if E, nu and E+nu of both the internal and external
annulus are kept on their initial healthy values changeless

Figures 9-11 illustrate the stresses, strains and stiffnesses of the different parts of the disc for the
age-related degeneration process when all components of the lumbar motion segment were under
normal aging degenerated state (Table 2) except for the vertebral cancellous bone and the
cartilaginous endplate, when the Young’s modulus of them were separately and together kept on
their initial healthy values of grade 1.

In Figures 9a, 9b and 9¢ the change of the mean vertical compressive stresses in nucleus, internal
and external annulus can be seen, respectively, while the posterior bulging is seen in Figure 9d
during the five grades of aging degeneration. The related central and external vertical compressive
strains of the disc are illustrated in Figures 10a and 100, respectively. Figures 11a, 110 and 77¢ show
the vertical compressive stiffness of the nucleus, the internal and external annulus, respectively,
while in Figure 11d the stiffness of the whole disc can be seen for the grades of aging degeneration

process.
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Fignre 9. Mean vertical compressive stresses in a) nucleus, b) internal annulus and ¢) external annulus for
the cases of aging degeneration process while the vertebral cancellous bone E, cartilaginous endplate E
and bone + endplate E keep their initial healthy values changeless
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Figure 10. a) Central and b) external vertical compressive strains of disc for the cases of aging degeneration
process if the vertebral cancellous bone E, cartilaginous endplate E and bone + endplate E keep their
initial healthy values changeless

If the Young’s modulus of the vertebral cancellous bone was kept on its original strong value
(E=150 MPa) while all other components were under gradual aging (Table 2), in the degeneration
grade 2, 3 and 4 the stresses in the nucleus slightly increased (by 1%, 5%, 17%, Figure 9a), in the
internal annulus also increased (by 0%,1%, 4%, Figure 9b), while in the external annulus decreased
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(by 1%, 5%, 15%, Figure 9¢). At the same time the central deformations of disc increased (by 2%,
7%, 23%, Figure 10a), and the external deformations decreased (by 4%, 10%, 22%, Figure 10b) in
harmony with the posterior bulging that also but slightly decreased (by 1%, 4%, 11%, Figure 9d).
There was a small decrease in the stiffness of nucleus (0%, 2%, 5%, Figure 11a), and a small
increase in the internal and external annulus (2-3%, 5%, 8-14%, Figures 115 and 71¢) yielding only
a small stiffness increase on the whole disc (1%, 3%, 7%, Figure 11d).

It can be seen in Figures 9, 10 and 77 that the Young’s modulus of endplate in itself has practically
no effect on the stresses and deformations of the disc or on the stiffness of the disc components
ot that of the whole disc. If keeping simultaneously the Young’s modulus of trabecular bone and
endplate on the young healthy level, the effect was similar to the separated influence of the

Young’s modulus of bone, seen in Figures 9, 10 and 77.
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Figure 11. Vertical compressive stiffness of a) nucleus, b) internal and c) external annulus and d) the whole
disc for the cases of aging degeneration process if the vertebral cancellous bone E, cartilaginous endplate
E and bone + endplate E keep their initial healthy values changeless

Discussion and conclusion

Although the Young’s modulus and the Poisson’s ratio changes together during aging, by finite
element numerical analysis the effect of them can be analyzed separately. It can be concluded that
in the material modeling of spinal segments for numerical simulations, the Young’s modulus and
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Poisson’s ratio of nucleus need special care since the mechanical behaviour of the components
and the whole segment is very sensitive to these data.

It was demonstrated that a soft nucleus with lost hydrostatic state is very dangerous yielding the
complete loss of load bearing capacity of nucleus. This happens when the young nucleus quasi
burst out due to some traumatic or other accidental effect yielding extreme shortening and
complete stiffness loss in nucleus (Figures 3a and 4a) and a large stiffness lost in the whole disc
(Figure 4d) leading to the rapid overload and injury of the internal and external annulus (Frgures 2b
and 2¢). Consequently, the most important is to keep the hydrostatic stress state in the young
nucleus about the second degeneration degree, in the young adult age. Keeping the hydrostatic
stress state in this age can increase the compression load bearing capacity of nucleus by 30-40%
and the stiffness of the whole disc by 30%. The importance of keeping the incompressibility of
M2 stating that light
degeneration of disc leaded to instability, while the stability restored with further degeneration,

nucleus in the first period of aging is supported by several authors

since lightly degenerated discs had the smallest stiffness. Since the stiffness of young disc is
influenced mainly by the state of nucleus, it is obvious that the effect of loss of hydrostatics is

crucial in the starting period of aging process.*’

The Poisson’s ratio of annulus in itself has very small effect on the mechanics of disc, however,
the effect of Young’s modulus of annulus in itself and together with the Poisson’s ratio is very
important (Fugures 6, 7 and &). The stiffening of annulus during normal aging is useful, since it

d,>"*" concluded that after the instability in younger

helps to maintain the stability of disc. Indee
age the stability restored with further degeneration, since the stiffness increased during further

degeneration.

The stiffness of the cartilaginous endplate in itself has also a very small influence, since it is
supported by the vertebral cancellous bone, thus, the effect of it depends on the state of the bone
(Figures. 9, 10 and 77). We can say that the effect of the bone is important mainly for the elderly.
In the first half of the aging process, the strong bone has a small effect equally on the stresses,
deformations or stiffness. In the elderly, in grade 4 and 5, the strong bone increases the load
transfer through the nucleus, and unloads the external annulus, it increases the central and
decreases the external shortenings of disc by decreasing the bulging that can press the nerve roots
causing load back problems (Figures 9 and 70). On the contrary, in the case of osteoporosis, the
load transfer and the deformations move from inside to outside causing the overload of the
external annulus, leading to strong bulging and injurious degeneration. However, the stiffness of
disc is slightly influenced by the state of the bone.

By the separated analysis of the material moduli it can be concluded that to keep the hydrostatic
stress state in the nucleus is crucial important in the first period of aging process. The loss of
incompressibility of nucleus leads to the loss of load bearing capacity of nucleus and the injurious
overload of the internal and external annulus. Osteoporosis moves the load transfer from the
central to the external region that can lead to the breakdown of the cortical bone of vertebrae.
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FINITE ELEMENT ANALYSIS OF WEIGHTBATH HYDROTRACTION TREATMENT IN THE
CASE OF OSTEOPOROSIS
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Abstract

3D finite element analysis of the first elastic period of the weightbath hydrotraction treatment is
presented to analyze the effect of osteoporosis during the traction procedure. A systematic
parameter analysis of the material moduli of the aging spinal motion segment with osteoporotic
bone was investigated. It was concluded that the osteoporosis in itself can not be a
contraindicating factor of weightbath hydrotraction treatment. However, if applying extra weigts,
beside the quality of bone and the grade of osteoporosis, the age of patients, their body structure
and body weight must be carefully considered as well.

Keywords: weightbath hydrotraction treatment, lumbar spinal motion segment, indirect and
direct traction, elongation of disc, osteoporosis

Introduction

A large percent of population is affected by low back pain, starting from the degeneration of
lumbar spinal structures. In some cases, traction might be the effective treatment. Weightbath
hydrotraction therapy (WHT) is a method of hydro- or balneotherapy where the patient is
suspended in water, loaded by extra weights applied on certain points of the body, to stretch the
different parts of the spinal column or lower limbs. The weightbath hydrotraction method, its
indications, contraindications, and clinical effects, its application, equipment and the
biomechanics of it were detailed in.' However, the question has not been answered yet that what
is the relation between WHT and osteoporosis, or rather, is it possible to apply the treatment for
strongly osteoporotic patients?

In this study a systematic parameter-analysis is used for the analysis of the mutual effect of the
different material moduli of the components of the lumbar motion segment and the vertebral
cancellous bone during the special loading conditions of the traction under the water.

Although finite element (FE) simulations are increasingly applied to examine the mechanical
behaviour of healthy or degenerated spine or the effects of surgical treatments; as far as authors
know, FE analyses of the weightbath-like underwater traction treatment can not be found in the
literature except for” where 3D finite element models (FEM) of human lumbar functional spinal
units (FSU) were used for the numerical analysis of weightbath hydrotraction therapy (WHT) in
the case of healthy and degenerated lumbar spine. In this study the FE model developed in” has
been extended to the analysis of WHT applied for osteoporotic lumbar spine.
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Methods

For the numerical analysis of the effect of WHT on osteoporotic spine, the FEM model that we
developed eatlier in ANSYS system” was used, representing five degeneration grade of aging. A
3D model of a typical lumbar segment 1.4-5 was created”* by using Pro/Engineer code. Cortical
and cancellous bone of vertebrae was separately modeled, including posterior bony elements and
facet joints. The height of the disc was considered to decrease linearly from 10 to 6 mm for the
five aging degeneration degrees. The endplates were divided into external bony and central
cartilaginous part. Accordingly, the annulus matrix was divided into internal and external ring and
three layers of annulus fibers. The FE mesh was generated by ANSYS Workbench and the
connections between the several geometrical components were integrated to the FE model by
ANSYS Classic. The FE model consisted of solid, shell and bar elements. Annulus matrix,
nucleus, cancellous bone, articular joints and different types of attachments were modeled by
solid elements; cortical shells and endplates were modeled by shell elements. The compatibility
between the adjacent solid and shell elements was guaranteed by contact elements. All ligaments

were modeled by shell elements.

Components of FSU Young’s mod | Poisson’s
[MPa] ratio
vertebral cortical bone 12000 0.3
posterior elements, facet 3500 0.3
vertebral cancellous bone 150 0.3
bony endplate 12000 0.3
cartilaginous endplate 100 0.4
nucleus 1 0.499
annulus ground substance, internal 4 0.45
annulus ground substance, external 5 0.40
annulus fibers 500/400/300* -
anterior longitudinal ligament 8** 0.35
posterior longitudinal ligament 10** 0.35
other ligaments 5 0.35

*external/middle/internal fibers, **tension only

Table 1. Material moduli of the components of healthy motion segment

Table 1 shows the material moduli of healthy lumbar motion segment. For the bony elements and
endplates, for both tension and compression, linear elastic isotropic materials were applied, based
on the literature. Annulus ground substance and nucleus were considered linear elastic for
compression and bilinear elastic for tension. Nucleus and annulus matrix were considered linear
elastic. Collagen fibers of the annulus were considered as bilinear elastic isotropic tension-only
material. All the seven ligaments were integrated in the model with bilinear elastic tension-only

materials of the literature again.

Five grades of age-related degeneration process were introduced, seen in Tuble 2 separately for
compression and tension. Age-related normal degeneration processes of segment start generally
in the nucleus. A healthy young nucleus is in hydrostatic compression state. During aging, the
nucleus loses its incompressibility by changing gradually from fluid-like to solid material of
increasing stiffness. These kinds of nucleus changes were modeled by decreasing Poisson’s ratio

250



Biomechanica Hungarica V1. éyfolyam, 1. szdim

with increasing Young’s modulus, seen in Table 2. This behavior is generally accompanied by the
stiffening process of the annulus. This procedure was modeled also by increasing Young’s
modulus with slightly decreasing Poisson’s ratio, by distinguishing the internal capsular and the
external ligamentous part of annulus, by considering the internal annulus to be weaker. The
elastic moduli of annulus fibers were decreased during aging.

Grades of aging degeneration* grade 1 grade 2 grade 3 grade 4 grade 5
(Young’s mod/Poisson’s ratio) (healthy) (fully deg.)
disc height [mm|] 10 9 8 7 6
For compression
nucleus 1/0.499 2/0.475 6/0.45 16/0.425 36/0.4
annulus matrix, internal ring 4/0.45 4.5/0.44 6.5/0.43 11.5/0.42 20/0.41
annulus matrix, external ring 5/0.40 6/0.39 9/0.38 17/0.37 29/0.36
cancellous bone 150/0.3 125/0.3 100/0.3 75/0.3 50/0.3
cartilaginous endplate 100/0.4 80/0.4 60/0.4 40/0.4 20/0.4
annulus fibers (ext/middle/int) 500/400/300 | 250/200/150 | 125/100/75 63/50/38 10/10/10
For tension
nucleus 0.4/0.499 1/0.475 1.6/0.45 2.2/0.425 2.8/0.4
annulus matrix, internal ring 0.4/0.45 1/0.44 1.6/0.43 2.2/0.42 2.8/0.41
annulus matrix, external ring 0.5/0.40 1.2/0.39 2/0.38 3/0.37 3.5/0.36
antetior longitudinal ligaments 8/0.45 5/0.45 3/0.45 2/0.45 1/0.45
postetior longitudinal ligaments 10/0.45 6.5/0.45 4/0.45 2/0.45 1/0.45
other ligaments 5/0.45 5/0.45 3/0.45 2/0.45 1/0.45

*Other elements are seen in Table 1
Table 2. Modeling of age-related degeneration for compression and tension

For the annulus ground substance and for the nucleus were considered linear elastic material in
compression, and bilinear elastic in traction. In the indirect phase of traction the compressive
material moduli, in the direct phase of traction tensile Young’s moduli of annulus matrix and
nucleus were used, seen in Table 2. The compressive moduli were applied from the literature, the
tensile moduli were determined by parameter identification based on the in vivo experiments
made in traction bath.”"’ For healthy nucleus we supposed fluid-like incompressible material both
for tension and compression. For the nucleus fibers and spinal ligaments we supposed that
during aging the fibers and ligaments elasticity decreases, that is, they are in more and more
elongated state, instead of a gradual stiffening with a more rigid behaviour.

The traction forces occurring along the spine during WHT are detailed in.! During WHT, in the
different parts of the spinal column different tensile forces may occur, depending (1) on the
relative density of the human body and the water, (2) on the value and position of the applied
extra weight loads, and first of all, (3) depending on the mode of suspension.

The classification of traction loads is based on the definition of traction elongation of segments.
Since nobody knows the intact load- and deformationless state of segments and discs, a reference
state must be chosen. In this way, elongation of segments is specified as an extension compared
with the state of segments just before the traction bath treatment in normal upright standing
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position. That is, zero elongation belongs to the compressed reference state of segments just
before the treatment.

The traction loads are related to the same reference state, according to which there are two
components of traction loads: (1) the indirect traction load, namely, the decompressive force
consisting of the removal of the compressive preload of body weight and the removal of muscle
forces that are partly or totally relaxed during the treatment; and (2) the direct traction load
consisting of the active tensile force due to the buoyancy and the applied extra loads reduced by
the buoyancy, as well. Consequently, the traction process in itself can also be divided into an
indirect and a direct phase.

We applied exclusively cervical suspension in the water. In this case at the lumbar level the
decompressive force is the weight of the upper body, that is about 58-60 % of the body weight,’
completed by the muscle forces that are approximately the same as the upper body weight,*”
since the muscles are completely relaxed in water. Thus, the indirect traction load yields
F =2-0.6-G=12G. The direct tensile force from the body weight and the extra load depend on

the buoyancy,” namely, on the density o, of the human body, p, of the water and p, of the
lead material of extra loads. This way the direct tensile load from the body weight at the lumbar
level is 0.42G(1—p,/p,)=0.016G if p, =1040kg/m’ and p, =1000kg/m’. This load is
surprisingly small, so the idea of applying extra weights seems to be evident. The extra load from
lead weights W yields W (1-p,/p,)=0912W if p, =11350kg/m’. Thus, finally the direct

traction load yields F,=0.016G+0.912W . By supposing G =700N body weight and

W =2-20=40N extra loads, the indirect and direct traction loads yield 840 N and 47.7 N,
respectively.

For the numerical simulation of WHT we applied a normal body weight of 700 N and 3x20 N
extra lead weights applied on the ankles, thus the standard load were 850 N indirect and 50 N
direct traction forces. The load was distributed along the superior and inferior surface of the
upper and lower vertebra of the segment, by applying rigid load distributor plates on the surfaces.
This load was acting during the 20 minutes long duration of the treatment.

WHT is a typical viscoelastic process with initial instant elastic and 20 minutes long creeping
phases. Thus, the elongations can be divided to initial elastic and following creeping parts. In this
study we analyze the osteoporotic relations in the initial elastic part of the treatment only. The
creeping part depends on the damping characteristics of the components of the motion segment
that was measured during the WHT treatment of patients by."'

In this study we assumed that all components of the motion segment are under normal
degeneration according to the data of Tuble 2 except for the cancellous bone and the endplate
that remained intact with the data of grade 1. Then the elastic modulus of cancellous bone and
the cartilaginous endplate was separately and simultaneously gradually decreased as seen in Tuble 2
in which osteoporotic weakening was modeled. In the analysis the material moduli of the cortical
bone were kept changeless. Then the obtained results, elongations and stresses in the

components of disc and the disc contractions were compared.
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Results

In the following the results are related to the instant beginning period of WHT, during which the
behaviour of nucleus and annulus is bilinear elastic, namely, first the indirect load acts due to the
remove of the upper body weight with the muscle forces, just after the direct traction load starts
to act due to the buoyancy from the body and extra loads under the water.
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Figure 1. Mean indirect (from 850), direct (from 50N) and total (from 850+50N) tensile strains of the disc
in the beginning of WHT for the grades of age-related degeneration process of lumbar motion segment
with healthy (a) and osteoporotic (b) vertebral cancellous bone

Figure 7 illustrates the mean tensile strains of intervertebral disc from the indirect (850N), direct
(50N) and total (850+50N) traction load the disc for a patient of 700N body weight with 2x20 N
extra lead weight on the ankles in the grades of age-related degeneration process of segment with
healthy (Figure 1a) and osteoporotic (Figure 1b) vertebral cancellous bone. Compared to the
healthy case, the mean total strains of disc in
18% in grade 2, 3, 4 and 5 respectively.

osteoporotic case increased slightly, by 1, 3, 7 and
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Figure 2. Total tensile strains (from 850+50N) of the disc nucleus (a) and external annulus (b) for a patient
of 700N body weight with 2x20 N extra lead weights on ankles with healthy and osteoporotic cancellous
bone in the beginning of WHT for the grades of degeneration process

However, the certain parts of the disc showed strongly different elongations and tensile strains,
seen in Figure 2, where the total (indirect + direct) tensile strains of the disc nucleus and external
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annulus can be seen. While in the nucleus the tensile strains decreased in osteoporotic case by 2,
6, 15 and 24%, in the external annulus the strains increased by 3, 10, 23 and 45%, for the aging
grades 2, 3, 4 and 5, respectively. At the end of the elastic phase of WHT, in the elderly, in grade
3-5, the osteoporotic elongations and strains are 15-25% smaller in the middle of the disc and 25-
45% larger in the edge of the disc.
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Figure 3. Mean indirect (for 850 N), direct (for 50N) and total (for 850+50N) tensile stresses in the
nucleus with a) healthy and b) osteoporotic bone and in the external annulus with c) healthy and d)
osteoporotic cancellous bone in the beginning of WHT for the grades of age-related degeneration process

of lumbar motion segment

In Figure 3 the vertical tensile stresses in the nucleus (Figures 3a, 3b) and in the external annulus
(Figures 3¢, 3d) are illustrated from the indirect (850N), direct (50N) and total (850+50N) traction
load in the grades of age-related degeneration process of segment with healthy (Figures 3a, 3¢) and
osteoporotic (Figures 3b, 3d) vertebral cancellous bone. Compared to the healthy bone case, in
osteoporotic case the mean total tensile stresses in the nucleus decreased by 1, 5, 14 and 29%,
while in the external annulus the stresses increased by 1, 5, 17 and 39% for the aging grades 2, 3,
4 and 5, respectively, as shown separately for the nucleus in Figure 4a and for the external annulus
in Figure 4b. At the end of the elastic phase of WHT, in the elderly, in grade 3-5, the osteoporotic
sagittal tensile stresses are 15-30% smaller in nucleus, but 20-40% larger in the external annulus.
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Fig. 4. Mean total vertical tensile stresses of the disc nucleus (a) and external annulus (b) with healthy and
osteoporotic cancellous bone in the beginning of WHT for the grades of age-related degeneration process

of lumbar motion segment
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Figure 5. Mean indirect (for 850 N), direct (for 50N) and total (for 850+50N) tensile strains of the disc in
the beginning of WHT for the grades of age-related degeneration process with osteoporotic cancellous
bone, for the cases of different body weights G and applied extra loads W: a) G=500N , W=40N; b)
G=900N, W=40N; ¢) G=900N, W=10N; d) G=500N, W= 100N
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In the WHT the extra weight has a very important role in the traction effect. In Figure 15 the
traction strains of disc were illustrated for the generally applied 2x20N extra weights for a
osteoporotic patient of normal 700N body weight. In Figures 5a and 5b the same extra lead
weight was applied but for a small thin, and for a large corpulent equally osteoporotic patient of
500N and 900N body weight, respectively. While in the corpulent patient, the ratio of direct
traction effect was only 10-18% of the total one, for the thin patient it was 18-30%. Figures 5¢ and
5d show the extreme cases of the under-loaded (2x5N) corpulent patient with 3-5%, and the
overloaded (2x50N) thin patient with 33-50% direct traction effect.

Figure 6 summarizes the traction effect of extra weight loads for osteoporotic patients of normal
body weight of 700N. The load was gradually increased by 2x5N load steps to 2x50N load. Figure
6a shows the ratio of traction effect caused by the extra loads, Figure 66 shows the ratio caused by
the body weight. The heavy line among the curves related to the generally applied 2x20N extra
weight. It can be seen that the extremum of all curves on both figures was located around the
degeneration grade 2 of weakly degenerated young adult age.

Ratio of strain caused by different extra loads Ratio of strain caused by the 700 N body weight
for 700 N body wegiht for different extra loads
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Figure 6. The traction effect of the extra load for osteoporotic patient with 700N body weight: the ratio of
tensile strain caused by the extra weight (a) and caused by the body weight (b) by increasing the extra load
from 2x5N to 2x50N, increased proportional by 2x5N increments

Disc contraction is influenced by the external annulus elongation that increases in the case of
osteoporosis. Disc contraction of a normal 700N body weight with 2x20N extra weights
increased by 5-25% for osteoporotic elderly.

Discussion and conclusion

Based on the numerical analysis, we can state that the load bearing zone in the disc moves from
inside to outside. In the case of healthy trabecular bone the support of the nucleus both in
tension and compression is strong, thus, in traction, higher central deformations occur. As the
resistance of the bone decreases due to osteoporosis mainly in the middle domain of vertebrae,
the deformations of the nucleus decrease and that of the external annulus increase. For healthy
trabecular bone the middle of the disc showes the higher elongations, for osteoporotic bone the
external regions give the larger elongations.
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In agreement with earlier results of spinal degeneration analyses>' the age-related deformability is
maximum in the young adults in grade 2, as seen in the case of traction bath treatment as well
(Figure 7). This yields that the traction effect of the extra loads is also minimum around grade 2,
for weakly degenerated young adults (Figure 6a), in line with the maximum traction effect of body
weight in the same age (Figure 60).

By taking into account that the in vivo measured elongations in WHT for osteoporotic elderly
over 60 years with 2x20N extra load was in the elastic phase of WHT about 0,23 mm that
increased during the 20 minutes long viscoelastic phase of the trealment to about 0,55 mm
detailed in,”'" we can conclude that the osteoporosis in itself can not contraindicate the
weightbath hydrotraction treatment. This result is supported by the present numerical analysis, as
well. However, if applying extra weigts, beside the quality of bone, the grade of osteoporosis, the
body structure and body weigt, together with the age of patiens must be carefully analyzed, by
means of the result seen above.
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Abstract

If spine degenerations are accompanied by osteoporosis, the traditional PEEK spacers can
strongly subside into the irregularly deformed endplates and vertebrae following surgical
stabilization. To avoid implant subsidence, a new technique is developed where bone cement is
applied as interbody device along the vertebra-implant interface. In this study, the mechanical
comparison of the traditional PEEK and the new PMMA cement spacers are presented based on
uniaxial compression tests. It was concluded that in osteoporotic spine the cement spacers
provide better contact along the irregularly deformed endplates, and stronger vertebra-implant
interface leading to enhanced stability of lumbar interbody fixation. In the case of PMMA cages,
the failure deformation of segments is almost the half of that of the PEEK spacers, while the
stiffness of them is more than two times larger. In strongly osteoporotic cases, a more evenly
distributed cement pattern results in smaller stress concentrations and greater strength which may
decrease the risk of subsidence.

Keywords: interbody devices, PEEK spacer, PMMA bone cement spacer, vertebra-implant
interface, device subsidence, failure load, stiffness

Introduction

During surgical stabilization of spine the degeneration of the disc is often accompanied by
osteoporosis of vertebrae. In this case inserting the interbody devices, the traditional spacers into
the intervertebral space is very difficult due to the irregularly deformed, weakened osteoporotic
endplates of vertebrae, moreover, implant subsidence reduces the strength of the joint and yield
further complications.l'5 To avoid implant subsidence, the strength of the vertebra—device
interface must be increased. According to a new method developed in the National Center for
Spinal Disorders in Budapest, instead of traditional spacers, bone cement is applied as interbody
device at a certain part of the removed disc, while the other part of the removed disc is filled up
by bone graft.”” The benefit of the new method of using PMMA cement spacers is the larger and
more perfect contact between the cement and the irregular surfaces of the endplates, obtaining a
more even load transfer along the vertebra-implant interface and decreasing the extreme stress
distribution and stress peaks due to the subsidence or penetration of the traditional spacers into
the osteoporotic vertebrae.

A better understanding the reason of interbody device subsidence is necessary in order to avoid

the problem effectively.” The goal of this work is to compare the mechanical characteristics:
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strength, stiffness and deformability of lumbar motion segments stabilized by traditional PEEK
and PMMA cement spacers (without posterior instrumentation), by using uniaxial compression
tests. Parallel, we have developed the quantitative computed tomography QCT-based patient-
specific nonlinear finite element models of each test specimen to analyze the vertebra-implant
interface and the elastic-plastic damage process of the vertebral internal cancellous bone, local
and global failure of the motion segment. The results of this part of research and the comparison
of the results of mechanical tests and numerical simulations are detailed in other papers.

Methods

The specimens were prepared in the National Center for Spinal Disorders in Budapest, and the
compression tests were executed in the laboratory of the Biomechanical Research Centre of the
Budapest University of Technology and Economics.

To analyze the mechanical behaviour of the bone-spacer interface and the cancellous bone inside
the vertebrae, posterior instrumentation screw structures have not been applied for the
specimens.’ For traditional spacer, the polyether ether ketone (PEEK) thermoplastic spacers,
while for cement spacer the polymethylmethacrylate (PMMA) bone cement spacers were applied,

equally without posterior instrumentation.'

At present, for the specimens 16 cadaveric lumbar motion segments were extracted from 8
human lumbar spines (spine/level/gender/age/BMI/):  A/L1-4/M/63/24,5/; B/L1-
4/M/52/271/; C/L1-4/F/79/24,2/; D/L1-4/M/64/24,5/; E/L1-4/F/88/28,6/; F/L1-
4/¥/88/24,2/, G/L.1-4/F/75/24,7/; H/1.1-4/M/56/24,7/ that were scanned with dual energy
X-ray absorptiometry (DEXA) to obtain bone mineral density (BMD), T-score and Z-score.

The 16 motion segments were divided into 2 groups: (1) fixation with PEEK spacers and (2)
fixation with PMMA cement cages. In the PMMA group, all possible free places of the
intervertebral space were filled in by the injected cement. No further filling material or bone
debris was used for the present experiments. The specimens of both groups were embedded
parallel by equally about 10 mm thick PMMA plastic discs around the inferior and superior
endplates of the inferior and superior vertebrae, respectively.

Then the specimens were scanned individually with a high-resolution quantitative computed
tomography (QCT) system (Hitachi Presto, Hitachi Medical Corporation, Tokyo, Japan) to
provide 3D density maps of the specimens and bone quality. Vertebral heights, central and
subcortical cross sectional areas, central and subcortical CT grey values were measured on QCT
images. The CT scanning was performed for each specimen three times, before and after
operation of segments and after the mechanical test. Since the PMMA embedding of specimens
were transparent in CT, to distinguish correctly the bone and embedding, the upper and lower
surfaces of embeddings were marked by glass pearls. The specimens were stored at -200C and
were thawed at room temperature 4-6 hours before testing.

Table 1a illustrates the data of patients and pre-operated specimens, Table 1b the data of bone

quality of specimens.
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Cage Speci | Age | Sex | BMI Height Cross Sectional Area
type | men | () (kg/m)|  (mm) (mm?)
superior | inferior | superior | superior | inferior | inferior
central | subcort | central | subcort
PMMA
PMMA-1 | G/L1-2| 75 F 31.2 22.40 23.90 724 1011 715 1115
PMMA-2 |B/1L3-4 | 52 M 27.1 26.70 27.55 896 1178 1002 1238
PMMA-3 | A/L1-2 | 63 M 24.5 24.70 24.95 651 952 690 978
PMMA-4 |B/L1-2 | 52 M 27.1 26.35 26.20 0683 871 712 896
PMMA-5 |F/L1-2 | 88 F 24.2 26.10 26.70 814 1053 877 1133
PMMA-6 |F/L3-4 | 88 F 24.2 28.80 28.65 907 1174 981 1219
mean 69.7 26.4 25.8 26.3 779 1040 830 1097
SD 16.5 2.73 2.1 1.7 109 122 142 135
PEEK
PEEK-1 C/L34 | 79 F 24.2 26.60 26.90 1071 1304 1145 1569
PEEK-2 H/L1-2| 56 M 24.7 28.50 30.10 1049 1573 1181 1564
PEEK-3 H/L3-4| 56 M 24.7 28.60 29.25 1349 1796 1344 1728
PEEK-4 D/L1-2| 64 | M 24.5 28.73 28.50 1086 1366 1152 1475
PEEK-5 D/L3-4| 64 | M 24.5 28.00 26.40 1224 1587 1283 1549
PEEK-6 E/L1-2 | 88 F 28.6 2491 2571 825 1005 929 1127
mean 67.8 25.2 27.6 27.8 1101 1439 1172 1502
SD 13.0 1.68 1.5 1.7 177 275 143 201
Table 1a: Data of patients and geometry of pre-operated specimens
Cage Speci- BMD T-score CT-grey
type men (g/cm?)
superior | inferior | superior | inferior | superior | superior | inferior | inferior
central | subcortical | central | subcortical
PMMA
PMMA-1 | G/L1-2| 0.606 0.620 -4.4 -4.8 76 123 85 94
PMMA-2 |B/L34 | 0.975 0.934 -2.2 -2.6 196 171 186 120
PMMA-3 | A/L1-2 | 0.789 0.828 -3.1 -3.4 137 157 90 132
PMMA-4 |B/L1-2 | 0.764 0.900 -3.3 -2.8 141 183 133 149
PMMA-5 |F/L1-2 | 0.620 0.659 -4.3 -4.5 73 107 70 102
PMMA-6 |F/L3-4 | 0.721 0.768 -4.0 -3.6 106 136 105 96
mean/ 0.746 0.785 -3.6 -3.6 122 146 112 116
SD 0.135 0.127 0.8 0.9 47 29 42 22
PEEK
PEEK-1 C/L3-4 | 0.676 0.670 -4.4 -4.4 50 78 29 94
PEEK-2 H/L1-2| 0.834 0.919 -2.7 -2.7 117 174 104 166
PEEK-3 H/L3-4| 0.892 0.863 -2.9 -3.1 141 219 152 194
PEEK-4 D/L1-2| 0.828 0.828 -3.4 -3.4 109 110 80 109
PEEK-5 D/L3-4| 0913 0.888 -2.7 -2.9 79 134 86 101
PEEK-6 E/L1-2| 0.751 0.827 -3.2 -3.1 107 124 84 123
mean 0.816 0.833 -3.2 -3.3 101 140 89 131
SD 0.089 0.087 0.6 0.6 32 50 40 40

Table 1b: Bone quality data of pre-operated specimens
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The compressive mechanical test was executed by using a servohydraulic universal testing
machine (Instron 8870 series). Axial compressive displacement load was applied at a rate of 0.5
mm/min speed, to the limit of 20% dectease of the compressive force or 20% of compressive
strain of the specimen. Axial compressive force and displacement were measured and the relating
force-displacement curve was plotted. Failure loads, failure displacements and structural
stiffnesses were extracted from the load-displacement curves. Failure load was the maximum load
before the gradient of the curve changed from positive to negative, whereas stiffness was the
slope of the linear portion of the load-displacement curve before failure occurred. Failure stresses
were calculated along the central and subcortical cross sections of both the superior and inferior
vertebrae, dividing the failure load by the relating cross sectional area of vertebra.

At present, the results of the mechanical tests is based on 2x6 specimens from the 2x8 ones, since
the load-deflection curve of two specimens from both groups were invaluable.

Results

In Figure 1 the typical load-displacement curves of specimens stabilized by PEEK and PMMA
cement cages are illustrated, while the relating numerical results are seen in Table 2a and 2b.

Typical load-displacement diagrams
3000
+< 2000 /
5 77
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Figure 1. Typical load-displacement diagram of segments with PEEK and PMMA cement spacers

The mean failure load, elastic stiffness, failure displacement and failure stresses of specimens with
PEEK and PMMA cement cages can be seen in Fjgure 2. Compressive failure load was not
significantly affected by the cage types (P>0.3); it was 9% smaller in PMMA group in average
(Figure 2a). On the contrary, compressive stiffness of segments was significantly affected by
fixation devices (P<0.002): it was nearly two and a half times larger (247%) in the PMMA group
than in the PEEK group (Figure 2b). Failure displacements, the shortening of segments in the
PMMA group were only the half of that of the PEEK group (P<0.0002, Figure 2¢). Central and
subcortical failure stresses of upper and lower vertebrae in PMMA group were equally about 25-
28% higher (P<0.004) since the related central areas of vertebrae were about 27-29% smaller in
this group. In contrast to the PMMA group, the standard deviation of all mechanical parameters
(compared to the mean values) was definitely larger in the PEEK group, indicating the higher
uncertainty and vulnerability of this kind of fixation. Central and subcortical failure stresses of
upper and lower vertebrae in PMMA group were equally about 25-28% higher since the related
central areas were about 27-29% smaller in this group.
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Figure 2. Mean failure load (a), stiffness (b), failure displacements (c) and failure stresses (d) of segments
with PEEK and PMMA cement cages

Type of Failure | Stiffness | Failure | Type of Failure | Stiffness | Failure
spacers | Sample | load | (N/mm) | deform. | spacers | Sample load (N/mm) | deform.
) (mm) ™) (mm)
PMMA PEEK
PMMA-1 |G/L1-2 | 2013 1460 252 |PEEK-1 |C/L34 1400 350 5.70
PMMA-2 | B/1L3-4 1630 1250 2.68 |PEEK-2 |H/L1-2 2933 770 5.00
PMMA-3 | A/L1-2 2398 1050 3.57 |PEEK-3 |H/L3-4 3368 760 6.86
PMMA-4 | B/L1-2 1975 1410 270 |PEEK4 |D/L1-2 2687 745 5.35
PMMA-5 | F/L1-2 1984 1350 3.00 |PEEK-5 |D/L3-4 1893 390 6.42
PMMA-6 | F/L3-4 2100 1720 233 |PEEK-6 |E/L1-2 958 325 4.00
mean 2017 1373 2.80 mean 2207 557 5.56
SD 247 223 0.44 SD 940 222 1.02

Table 2a. Failure load, stiffness and failure shortening of segments with PMMA and PEEK spacers

Stresses | Stresses | Stresses | Stresses Stresses | Stresses | Stresses | Stresses

Type of | Sample | central | central | subcort. | subcort. | Type of | Sample | central | central | subcort. | subcort.

Spacers superior | inferior | superior | inferior | Spacers superior | inferior | superior | inferior
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

PMMA PEEK
PMMA-1 | G/L1-2 | 2,780 2,815 1,991 1,805 |PEEK-1 |C/13-4 | 1,307 1,223 1,074 0,892
PMMA-2 | B/L3-4 1,819 1,627 1,384 1,317 |PEEK-2 |H/1L1-2| 2,796 2,483 1,865 1,875
PMMA-3 | A/11-2 | 3,684 3,475 2,519 2,452 | PEEK-3 | H/L3-4| 2,497 2,506 1,875 1,949
PMMA-4 | B/L1-2 2,892 2,774 2,268 2,204 |PEEK+4 |D/L1-2| 2,474 2,332 1,967 1,822
PMMA-5 |F/L1-2 2,437 2,262 1,884 1,751 | PEEK-5 | D/1L3-4| 1,547 1,475 1,193 1,222
PMMA-6 | F/L3-4 2,315 2,141 1,789 1,723 | PEEK-6 |E/L1-2 | 1,161 1,031 0,953 0,850
mean 2,673 2,559 1,975 1,865 mean 1,964 1,842 1,488 1,435
SD 0,58 0,60 0,36 0,37 SD 0,71 0,67 0,46 0,51

Table 2b. Failure stresses in central and subcortical level of vertebrae of segments with PMMA and PEEK

spacers
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of the
superior and inferior vertebrae for PMMA and PEEK spacers are shown in Table 3. Surprisingly,
while the failure load of PEEK spacers showed a good positive correlation with the bone quality,
mainly with CT grey (R=0,75), and less with BMD (R=0,59), the PMMA cement specimens

Correlation between failure load and bone quality can be seen in Fjgure 3. Correlation

showed a poor negative correlation (about R=-0,40), as seen in Figures 3a and 3b.

Failure load vs mean CT-grey of vertebrae Failure load vs mean BMD of vertebrae
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Figure 3. Failure load versus a) mean CT-grey and b) mean BMD of vertebrae
Failure
load CT-grey BMD
Cage central | central | subcort |subcort | central | subcort | mean
Type |superior | inferior | superior | inferior | mean | mean superior | inferior | mean
PMMA -0.40 -0.71 -0.18 -0.08 -0.56 -0.07 | -0.41 -0.42 -0.27 | -0.36
PEEK 0.69 0.72 0.74 0.73 0.72 0.75 0.75 0.65 0.53 0.59

Table 3. Correlation between failure load and bone quality of superior and inferior vertebrae for PMMA
and PEEK spacers

However, the failure deformability, the shortening of specimens had practically no correlation
with the bone quality at all, neither in the PEEK and nor in the PMMA group, as shown in Fjgure
4. Correlation between failure deformability and bone quality of the superior and inferior

vertebrae for PMMA and PEEK spacers can be seen in Table 4.

Failure shortening vs mean CT grey of vertehrae Failure shortening vs maan BMD ofvertsbras
3
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Figure 4. Failure shortening versus a) mean CT-grey and b) mean BMD
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Failure
deformation CT-grey BMD
Cage central | central | subcort | subcort | central | subcort | mean
Type superior | inferior | superior | inferior | mean | mean superior | inferior | mean
PMMA 0.11 -0.28 0.08 0.44 -0.07 0.24 0.04 0.10 0.12 0.11
PEEK -0.03 0.32 0.35 0.15 0.17 0.26 0.23 0.60 0.11 0.31

Table 4. Correlation between failure shortening and bone quality of superior and inferior vertebrae for
PMMA and PEEK spacers

Nevertheless, similar to the failure load was the behaviour of the elastic stiffness that showed a
considerable positive correlation with both CT grey (R=0,69) and BMD (0,53) in PEEK group,
and a small negative correlation (R=-0,35 and R=-0,36) in PMMA group (Figure 5a,b). Correlation
of elastic stiffness with bone quality of the superior and inferior vertebrae for PMMA and PEEK
spacers can be seen in Table 5.

Elastic stifness vs mean CT-grey of vertebrae Elastic stiffness vs mean BMD of vertehrae
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1800 O @ 1750 +—R?=0,1328, R=0,36 |»
1600 1500
5 o T
< 1000 ¥ 1000 U
E 800 g 750 fﬁnz=o.2?57.R=o.53 L
& B0 7 a0 -
400 250 - "
200 1 . . . ®Cement mPEEK
v a0 100 15|n 00 05 0B 07 08 0g 10
CT-grey BMD, gfzmz
a) b)
Figure 5. Elastic stiffness versus a) mean CT-grey and b) mean BMD
Elastic
stiffness CT-grey BMD
Cage | central | central | subcort | subcort | central | subcort | mean
Type |superior | inferior | superior | inferior | mean | mean superior | inferior | mean
PMMA | -0.42 -0.11 -0.30 -0.53 -0.28 -0.41 -0.36 -0.39 -0.32 | -0.36
PEEK 0.73 0.64 0.64 0.69 0.70 0.75 0.69 0.52 0.51 0.53

Table 5. Correlation between elastic stiffness and bone quality of superior and inferior vertebrae for
PMMA and PEEK spacers

Also similar was the behaviour of the central and subcortical compressive stresses both in the
superior and inferior vertebra in PEEK group, having a considerable positive correlation with
both CT grey (mean R=0,69) and BMD (mean R=0,57), seen in Figure 6a and Table 6. However,
in the PMMA group, in the central region a small negative, while in the subcortical region a small
positive correlation was with CT grey (mean R=-0,40 and R=033 resp.), and equally a small
negative correlation was in both region with BMD (mean R=-0,21) (Figure 5b).

265




Biomechanica Hungarica V1. évfolyam, 1. sgdm
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Figure 6. Mean central failure stresses versus a) mean CT-grey and b) mean BMD
Failure
stresses CT-grey BMD
Cage central | central | subcort | subcort | central | subcort | mean | central | subcort | mean
Type | superior | inferior | superior | inferior | mean mean mean mean
PMMA | -0.22 -0.56 0.12 0.55 -0.40 0.33 -0.36 -0.24 -0.16 -0.21
PEEK 0.68 0.67 0.56 0.69 0.68 0.65 0.69 0.57 0.58 0.57

Table 6. Correlation between failure stresses and bone quality of superior and inferior vertebrae for PMMA
and PEEK spacers

As seen in Fjgures 7a and 7b, between the failure load and the central and subcortical cross

sectional areas of vertebrae there was a strong positive correlation (R=0,71 and R=0,81,

respectively) for the PEEK group, mainly for the subcortical areas, both for the superior and

inferior vertebra; while in PMMA group there was a modest negative correlation, better for
central (R=-0,59) than for the subcortical areas (-0,48).
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Figure 7. Failure load versus a) central and b) subcortical cross section area of vertebrae

Similarly, between the failure shortening and vertebral areas a strong positive correlation was

found for the PEEK group, mainly for the central (R=0,95) than for the subcortical areas
(R=0,84); however, the PMMA group attested a modest negative correlation (R=-0,52 and R=-

0,47), seen in Figures §a and 8b, respectively.
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Figure 8. Failure shortening versus a) central and b) subcortical cross section area of vertebrae
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Figure 9. Elastic stiffness versus a) central and b) subcortical cross section area of vertebrae

Between the elastic stiffness and the central cross sectional areas of vertebrae a modest positive
correlation was observed for both type of cages (about R=0,45), however, with the subcortical
areas the PEEK spacers showed a better correlation (R=0,60) than the PMMA spacers (R=0,37)

as seen in Figures 9a and 9b.
Discussion

In this work novel PMMA cement cages were compared with standard PEEK spacers using axial
compressive test. The specimens were stabilized without instrumentation. Jost et al.' proved by
using mechanical compressive tests for comparing several interbody cages that the posterior
instrumentation has no significant effect on the load bearing of stabilized segments.

The average failure loads of 2017 N and 2207 N for PMMA and PEEK cages in this study (Table
2) were comparable to the values reported in previous literature,”®' however, there are
considerable differences in the failure loads obtained by different embedding methods of the
specimens. The average segmental stiffness of 557 N/mm of group of PEEK spacers and the
higher stiffness of 1373 N/mm in group of novel PMMA cement spacers compared well with the
values reported in.>*"" The average failure displacements of 5,56 mm of PEEK group and 2.80

1,10

mm of PMMA group are in the ranges reported in.
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Surprisingly, the load bearing capacity of segments is inversely proportional with the bone quality
of vertebrae in the case of PMMA cages, mainly centrally, while the load bearing of PEEK
spacers is strongly related to the bone quality, mainly subcortically (Figure 3 and Table 3). In the
latter case the reason is that the contact of PEEK spacers needs strong subcortical bone due to
the concentrated force-like load transfer along the vertebra—device interface, since in order to
avoid implant subsidence or, equivalently, to obtain higher load bearing, the strength of the
vertebra—device interface must exceed the applied loads. Previous experimental results of
compressive test'’ suggest that the local trabecular structure beneath the endplate is an important
component in the use of mesh cage. According to,” interbody device subsidence results from
failure at the bone—implant interface rather than failure of the implant in itself. Similarly, higher
failure loads have been reported for higher bone densities.”"” Unfortunately, even the strong
interface is missing particularly in osteoporotic patients. In an osteoporotic spine, the same
stability cannot be expected from the mesh cage as in a normal spine." Several reports suggest
that the stability of the cage in reconstructive surgery can not be guaranteed for strongly

. : 1-2,5-6,10 13
osteoporotic spine. " In

most of the fiber mesh implants subsided into the vertebral
cancellous bone at compressive failure, suggesting that significant osteoporosis may be a

contraindication for posterior lumbar interbody fusion."

However, by injecting PMMA cement into the intervertebral space, the cement can penetrate into
the gaps of osteoporotic vertebral bone providing a smooth, perfect and strong vertebra—device
interface yielding higher strength, load bearing and stiffness with smaller subsidence providing
stability of the motion segment. This fact is proved in'* where vertebroplasty with PMMA and
CaP cement was compared for healthy and osteoporotic vertebrae by axial compressive test. The
main conclusion was that the strength and stiffness of vertebrae was inversely correlated to the
bone mineral density. The lower the initial BMD was, the more pronounced the augmentation
effect was. Both type of cement augmentation reliably and significantly raised the stiffness and
maximal tolerable force until failure in osteoporotic vertebral bodies. In non-porotic specimens,
no significant increase was achieved. This may be the reason of the inverse correlation between
failure load and bone quality of PEEK and PMMA spacers (Figure 3), but not only for the failure
load but for the compressive stiffness and central compressive stresses as well (Figures 5 and 6).

Similarly to the load bearing, while in the PEEK group the stiffness is proportionate to the bone
quality, in the PMMA group the weaker bone provides larger stiffness (Figure 5 and Table 5). Even
for this, however, it seems to be surprising that the segmental shortenings are practically
independent of bone quality in both groups (Figure 4 and Table 4). For PMMA group it can be
acceptable since in this group the dominant factor is the cement penetration into the weaker
bone, moreover, the shortening of segment depends also on the position of more or less
irregularly formed cement cage. In PEEK group the reason may be the local failure, the knife-
effect of the edge of the spacer. The mode of trabecular failure could be a shear failure of
horizontal struts under the edge of the spacer that yields buckling of relating longer vertical
columns due to the loss of horizontal supports.” This local zone of trabecular failure leads to the
larger implant subsidence independently on the global bone quality.

Similarly to the bone quality, mainly contrasted are the relations of PEEK and PMMA devices
with the vertebral cross sectional areas. While the failure load of PEEK group is strongly
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proportionate with the vertebral areas, the behaviour of the PMMA group shows an inverse
relationship (Figure 7). Perhaps this fact is influenced also by the 30% difference of vertebral areas
between the two groups. While in PMMA group the mean central and subcortical areas are 804
and 1137mm’, in the PEEK groups they are 1068 and 1470 mm?, respectively (Table 14), thus in
PEEK group the areas are larger. However, the reason of the contrasting behaviour lies not on
the areal differences, better on the different vertebra—device interface contact and structure’ and
the different elastic-plastic behaviour between the two groups.

Strong positive correlation is between the cross sectional area and the deformability of PEEK
group, while in PMMA group it is modestly negative (Figure 8). It is well known in mechanics that
in the case of a homogeneous bar under compressive load, the cross sectional area is a part of the
resistance against deformation. This is the case for the PMMA spacers, where the load transfer
along the vertebra—device interface forms distributed load, consequently, the deformation is
inversely proportionate to the vertebral area. The degree of correlation depends on the ratio of
the total area and the contacting area between cement and vertebra. On the contrary, for PEEK
spacers, the reason of the strong positive correlation is that the load transfer forms a quasi
concentrated load along the vertebra—device interface. Consequently, the mechanical problem
along the vertebra—device interface is not a simple compression one any more, better a bending
problem. In this case, the mechanical fact for bent structures is manifested that a larger structure
of the same material gives larger deformations for the same load, since the length of a bar or a
plate are proportionate to the deformations but not to the resistance. If the load acts perfectly
concentrated, this effect is even stronger. This leads to highly larger cage subsidence into the
adjacent vertebrae for larger vertebral areas and endplates for PEEK spacers.

Surprisingly, similar tendency of correlation was found between the failure load and the vertebral
areas in both groups (Figure 7). Previously we assumed for PMMA cement group, that the load
bearing would be proportionate to the vertebral area. However, this is not the case. The modest
negative correlation comes from the above detailed effect of concentrated-like load transfer along
the vertebra—device interface. Namely, the failure load depends on the ratio of contacting cement
area and total vertebral area, that is, on the extension of contact area between cement and
endplates. If the cement covers the total endplate area, the behaviour of the vertebral-cement
interface belongs to the pure compression problem. However, if the cement area covers only a
part of the vertebral area, the load transfer along the interface moves from the distributed to the
concentrated type load, consequently, the problem tends to the bending problems of larger
subsidence. Since the cement/vertebra areal ratio is larger for smaller vertebrae resulting in higher
load bearing, and inversely, that is why the failure load decreases with increasing vertebral area for
an approximately constant contact area of cement cage. This fact was proved by compressive test
in® by concluding that a relative larger indenter surface area on the same cross-sectional area of
vertebra resulted in higher failure loads, or inversely, the same indenter area on larger vertebral
area yields smaller failure loads. In"" 50-80%, in'* 30-40% of vertebral body cross sectional area
must be covered by the interbody device to prevent subsidence for moderate physiologic loads.

To explain the strong positive correlation of PEEK spacers between the load bearing and
vertebral area is more complicated. First we checked the correlation between the bone quality and
the vertebral area. Between CT-grey and vertebral area we have found no correlation at all,
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neither for superior and nor for inferior vertebrae, neither centrally and nor subcortically. Only a
modest positive correlation (R=0,51) has been found between the BMD and the superior
vertebral areas, both centrally (R=0,49) and subcortically (R=0,52). This has only a small part in
the positive correlation between the load bearing and the vertebral areas. The real reason can be
that the plastification with limited stresses and load bearing is localized into a small zone closed
to the edges of PEEK spacer, while on the other large volume of vertebral bone the behaviour is
still elastic with increasing stresses and load bearing. This fact can be seen in the typical load-
displacement diagram of PEEK spacers, where the failure occurs just after the end of the elastic
behaviour, without any longer plastification part of curve (Figure 7). Thus, the larger vertebral area
of elastic zone provides higher failure load.

The relation between the elastic stiffnesses and the vertebral areas shows a modest positive
correlation for both types of intervertebral devices, in line with the relations of failure loads and
deformations detailed above. Since the elastic stiffness is practically the quotient of the elastic
load and deformation, the modest correlation seem to be acceptable for PEEK spacers, where
the failure happens soon after the elastic zone, without any longer global plastic zone, seen in the
typical load-displacement diagram (Figure 7). However, in the case of PMMA cement cages there
is a longer plastic zone before and after the failure, indicating global plastification, when the end
of the elastic stiffness zone is farther from the failure. Global plastification needs larger volume.
This is the reason that while the correlation of vertebral areas with both the failure load and
failure deformations was modestly negative, for the elastic stiffness it was modestly positive for

cement cages.
Conclusion

In line with previous studies, we concluded that the better contact between the shapes of device
and bone is the clue to prevent complications coming from device subsidence. In osteoporotic
spine instead of traditional PEEK spacers, PMMA cement spacers provide better contact and
stronger vertebra-implant interface leading to enhanced stability of lumbar interbody fixation. In
the case of PMMA cages, the failure deformation of segments is almost the half of that of the
PEEK spacers, while the stiffness of them is two and a half times larger. The reason is the strong
subsidence of PEEK spacers into the adjacent vertebrae. The weaker the vertebral bone is the
larger subsidence occurs, in contrast to the cement spacers, where the bone quality has practically
no importance. Moreover, we concluded that in strongly osteoporotic cases, the cement spacer
provides larger strength. The nearly three times greater stiffness of cement spacers documented
that the more perfect and smooth contact between the cement and endplate surface can prevent
the extreme subsidence and disadvantageous stress distribution of lumbar interbody fixation. A
more evenly distributed cement pattern results in greater increases in stiffness and induces
smaller stress concentrations around the spacer, which may decrease the risk of subsidence.

In his study the novel PMMA cement cages and the standard PEEK spacers were compared with
respect to severely osteoporotic cases, by using uniaxial compressive test. The current study
indicates that the novel method, using PMMA cement spacers results in improved vertebra—
device interface properties in particular for osteoporotic patients. Thus, we can conclude that the
reason of the mainly contradictory behaviour of the PEEK and PMMA spacers lies on the
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different vertebra—device interface and on the local and global plastification that will be soon

introduced elsewhere, based on the relating CT- and specimen-specific finite element simulations.
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NUMERICAL SIMULATION OF BLOOD FLOW IN LARGE VESSELS DURING THROMBUS
FORMATION

Gabor Zavodszky, Gyorgy Paal
Budapest University of Technology and Economics, Department of Hydrodynamic Systems

Abstract

The thrombus formation in vessels is a very complex cascade process that is, amongst many
other factors, dependent on the local blood flow characteristics. With the progressing formation,
the geometry, and with it the flow pattern changes continuously. In addition to this, the adhesion,
activation, and aggregation of the thrombocytes are heavily influenced by certain properties of
the flow, most importantly by the emerging local shear forces. In the current work, the formation
of a thrombus has been simulated using a simplified model of blood coagulation inside an
artificial vessel section. While the employed blood coagulation model has heavily reduced the
number of degrees of freedom compared to the real in-vivo bio-chemical processes, it is still
capable of successfully reproducing several vital properties of a thrombus qualitatively.

Introduction

The hemostasis is a critical mechanism in the self-defense of our body. This is a natural response
of the cardiovascular system that prevents undesirable blood loss in case of vascular injury. The
blood coagulation is an important step during the hemostasis. It is a very complex cascade
process driven by several factors that can both promote and inhibit it. The main steps include the
aggregation and the binding of the platelets that are dependent on the local flow properties.
Simulating this phenomenon is a challenging task as one has to make several appropriately
chosen approximations. Anand et al. reviewed' some of the interacting mechanisms regarding
clot formation in flowing blood, and even though they deal with a narrower collection of
participating processes, they are still numerous. Nesbitt et al. provided® some more insight into
the thrombus formation by emphasizing the strong coupling with the hemodynamic properties.
According to their experimental work, platelet aggregation is influenced by emerging shear forces
as platelet adhesion favors low-shear zones. Several other authors recorded the ongoing process
of thrombus formation: Celi et al. recorded’ the thrombus formation in the microcirculation of a
living mouse using widefield video-microscopy. This process has also been recorded using several
reagents to highlight the concentration of the main components of the formation.*’

There are several works aiming at simulating thrombus formation numerically, but most of them
cover only portions of the whole process.”’’ They try to solve the complex problem by
approaching it either from the biochemical side and compute the reactions and the densities of
the reagents, but fail to couple these equations with the changing flow field, or from the kinetic
side, which usually lacks the appropriate handling of platelet concentrations. The platelet
concentration profile inside vessels is an important factor, which is far from being constant in
either venous or arterial vessels.'" A lot of numerical models have been developed in the past

decade in order to calculate the platelet concentration proﬁle.lz’14 Their main findings are that the
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margination effect of platelets is mainly caused by the finite size effect of both the smaller
platelets and the significantly larger red blood cells (RBC). The rolling motion of the larger RBCs
pushes the platelets to the sides of the flow channel. This drift force that acts upon platelets in
blood flow seems to be proportional with the average local flow velocity. To prove this
interaction between platelets and RBCs, Mountrakis et al. simulated15 particle collisions in blood
flow using the immersed boundary method.

Methods

During the simulations blood coagulation made the geometry change in time. For this reason, in
our simulations a two-dimensional lattice Boltzmann based fluid solver was used on a D,Q,
lattice. This method has a clear advantage in handling complex and changing geometries over the
more conventional finite-volume solvers. The theoretical bases of this method were laid down by
Bhatnagar, Gross and Krook (BGK)'®, and were later developed to the level of general usability
for fluid flows by Quian et al'’. We employed the so-called multiple-relaxation-time lattice
Boltzmann model"®, which provides increased numerical stability compared to the widely used
BGK model.

The platelets immersed in the blood flow were simulated as a passive scalar concentration field
coupled with the velocity field of the flow capable of advection and diffusion. The passive
attribute means that the platelet distribution has no influence on the blood flow. This
approximation is supported by the fact that the usual volumetric ratio of the platelets in blood is
under 1%. The advection-diffusion of these platelets was also handled by the LBM method.
When the velocity is prescribed by an already given velocity field (like in this case by the blood
flow), the equilibrium function (from the original function'’) of the scalar field reduces to the
following:

f£9 = wp(1 + 3¢; - ) (1)

where © is the relaxation frequency, e, is the +th discretized velocity direction, % is the local
velocity of the blood flow, and p is the platelet concentration that can be computed analogously
to fluid density:

p =21/ 2

where f; is the patticle distribution along the 7th discretized velocity on the lattice. The diffusion
coefficient D then analogous to the numerical viscosity:

D=3(~3) ©

where T = — is the relaxation time for the equilibrium function. The rolling motion of the RBCs
w
is mainly caused by the emerging shear forces in the fluid. To simulate the marginating effect, we

prescribe a virtual force F_M) that acts upon the density of the platelets. This force actually
accounts for the finite size effects of the platelets and RBCs. The drift force acting on real
platelets always drives platelets out from the main flow, to the sides of the vessel. It is a required

behavior, as this causes increased platelet concentration in the vicinity of vessel walls where any
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injury can possibly occur. This _FT\,; force points to the direction of the local largest shear stress
decrease (in other words, to the direction of the smallest, most negative shear stress gradient). Its
magnitude is proportional to the magnitude of the shear stress emerging in this specified
direction. The proportionality ratio will require a proper parameter study later, although in the
current work, it takes the value of one. Using this drift force, two simple channel flows were
simulated with Reynolds numbers that are typical in these smaller vessels. The vessel wall was
taken as a smooth, no-slip, rigid wall. The results of the simulations were compared to the
experimental results of Woldhuis et al."’

The first simple channel flow simulation used constant velocity inlet and constant pressure outlet
boundaries. The Reynolds number was set to one that is a typical value in venules. The result of
the simulation is summarized below in Figure 1.
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Figure 1. Normalized platelet concentration profile in a venule. The continuous red curve shows the results
of the stationary simulation plotted over the experimental results of Woldhuis et al.'? (Re=1)

The platelet concentration shows a good qualitative agreement with the experimental results.
This numerical model had to be tested with pulsatile flow as well, in order to reinforce the
statement of its validity. For this reason, the other simulation used a time-varying inlet velocity
boundary condition. Figure 2. shows the inlet flow rate profile that essentially mimics the behavior

of a real cardiac pressure wave.
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Figure 2. Normalized artificial flow rate curve that mimics the behavior of a real flow rate curve during a
cardiac cycle.

The Reynolds number defined with the maximum of the possible inlet velocity was set to ten,
which is a usual value for arterioles. The results of the simulation were also compared to the
experimental results of the same authors in Frgure 3. Again, good qualitative agreement has been
found. The biggest deviation between the simulation and experimental results can be found near
the vessel walls, but it is still within the error bars.

The coagulation of blood is modeled with changing the type of a numerical element from fluid
cell to wall cell. For the thrombus formation in our simulation, coagulation is only possible at
sites next to vessel walls or next to rigid blood cells that have already come to stasis. All the fluid
LBM cells next to a wall cell have been tracked, as these cells have the ability to turn into a wall
cell themselves. When this happens, their fluid cell neighbors are added to the list of near-wall
cells. Though platelet activation in reality is a complex cascade process, we only simulate one
reagent, the adenosine diphosphate (ADP) concentration, that is in our simulation not coupled
with the blood flow. This means that the ADP concentration is not influenced by the local flow
properties directly. Coagulation at a numeric lattice site depends on the relation of three variables:

__ Pplatelet’PADP
Pcoag = TMAX “4)

where the Fyq4 is a probability in the sense, that its value decides whether a fluid cell should
come to stasis or not, based on the local platelet concentration Ppigterer, the local ADP
concentration Pypp, and the local maximum shear component of the stress tensor denoted by
Tmax- The level of Pyq4 that a numerical lattice has to reach for coagulation is an empirical

parameter of the model for now. A later work should explore the deeper relation of these

parameters.
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Figure 3. Time-averaged normalized platelet concentration profile in an arteriole. The continuous red

curve shows the results of a transient simulation plotted over the experimental results of Woldhuis et al.??

(Re=10)

There is one more component of the coagulation process. When a platelet is activated (or in our
simulation when coagulation of a numerical lattice happens), it releases ADP that can initiate the
activation of other platelets. In the simulations the ADP concentration decreases exponentially
in space, so its release can be thought of as a nearly local ADP concentration increase. For
coagulation, it is not enough to a single numerical lattice to have the appropriate values for one
iteration, the parameters have to remain in the coagulation zone for a t,;p40y time. This time
was chosen to be tyingow = 20 ms, because this is the usual timeframe for ADP to activate a
platelet. This also means that a newly registered near-wall lattice cannot turn into a wall cell

sooner than 20 ms.

In Figure 4. a snapshot of a coagulation simulation is shown after six heartbeat cycles. The
formation of the thrombus starts at an injury site. In in-vivo systems in case of vascular injury, a
significant amount of ADP is released into the bloodstream from the injured vessel wall tissue.
The injury site in this case was simulated by increasing the ADP concentration at a small amount
of numerical lattices next to the vessel wall.
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Figure 4. Typical result of a thrombus formation simulation at time instant of the end of a heartbeat cycle.
The flow direction is from the left to the right. The upper image shows the emerged geometry of the
thrombus, with the place of vessel injury (yellow box at the bases of the thrombus). The middle image
shows the current normalized velocity magnitudes (Reynolds number equals 10). The lower image shows
the normalized platelet concentration at the same instant.

There are a few qualitative features of the calculated thrombus that worth mentioning. Firstly, as
the thrombus begins to block the flow channel, the flow speed increases and that leads to larger
emerging shear stresses that inhibit the process of the coagulation. This causes the relatively flat
top of the thrombus. It is also noticeable that the thrombus growth is asymmetric to the site of
injury; its growth is slower on the side facing the incoming bloodstream. This is again the result
of the different shear stresses.

Two resulting thrombus geometries recorded at different times were compared to the
videomicroscopy results of Nesbitt et al.'' in Figure 5. The experimental results originate from an
induced injury inside the arteriole of a living mouse. The exact form of the thrombus naturally
depends on much more components that are taken into account in our simulation. Still, some
qualitative features like effects of shear stresses can be studied with it.

R EEEE R

Figure 5. Geometry of the thrombus after A.) three and after B.) six heart beat cycles. The yellow dotted
outline shows the geometry of the thrombus recorded with videomicroscopy by Nesbitt et al.2
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Conclusion

Simulation of blood coagulation is a heavily studied topic, with wide possibilities for applications.
In this work a numerical model was presented that is computationally effective due to the large
number of approximations. And though this model evidently has some shortcomings, like that in
videomicroscopy records the outer layer of the thrombus is often not solid, and can dissolve
easily in the flow and subside again later. In our model, however, the thrombus is handled as
solid material, unable to dissolve. Also the effects of the several components of the coagulation
cascade that was not taken into account. The model still seems to succeed in reproducing the
major characteristics of an injury induced thrombus by only using a few components and
coupling them to the flow properties. It should also be mentioned that due to the strongly
simplified model, it might be capable of simulating other sediments in blood flows, like the
deposition of fat particles on clinical devices. This possibility will drive the research to explore
the limits of validity of such a simple coupled numerical model further.
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EFFECT OF KAYAKING ON BALANCING ABILITY AFTER SUDDEN CHANGES IN
DIRECTION

Arpéd Laszl6 Németh, Rita M. Kiss, Petra Aradi

Cooperation Research Center for Biomechanics

Abstract

Introduction

Different sports influence the balancing ability variously. The aim of this study to examine the
effect of kayaking on dynamical balancing ability after sudden changes in direction.

Methods

The investigation included 5 race-kayakists and 5 leisure-time sportsmen. Dynamical balancing
ability have analyzed by the ultrasound-based sudden perturbation test (provocation test). A rigid
platform have moved from its central position and fixed by a fastening unit. The rigid platform
connected to a rigid frame by 4 or 8 steel springs of identical strength. The platform swings back
into its original, resting position, stimulating sudden disturbances after releasing the fastening
unit. The participant must balance and re-equilibrate as the plate moves. The motions of the rigid
plate were recorded by an ultrasound-based system. From this motion the Leht’s damping ratio
can be calculated and it characterizes the balancing ability of the investigated person.

Results

For the kayakist group, the average values of the Leht’s damping ratio determined were
significantly bigger while standing on one limb and on both limbs compared to the parameters
for the control group.

Discussion

A high level of complex coordination is required to regain equilibrium after a sudden change in
direction. Sports activities can develop this ability. This investigation demonstrate that not only
the traditional methods (a sudden stoppage from running, sudden setting in motion, jumping or
changing in direction) but motion in a continuously moving media (in aqueous media) can also
develop the balancing ability. During kayaking the media always changes; moreover, it often
surges so persistent balancing is essential. The results draw attention to the fact that dynamic
balancing ability can be developed by other than traditional methods.

Keywords: kayak, athletes, equilibrium ability after unidirectional sudden perturbation

1. Introduction

The maintenance of balance is generally necessary during most motions, ranging from daily
activities to more complex sport movements. The process of balancing can be realized if most
parts of the body are in accordance. For example, we use more than 200 muscles of the 650
muscles of the body during walking.*'' Postural control is a complex function combining sensory
input, centralized processing and neuromuscular responses.15
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Most studies of postural control have focused on measuring balance during quiet standing.
Postural balance has been characterized by different types of parameters such as COP (centre of
pressure) or COM (centre of mass) posture and other parameters derived from studies on
postural sway during standing.>"'*"

But static balance tests cannot sufficiently describe the maintenance of balance in daily activities
(for example during walking).” During gait or when an external perturbation affects balance
control, the risk of falling can occur.'” There are studies that have analysed balance responses
during walking on a walkway'"’ and on a treadmill at a self-selected speed.” Few studies have
examined the effect of sinusoidal moving platform translation on postural movement and
stability."* These studies have examined the linear motion of body segments and the movement
of COP or COM, and postural control and postural sway have been characterized by COP or
COM parameters.”

A high level of complex coordination is required to regain equilibrium after a sudden impulse or
a change in direction. This phenomenon often occurs in everyday life when one is hit or jerked
while standing or walking.” These types of effects cannot be modelled using the traditional
measurement methods.

Regaining the equilibrium after a sudden impulse or changes in direction can be measured using a
provocation test. Balancing capacity can be characterized by the Leht’s damping ratio. Only a few
research studies have been produced using this method up to the present. Two groups (a group
of healthy young and healthy elderly participants) were examined, and then the results were
compared. The reliability of the provocation test is demonstrated because the test was repeated
with both patient groups after 7 weeks. There were no significant differences between the
measurements. The other important result of this study is that the body mass of the investigated

person does not influence the Leht’s damping ratio.”

The provocation test required the most complex balancing capacity. The above-mentioned
studies did not deal with the effect of sports on balancing capacity. This study discusses the effect
of kayaking on balancing capacity. A comparison is made between two groups of 5 people each;
one of them consists of race-kayakists and the other group is a control group with non-
sportsmen. Efficient balance control during kayaking is of primary importance. Therefore,
kayaking is a suitable sport to explore the difference in balancing between sportsmen and non-
sportsmen.

2. Methods

2.1 Participants

The investigation included 5 healthy leisure-time sportsmen, with similar physical abilities: they
constituted the control group. The control group was compared with a group of 5 race-kayakists,
signed racers of UTE Kayak-Canoe section. Table 1 provides the demographic features of the
participants.
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CONTROL Age Height Mass BMI
GROUP (years) (m) (ke) (kg/m?)
Control 1 23 1.76 71 22.92
Control 2 23 1.76 75 24.21
Control 3 22 1.73 66 22.05
Control 4 21 1.83 68 20.31
Control 5 22 1.78 76 23.99
Average 22.2 1.77 71.2 22.70

Deviation 0.84 0.04 4.32 1.59
Minimum 21 1.73 66 20.31
Maximum 23 1.83 76 24.21

KAYAKIST Age Height Mass BMI

GROUP (yeats) (m) (ke) (kg/m?)
Kayakist 1 19 1.87 84 24.02
Kayakist 2 23 1.79 75 23.41
Kayakist 3 22 1.88 72 20.37
Kayakist 4 22 1.75 76 24.81
Kayakist 5 19 1.93 78 20.94

Average 21 1.84 77 22.71
Deviation 1.87 0.07 4.47 1.95
Minimum 19 1.75 72 20.37
Maximum 23 1.93 84 24.82

Table 1.Demographic data of subjects

There were no significant differences in age and height between the participants.

According to a physical examination performed before the test, the participants were not limited
in their everyday motion and sports activities. Fach participant’s motion range, joint stability,
axial position, muscular strength and muscular tension in the lower limbs were physiologically
adequate.

Each participant was informed in writing about the risks and benefits of the study and given the
opportunity to withdraw from the study at any time, and each of the participants provided signed

consent. The study was authorized by the National Science and Research Ethics Committee
(174/2005).

2.2. Methods

The effect of sudden impulse or changes in direction can be modelled using a commercially
available PosturoMed device. The PosturoMed (Haider-Bioswing, Weiden, Germany) device,
with its moveable and adjustable unstable therapy plates, is a widely used training and therapy
device for neuron-orthopaedic rehabilitation, sport rehabilitation, and the prevention of sports
injuries in Europe. It has a rigid platform (12 kg, 60 cm x 60 cm) (Figure 1a.) connected to a rigid

8,11

frame by eight 15-cm steel springs of identical strength (Figure 15.).
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The displacement characteristic of the platform can be regulated by changing the number of
working springs (4, 6 or 8). When the fastening unit (provocation unit) is locked the device can
be fixed (Figure 1¢). The plate can be moved from the central position in a wide range of
translation (generally by 20 mm) and can be fixed in different positions by the fastening unit. By
releasing the unit, the rigid plate can be set into motion. The platform swings back into its
original, resting position, stimulating sudden disturbances. The participant must balance and re-
equilibrate as the plate moves. In that case, the human body has to stop the oscillating platform,
so the balancing ability of the investigated object is a damping element. The oscillating platform
with the subject on it is a damped system. The short name for this test is provocation test.

Figure 1. Measurement system components. (a) PosturoMed plate. (b) Steel spring. (c) Fastening unit.
(d)Ultrasound-based measuring head.

Figure 2. Measurement arrangement. Posturomed plate secured by springs of identical strength in different
directions. Ultrasound-based measuring head located to the side of the object at 30 degrees.

In this study the test included four separate measurements: standing on both limbs, on the right
and on the left limb and in a seated position (in a position similar to kayaking) (Figures 3a, b, and ¢,

d).
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During the test, the motions of the rigid plate were recorded by single, individual markers
attached on the side of the plate. The spatial coordinates of the markers were measured using a
ZEBRIS CMS10 (Zebris, Medizintechnik GmbH, Germany) computer-controlled, ultrasound-
based motion analysis system (Figure 1d4).>"" The measuring methods have been detailed in Kiss
et al."” The ultrasound-based measuring head was located to the side of the object at 30 degrees
(Figure 2.), and the measuring frequency was 100 Hz. The accuracy of the measuring system is less
than 1 mm. The tests were performed at the Biomechanical Laboratory of MAV Hospital at
Szolnok.

The participants were instructed that instead of watching their movement they should try to look
straight ahead. Furthermore, they were instructed to balance with arm motion. They received no
warnings that the plate would shift. If a participant did stumble or hold onto anything the trial
was rejected.

The participants stood on the PosturoMed platform during the instructions to get acquainted
with the unsteady platform. Before the measurement, an unrecorded trial was conducted to
familiarize the participants with the procedure.

The participants were standing barefoot in the double-leg stance on the platform and during this
time the platform was moved 20 mm in a medio-lateral direction towards the dominant side, and
then locked by the fastening unit. After releasing the fastening unit the participants had to take
up the standardized measuring position for 2 s, and manage to counterbalance the sudden
disturbance using compensatory equilibrium reactions.

Each shift (double-leg stance, both single-leg stances and seated position) was repeated three
times. The first measurement was carried out at double-leg stance, followed by measurement at
dominant leg stance, then at non-dominant leg stance and finally while sitting.

Figure 3. The four separate measurement positions. (a) Standing on both limbs. (b) Standing on the
dominant limb. (c) Standing on the non-dominant limb. (d) Sitting stance.

285


http://szotar.sztaki.hu/search?searchWord=get%20acquainted%20with&fromlang=all&tolang=all&outLanguage=hun
http://szotar.sztaki.hu/search?searchWord=get%20acquainted%20with&fromlang=all&tolang=all&outLanguage=hun

Biomechanica Hungarica V1. évfolyam, 1. sgdm

There were 60 s rest intervals between measurements. The average values of successfully
completed trials were taken as the value for each measuring position; a minimum of two

successfully completed trials were required for each measuring position.

2.3 Assessment parameters® "'

The oscillating PosturoMed device with the participant on it is a damped system. The differential
equation of the damped system is as follows (Figure 4.). """

() + = x(0) + —x(t) = 0 (1)

where: m [kg=Ns2/m] is the mass of the participant and the platform,
k [Ns/m] is the damping value,
¢ [m/N] is the spring constant of the PosturoMed device.

Figure 4. Damping curve_1. Lateral displacement of the measuring plate calculated from the spatial coordinates of the
markers. The coordinate x is parallel to the direction of provocation and shows a damping curve.

From the above-mentioned damping curve the following parameters can be calculated:

e Average logarithmic decrement

During the test the logarithmic decrement is not exactly constant by reason of the many
disturbing factors and because of the fact that the system is not closed. It is useful to determine
the average logarithmic decrement — which is the average of the natural logarithm of the ratio of
the amplitudes in an identical direction — for two periods separate in time (Figure 5.):

Ay =—In2 ©)

where: K, is the amplitude at moment t=t;,
K, is the amplitude at moment t=t;.
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Figure 5. Damping curve_2. Factors required to determine swing parameters
(Ki is the amplitude at moment t=t;, T'is the swing time). [89.11]

e The Lehr’s damping ratio

Using the logarithmic decrement the Leht’s damping ratio can be calculated, which is the ratio of

actual and critical damping:
A

b=ram 3

If D>1, the damping is too large, there will be no oscillating motion.

If D=1, the system will have critical damping, and return to its equilibrium position.
If 0<D<1, the motion is damped.

If D=0, the result is undamped oscillation.

The measurement of balancing capacity in a static posture (standing, sitting) or during motion
(walking, running) after a sudden perturbation such as a jump, sudden stop or sudden change in
direction is a new, experimental method for motion analysis. The provocation test models the
standing balance after a sudden change in direction. After a sudden perturbation the human
posture manages to return to its original, stable state. The recovery of equilibrium depends on the
balancing ability of the subject, which means that the muscles need to be activated to a certain
extent. The functions of the muscles include producing force, controlling the body mass, and
damping the oscillating plate. In this investigation the damping value was used to characterize the
balancing ability.

If D=1 (critical damping), then the system returns to its stable position immediately without
oscillation, which represents a perfect balancing ability. If D=0, then the subject cannot damp the
system. The Lehr’s damping ratio (D) characterizes the actual damping ability in the ratio of the
perfect damping value. It can be stated that the Leht’s damping ratio characterizes the balancing
ability. Furthermore, higher values of D means larger damping, so in this case the balancing
ability is also better.
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2.4 Statistical analysis

Leht’s damping ratios of the investigated groups were statistically analyzed using MS Excel
Analysis Tool Pak Software.

The averages and standard deviations were calculated. The normality of the data distribution was
assessed using the Kolmogorov-Smirnov test, and the uniformity of the standard deviations was
assessed using an F-test.

The differences between the average values of identical parameters were determined by a one-
sample t-test, applying a symmetrical critical range on the two-leg and right-leg, on the two-leg
and left-leg and lastly on the dominant and opposite sides. In addition, a two-sample t-test
applying a symmetrical critical range was conducted on the different groups. The significance
level was p < 0,05.>"

3. Results

Each volunteer managed to complete all four parts of the test; thus no exclusions occurred for
incomplete results. The Leht’s damping ratio was between 0 and 1 so in all cases, the motion of
the rigid plate was a damping movement. Table 2 provides the results of the test.

For both groups, there was no significant difference between the average values of the Leht’s
damping ratio determined while standing on both limbs compared to the parameters determined
while standing on the dominant limb (control group: p=0.085786321, kayakist group:
p=0.358633728).

For both groups, the average values of the Lehr’s damping ratio determined while standing on
the non-dominant limb were significantly smaller compared to the parameters determined while
standing on both limbs (control group: p=4.33692E-05, kayakist group: p=0.013274122).

For the control group, the average values of the Lehr’s damping ratio determined while standing
on the non-dominant limb was significantly smaller compared to the parameters determined
while standing on the dominant limb (p=0.018143081).

For the kayakist group, there was no significant difference between the average values of the
Leht’s damping ratio determined while standing on the non-dominant limb compared to the
parameters determined while standing on the dominant limb (p=0.270511870).

The average value of the Leht’s damping ratio determined while sitting was significantly smaller
for the control group compared to the parameters for the kayakist group. (psitting=0.030894465)

Average results

CONTROL KAYAKIST

GROUP GROUP
standing on both limbs 0.058205168 0.054602563
standing on dominant limb 0.046872176 0.048530459
standing on non- dominant limb 0.017101718 0.0346371
sitting 0.347739265 0.41046332
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Results of statistical analysis

o le t-test CONTROL KAYAKIST
ne-sample ties GROUP GROUP
stanc.hng on both limbs and standing on 0.085786321 0358633728

dominant limb
. NET ,
standing .on b?t imbs and standing on 4.33692E.-05 0.013274122
non-dominant limbs
. . T .
standing on dor@nant imb and standing on 0.018143081 0270511876
non-dominant limb
Two-sample t-test
standing on both limbs 0.336123346
standing on dominant limb 0.456813202
standing on non- dominant limb 0.218101272
sitting 0.030894465

Table 2. Lehr’s damping ratio (D) calculated from the results of the provocation test
(mean +SD)

4. Discussion

To summarize the innovation of this study compared to former motion analysis, the following
statements can be made. First of all, the dynamic balancing ability of active sportsmen was
measured by a provocation test. The provocation test was formerly used to examine the effect of
aging’ and the effect of degree of hip osteoarthritis on balancing ability.” This study deals with the
difference of balancing ability between healthy young people and sportsmen and the fact that
sports can improve this ability. Furthermore, the other new element of the study was that the
sportsmen were examined in a special posture. The kayakists were examined seated, which is a
position they get accustomed to in the course of their everyday training,

The following observations can be stated by the comparison of the average Leht’s damping ratio
of the two groups. The two groups performed approximately equally while the participants were
standing on both limbs and on the dominant limb. The kayakist group had better results while
standing on the non-dominant limb and while sitting. It is perceptible that the kayakist subjects
possess similar Leht’s damping ratios for their dominant and non-dominant limbs, respectively,
whereas the damping ratio of the non-dominant limbs of the members of the other group is
three times worse than the damping ratio of their dominant limbs.

Regarding the results of comparisons within the same group, the Leht’s damping ratio calculated
during standing on both limbs did not differ significantly from the value calculated during
standing on the dominant limb for either of the groups. However, the results calculated during
standing on both limbs did differ significantly from the calculated during standing on the non-
dominant limb. In short, equilibrium after a sudden change in direction was similar when
standing on both limbs and on the dominant limb, but it was decreased during standing on the
non-dominant limb. Consequently it can be stated that in general, equilibrium ability after a
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sudden change in direction is significally influenced by the equilibrium ability of the dominant
side.

Another new finding from the current research is that the Leht’s damping ratio calculated during
standing on the non-dominant limb compared to the value calculated during standing on the
dominant limb was significantly smaller in the control group but surprisingly, there was no
significant difference in the kayakist group. The result of the control group was prospective and it
confirms the findings of former research studies.” > However, it was not expected that there
would be no significant difference between the equilibrium ability of the dominant and the non-
dominant limb in the kayakist group. Therefore, there is no dependence on lateral dominance in
case of the kayakists.

Regarding the results of comparisons between the different groups, the average value of the
Leht’s damping ratio determined while sitting was significantly smaller for the control group
compared to the parameters of the kayakist group. So it is reasonable to assume that the
balancing ability of kayakists is significantly better in the special position they become
accustomed to. Measurements while seated were unusual for the participants of the control
group, but this special circumstance was not unknown for the kayakists because they grew
familiar with it during their trainings.

A high level of complex coordination is required to regain equilibrium after a sudden change in
direction. Sports activities can develop this ability. This investigation demonstrated that not only
the traditional methods (a sudden stoppage from running, sudden setting in motion, jumping or
changing in direction) but motion in a continuously moving media (in aqueous media) can also
develop the balancing ability. During kayaking the media always changes; moreover, it often
surges so persistent balancing is essential.

In summary, the results of the provocation test prove that unique balancing ability can be gained
during motion in continuously changing, dynamic circumstances. The results draw attention to
the fact that dynamic balancing ability can be developed by other than traditional methods.
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Abstract

The knee joint is one of the most complicated joints in the human body. Fundamental knowledge
about kinematics is essentially important in order to design knee prostheses which are
functionally similar to the knee joint. In addition, the prosthesis should carry out similar
kinematics, since only the geometrical resemblance is insufficient. As an initial step, an
experimental apparatus, a test protocol and an evaluation method were developed which allows
the investigation of the human knee joint kinematics. Based on the results of multiple
experiments, a reference function was determined, which provides guidance on how the flexion-
rotation function in the human knee joint can be described. The function also provides reference
about the kinematics which should be defined in the design of prostheses, and to what extent
does an arbitrary knee prosthesis follows the required kinematics. The definition of knee rotation
is reported in this article.

Keywords: biomechanics, knee joint, rotation, flexion, kinematics, reference function

Introduction

The goal of our research is to determine a kinematical and kinetical model of knee joint, which
intends to help in the development of better prostheses. The movement of the knee joint can be
investigated locally (sliding-rolling, etc.)' and globally (rotation, abduction, adduction, etc).” The
rotation has the most significant role in the knee joint motion from the above-mentioned knee
movements. Our current aim is to describe the rotation of the human knee joint as a function of
flexion. The reason for this is twofold. On the one hand, the knee joint kinematics can be
characterized by this result, and on the other hand, it can be used to qualify and design knee
prostheses. A suitable prosthesis has to be similar to a real knee joint regarding the carried out

movements and not the geometry.

Kinematic analyzes presented by different authors show large deviation™® (Figure 7). A mention
must be made that several flexion-rotation functions of other authors — in accordance with reality
— does not start from the origin. However, the starting point of the measured curves is
transformed to the origin by most of the authors. Nevertheless, most of them do not indicate
how this transformation is carried out. This problem will be further discussed in the article.
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— AKalan et al. (constraint based model)
—— Bull et al. (cadaver)

— Akalan et al. (reference model)
— Wilson et al. 2 (cadaver)

— Luetal. (in vivo)

Wilson et al. (cadaver)

Most et al. (GCA, cadaver)
Most et al. (TEA, cadaver)

Rotation

Flexion

Figure 1. The results of different authors

Additional reasons for the differences between the curves are the followings: biological
differences between the people, the applied experimental apparatus, the method of measurement
and evaluation, different types of motion and at last the measurement error. The separation of
these reasons is an important task in order to draw general conclusions. The diversity of
apparatuses and the evaluation methods have significant role in the differences between the
results. The upcoming errors can be significantly reduced by using simple apparatus for the
experiments. For this reason, a novel, relatively simple experimental apparatus was developed by
the Research Team. This apparatus helps the error analysis, the comparison of the measurements
and ensures the unconstrained movement of the knee joint. One of the aims was to obtain
precise and reproducible kinematical data possible about the knee joint motion.

General aim of the experimental apparatus design and construction was to carry out experiments
on cadaver knee joints, in order to provide kinematic data to the knee prosthesis design. The
apparatus was later further modified in a way that even prostheses can be clamped into the same
apparatus, thus experiments under the same conditions can be carried out in order to compare
the results of the measurements with the physiological joint kinematics. The usability of the
cadaver knee joint as experimental model have only been studied by the default installation of the
experimental apparatus in case of one motion type. This motion is the flexion of the tibia with a
horizontally fixed femur.

The experimental apparatus is multifunctional, which is suitable for the determination of the
cadaver knee kinematics and kinetics (Fzgure 2). It can be used in MR, in case of different type of
loads and it is also suitable for testing knee prostheses. In the followings, only those parts of the
apparatus will be shown which are needed regarding the investigation of the cadaver knee
kinematics. The knee joint was resected with 10-15 cm parts of the femur and the tibia also. The
joint is fixed to the apparatus with textile bakelite links (1) which are cemented into the medullary
cavity. The link is cemented into the femur, while the femur itself is fixed to the base plate (2) of
the apparatus, therefore the fixed femur is horizontally positioned. The loads acting on the joint
are the weight load and the quadriceps muscle force in case of the studied motion type. The
weight of the tibia was modeled with a concentrated force, which is connected to the tibia
through a ball joint (3) screwed into the axis of the tibial link. The other force, the quadriceps
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muscle force was modeled by rubber-muscle model (4). The suitability of this was proven eatlier.”
This muscle model is connected to the body of the apparatus via a load cell (5) and a spindle (6)
for setting the knee position, and the muscle tension. The movement of the tibia is also realized
by the spindle. The change of the tibial position relative to the extended position of the knee was
determined by the Polaris'’ (Northern Digital Inc., Waterloo, Ontario, Canada) optical position
measuring system after proper authentication. Two moving trackers were fixed to femur and the
tibia. One of them was rigidly bolted to the fixed femur (7) and the other one was also rigidly
bolted to the moving tibia. By this way they form a rigid body-system. The Polaris measuring
system tracks the movement of the fixed trackers in the absolute coordinate system of the
Polaris. During the experiment the tracker coordinate systems are rigidly fixed to the bones and
they are continuously recorded by the Polaris. The position is described by six data: three
coordinates of the origin in the absolute coordinate system and three angles which describes the
position of the coordinate axes. These are the so-called Euler-angles.

Figure 2. Cadaver knee test rig

Method of experiments and evaluation

In our experiments, the knee joints were obtained from five subjects between 28-60 years of age.
Experiments were performed on seven knee joints in order to create the reference function
(TUKEB 165-1/2002). The condition of the knee joints were controlled after the experiments.
All the used knee joints were in suitable, undamaged condition.

Analysis was performed using anatomical coordinate system fixed to the bones for the
comparison of the measurements on different subjects. However, there was a fundamental
problem in the evaluation, due to the missing anatomical points of the resected knee joint.
Therefore, the anatomical points had to be recorded (Figure 4) on the whole body before the
resection of the knee joint. These points are easily palpable on the tibia of the whole body, so
their detection can be solved by a simple pointer tracker. The determination of the center point
of the femoral head is more complex. It can be determined by measuring the coordinates of the
motion tracker fixed to the femur during the circling motion of the femur. A mention must be
made that these points generally move on a sphere. The center of the sphere, which is the center
of the femoral head (fh), can be calculated (Figure 4) from the coordinates of the origin of the
tracker coordinate system. The other two necessary points on the femur are the epicondylar
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points. The described method was modified during the creation of the anatomical coordinate
system. The centers of the femoral posterior condylar curves were used instead of the
epicondylar points (Figure 3). The reason of this modification is also twofold. On the one hand,
the epicondylar points are uninterpretable on prosthesis, and on the other hand, the accuracy of
the epicondylar points’ determination is much smaller than the accuracy of the determination of
the posterior condylar curves’ centers.'' Anatomical coordinate system defined by the VAKHUM
project was fitted to the recorded anatomical points'?> (Figure 4). Since the knee joint was fixed
into the apparatus in resected state, the possibility of the transformation of resected anatomical
points needed to be ensured. For this reason, the position of the secured markers, both in the
femur and the tibia, were recorded. After these measurements the joint, which was fixed in the
apparatus, was resected. The position of the anatomical points and the markers were recorded in
the apparatus as well. In the following steps, continuous measurements were performed after the
determination of the discrete points in order to determine the kinematics (flexion-rotation). The
above-mentioned measurements were carried out in 3 repetitions per joint. These repetitions
gave provided the same results, therefore the measurements are acceptably repeatable.’

The flexion-rotation data was determined by transformations using the transformation matrices.
The matrices were generated from the positions of the anatomical points, the markers, and the
current positions of the trackers. These transformation matrices can be generated from the data
measured by the Polaris as well. These processes were carried out on basis of the Grood-Suntay’s
angle definition."* The results can be drawn as the function of flexion.

femur tibialffibula
quasi-coronal plane plane quasi-coronal

hf

femur
quasi-transverse

plane tibialffibula

quasi-transverse

me plane fin mm
EN 3
Zg 5
X¢ s
femur tibialffibula
quasi-sagittal plane quasi-sagittal plane

Figure 3. Anatomical points on  Fijgure 4. The anatomical coordinate system of the femur and the tibia

the femur

The literature suggests that during knee flexion the movement can be divided into two parts. The
first 20-30° section of the flexion is the section the screw-home motion,"” where the kinematics is
governed mainly by the geometry. After this section the motion is continuously passing through
to active functional arc”’ where the movements of knee joint is controlled by the muscle forces
collectively. Accordingly, tri-linear functions were fitted to the rotation-flexion data. The first
section of motion extends between 0° and 25° of flexion angle. This is the section of screw-home
motion. The boundary of the following two segments (at about 50° of flexion angle) can be
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interpreted from Figure 5. The second section of the flexion extends between 25° and 50°. This is
a transitional section to unconstrained motion. The range over 50° of flexion is the range of
unconstrained motion, where the motion may be governed by the muscle forces.

The schematic diagram of the approximate functions can be seen on Figure 5. The fitting was
based on the principle of least squares. The parameters of the fitted functions can be calculated
from equation 1 to 9.

P
15
P5(®) =ay(Q—@,)+py
P p_((P) :”:((P_(Pn)ﬂ)m . 3
pll} """""""""""""
P = ()
p/“:S ...........

—Fitted function

pl((p) =a,p+pP, + Cadaver 11

Figure 5. The trilinear function fitted to the measurement data on knee no. 7

First section: 0-25° flexion
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p2(¢)=p10+a2 (@p—@)

Third section: over 50° flexion
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where

i: the sample of the measured data

@: flexion

0: rotation

a1; Oy; a3: the gradient of the fitting functions on the first, second and third sections
po: the intersection of the fitting linear function along the first section

p1: the value of the rotation at the boundary of the first and second sections

p2: the value of the rotation at the boundary of the second and third sections

@1 the value of the flexion at the boundary of the first and second sections (¢;1=25°)

@,: the value of the flexion at the boundary of the second and third sections (¢,=50°)

ni; ny; n3: the number of measured data on the first, second and third sections

(6)

(7)

(8)

(9)

Most of the authors treat the rotation as zero in the totally extended position (Figure 7). For the

sake of the comparability, both the own measurement results and the fitting functions need to be

transformed to zero.

If the points of the anatomical coordinate-system remain unchanged, then the degree of rotation

is specified by the position of the malleolus points on the tibia. The two additional points which

are needed for the tibial coordinate-system have virtually no effect on the curves, only the

position of the longitudinal axis is determined by them. These points are close to each other and

relatively far from the ankles, therefore the effect of changing in the range of the recording

accuracy is minimal. If the positions of the malleolus points are changed then the curves shift

parallel (Figure 6).
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The sensitivity of the rotation function to mallelous

points changing
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Figure 6. The sensitivity of the rotation function in case of knee no. 3

This phenomenon is interpreted as follows: according to the interpretation of Grood & Suntay,
the rotation is a so-called third angle, which describes how the coordinate-system of the tibia is
rotated relative to the longitudinal axis of the femur.

Based on these above-mentioned reasons, the fitted rotation-flexion functions can be shifted
parallel towards the rotation into the origin (Fzgure 7). If the measurement results begin from non-
zero flexion, the rotation value of zero flexion is determined by the intersection of the fitted
functions. With this method, the starting points of the measured rotation-flexion curves can be
transformed to the origin.

Results

The functions fitted on experimental data (involving seven knee joints) are shown on Figure 7
after the transformation described above. These curves are drawn with thin line. The coefficients
of the functions are included in Twble 1. The reference function is obtained by averaging these
functions, which is essential in the design of prostheses and in their qualification. The coefficients
of the reference function are included in Table 2.

ay | ay az | py [°1 | proy [°] | P20y [°]
0,48]0,058] 0,101 242 -12,1] -10,6
042]0,004] 0048|141 35| -1,1
0,38]0,029] 0,028]-183] -87] -7,9
0,47]0,123] 0,047 -28,7] -16,8] -13,7
0,240,020 -0,032] 134 74| -68
0,61]0,088] -0,025] -11,6] 3.6 5,9
0,63]0,240[0,02723| 11,9  3,7] 9,7

ESE <N IS, 1 B G IR SV I O BT

Table 1. The coefficients of the fitted functions
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Figure 7. Reference function from the seven fitted and transformed linear functions

a | @ | o |p ] pul]| e
Reference function|0,460,093(0,028| 0 | 11,6 | 13,9

Table 2. The coefficients of the reference function

Discussion, Conclusion

Overall as new results we can present:

— an earlier designed experimental apparatus,
— a protocol for determining the anatomical coordinate system,

— determination of a tri-linear rotation-flexion function which approximates the measured
data and can be specified in segments,

— a function based on a large number of experiments, which describes the change of
rotation on an average human knee joint.

The results can be utilized in prosthetic design in a way, that the rotation carried out by the
prosthesis should approximate this function.
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Abstract

High biocompatibility is a basic requirement in medical technology. Polymer coatings can
radically improve medical device biocompatibility, especially for surfaces like stainless steel.
Adhesion is an important quality in a coating, and this was our rationale for developing a polymer
adhesion testing protocol. We compared two biocompatible polymers, polyurethane (PUR) and
poly-(DL-lactic-co-glycolic acid) (PDLG). Polymer layers were created on surface-treated
stainless steel. The properties of different layers were compared. Adhesion of the coatings was
characterised by concentration of coating solution, rate of the contacted surface and surface
roughness of the carriers. PUR showed better adhesion under our test conditions.

Keywords: adhesion, biocompatible polymer, coating, PUR, PLGA

1. Introduction

Coatings are widely applied in the field of medical technology. Implants, surgical instruments and
other medical devices can be provided with coatings.' Coatings can improve some surface
properties such as biocompatibility, and this is especially the case with polymer coatings.”
Polymer coatings generally make devices more bio — and haemocompatible, as well as more
corrosion-resistant. Polymer coatings are also able to store and release active agents such as
drugs. Another important property is adhesion to the carrier. Applied coatings are thin films with
a micro-meter scale thickness.” There is a wide variety of existing adhesion measurements, like
bending, capitation, impact test, etc.* Scratch tests and AFM for adhesion testing are used for
measuring thin layer/cartier interaction like polymer coatings.”” Scratch tests are impractical and
slow, especially if we want to examine layers we are developing ourselves. In this paper we test
the adhesion of two kinds of polymers using a method we developed.”” We further developed
the method considering the size of the contacting areas. For a carrier we chose stainless steel, a
commonly used raw material in biomedical devices. Stainless steel 304 is used where high
corrosion resistance, good formability, strength, manufacturing precision, reliability and hygiene

are of particular irnportance.10

One polymer we tested as a coating was PUR. PUR is gathering pace as a coating in medical
devices. Polyurethanes offer very high strength, high flexibility and proven impact resistance."'

The other polymer we tested was PDLG. It has been successful as a biodegradable polymer
because it undergoes hydrolysis in the body to produce the original monomers, lactic acid and
glycolic acid. These two monomers are easily broken down in the body without toxic effects, so

this polymer is also biocompatible.'*"
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Layers were made by dip-coating. This is the commonest and easiest technique for creating a
continuous layer."* We created a polymer layer on a surface-treated 304 type stainless steel carrier
and compared the properties of different coatings. Adhesion of the coatings were characterised
by concentration of coating solution, area of contact, and carrier surface roughness.

2. Methods

2.1 Catrier sheets

During our examinations we used two sorts of coating carriers, 0.3X10X50mm (narrower) and
0.3%X20%x50 mm (broader) 304 type stainless steel sheets. Sheets were prepared by laser cutting.
Sheets were surface-treated to improve their surface properties.

2.2 Sutrface treatment

First we removed the burr and surface damage from laser cutting. Hydrochloric acid (36 wt %),
nitric acid (65 wt %) and water in a 3:1:9 mixture was used as an etching solution. Sheets were
etched in the mixture for 60 minutes in an ultrasonic cleaning vat. Then sheets were
electropolished in order to improve surface properties and to reduce roughness. Phosphoric acid
(85 wt %) sulphuric acid (98 wt %) and water in a 3:6:1 mixture with 20g/L glycerol was used as
the electrolyte. For electropolishing we applied 0.01A/mm? current density at room temperature
(~25°C) for 180, 210, and 240 seconds.

2.3 Surface roughness

We measured the surface roughness of the surface-treated stainless steel sheets. Based on
preliminary tests we wanted to observe the connection of surface roughness to adhesion in both
kinds of polymer. A Talysurf CLI 2000 scanning-topography measurement instrument was used
to determine the surface-treated sheets’ surface roughness. Needle speed was 50 pm / second,
geometry of the needle was 90°. A 4 to 4.75 mm area was examined on every 3-3 sample.

2.4 Applied polymers

During our experiments we used two types of biocompatible polymers. The applied PUR
composition was methylene diphenyl 2, 4-diisocyanate (MDI), methylene diphenyl 4, 4'-
diisocyanate butanediol, polytetrahydrofuran.” It is a non—biodegradable polymer, Tg = 40 ° C.

We applied PURAC PURASORB PDLG 5010 DL-lactic acid / glycolic acid 50:50 copolymer
(PDLG). It is a biocompatible and biodegradable polymer, o = 1.24 kg/L density, IV = 1.04
dL/g inherent viscosity, MW = 104 kDa molecular weight, Tg = 42 °C.

2.5 Creating the coating

1, 2, and 3 wt% concentration solutions were made from the polymers. PDLG was dissolved in
acetone, and PUR was dissolved in tetrahydrofuran. Stainless steel sheets were put into the
solutions for 3 seconds then they were removed from the solutions at a speed of 5 mm per
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second. We created one-layer coatings at room temperature.

2.6 Adhesion test

Each freshly coated sample was stacked to overlap part of another same-size steel sheet. Pairs of
parallel sheets in flat-face contact were left to dry for one day in a constant air steam. Stuck-
together samples were then pulled in opposite directions within the carrier-sheet plane (Figure 7).

~

™~

Fiure. 1. Schematic figure of each two-sheet sample as left to dry. Same-size surface-treated steel sheets
were flat-face stacked like this after coating. In later tests we pulled the sheets in the two directions shown
here by arrows

We varied the contact area from 10 mmX10 mm to 10 mmX20 mm with the narrower sheets,
and from 20 mmX10 mm to 20 mmX20 mm with the broader sheets (Figure 2).

2l | b 0 d)

Figure 2. Schematic figure of each overlap area between pairs of adhering sheets a) 10 mmXx10 mm

narrower b) 10 mmX20 mm narrower ¢) 20 mmX10 mm broader d) 20 mm*20 mm broader.

During the separation by sliding, force (N) was measured as a function of displacement (mm).
Motion was set at 4 mm per minute in every case. From the maximum values we got from
experiments we deduced the relationship between the coating and the stainless steel sheet carrier.
An Instron type 5965 tensile machine was used.
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3. Results

We measured the surface roughness of the carriers, and the adhesion of polymer coatings from
different solutions on various surface-treated and size carriers.

3.1 Surface roughness

Sheet surface texture was compared to electropolishing time. No other parameters varied.
Average surface roughness (R,) fell with increased electropolishing time. Higher roughness peaks
are broken down by this surface treatment. Rough surfaces can adhere better. Figure 3 shows the
test results and Tuble 1 average surface roughness (R).

a)

b)

c)

Figure 3. Electropolished stainless steel sheet surface roughness tests at a) t = 180 sec, b) t = 210 sec, ¢) t
= 240 sec

Electropolishing time (s) 180 210 240

R. (um) 0.1063 £ 0.0332 0.0913 £ 0.0078 0.0899 £ 0,0312

Table 1. Treated stainless steel sheets’ surface roughness. More time spent electropolishing gave a
smoother surface

3.2 Adhesion of coating

All the coating types were tested three times with this method. Figure 4 shows a typical tensile
diagram similar to that for other samples. From these kinds of diagrams we took the maximums.
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Averages of each three measurement were counted. Averages were devided the appropriate
contacted areas. Adhesion was characterized with a unified comparable unit (N/mm?).

20

g
wu

SRy

-
o

wn

Force (N)

0.0 0.1 0.2 0.3 0.4 0.5
Displacement (mm)

Fignre 4. One sample’s adhesion test

During our experiments it was found that measurements with broader samples were less accurate
(Figure 5). If a sheet’s surface is not completely flat, the surfaces are not in close contact. The
uneven roughness of the sample may have occurred during sample preparation. This
phenomenon creates inaccuracies in the measurements. The narrower ones caused no measuring
problems. This can be observed on the narrower 200 mm?® samples.

B 200 mm’
0,3 ® 400 mmz
o
=
£ 0,2
S
&
= 0,1 < [
1 [ ]
0’0 L} ¥. ) b L
1 2 3

Solution concentration (wt%o)

Fig. 5. Adhesion test results of the PUR coating on broader sheets. Imperfectly flat surfaces led to
inaccuracies

Based on our previous experiments, we expected adhesion to worsen with increased
electropolishing time. This statement was true in one case, the 1 wt% PDLG solution coatings
(Figure 6). So in coatings made from less polymer the determining factor is steel-sheet surface
roughness after electropolishing and before polymer coating. Higher average roughness provides
better adhesion.
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Fig. 6. Adhesion test results for the coating made from 1 wt% PDLG, atea in contact 100 mm?2. The
smoother surface created by electropolishing caused weaker adhesion

Increasing polymer solution concentrations increased adhesion. With more continuous coating
polymer-metal interaction become stronger. It can be observed in both polymers, PDLG and
PUR. Figure 7 shows that under the same conditions, PUR has better adhesion than PDLG.

m PUR
0,6 4 ® PDIG
O(\ i
g
g 044
P
; {
; 0,2 i
Z ’
0,0 1 ]

v T v
1 2 3
Solution concentration (wt%o)

Figure 7. Comparing PUR and PDLG coating adhesion to solution concentration. Contact area was 100
mm?2, sheets were electropolished for 180 sec. PUR had better adhesion than PDLG

4. Conclusion

We developed a systematic method to examine coating layers’ strength of adhesion. We anticipate

using it to classify and compare future coatings.
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During our experiments we laid down biocompatible coatings onto stainless steel carrier sheets.
We found that the technique we developed is appropriate if the area in contact is at least 100
mm?2 and the carrier surface is as plain as possible.

Furthermore we conclude that from the two studied polymers, the PUR has better adhesion on
surface-treated stainless steel 304 type carrier.
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Abstract

In vertebroplasty, by injecting cement into the fractured osteoporotic vertebra, the cement can
leak into the surrounding soft tissues. To avoid this injurious side-effect, in kyphoplasty a suitable
place is previously prepared for the cement, by an inflated and removed balloon. In this study the
biomechanical evaluation of vertebroplasty and kyphoplasty is presented by comparing the
strength, stiffness and deformability of post-operated vertebrae by using uniaxial compressive
mechanical test. As for conclusion, mechanical properties following vertebroplasty are more
sensitive to initial bone density than after kyphoplasty, however, both techniques give practically
the same failure load, vertebroplasty yields larger stiffness and smaller compressive deformability.

Keywords: vertebroplasty, kyphoplasty, mechanical compressive test, failure load, failure
displacement, compressive stiffness

Introduction

Percutaneous vertebroplasty and kyphoplasty are well-established minimally invasive treatments
for compression fractures of osteoporotic vertebral bodies.'” In vertebroplasty, bone cement is
injected through a needle into the fractured osteoporotic cancellous bone of the vertebra. In this
case, the cement can leak into the soft tissues and veins and neural foramen surrounding the
vertebra, causing further complications. To avoid this side-effect, in kyphoplasty, a balloon is first
inserted and inflated to expand the compressed vertebra to its height more or less, and to prepare
the place for the cement to be injected. After removing the balloon, the cement is injected into its
prepared place. The benefit of kyphoplasty besides preventing cement leakage is that the vertebra
partly recovers its height before the bone hardens. Without these treatments, the fractures will
eventually heal, but in their collapsed position.

In this study the biomechanical evaluation of vertebroplasty and kyphoplasty is presented by
comparing the strength, stiffness and deformability of post-operated vertebrae by using uniaxial
compressive mechanical test.

Methods

The specimens were prepared in the National Center for Spinal Disorders in Budapest, and the
compression tests were executed in the laboratory of the Biomechanical Research Centre of the
Budapest University of Technology and Economics.
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At present, for the specimens 44 lumbar vertebrae were extracted from 13 human female
cadaveric lumbar spines (spine/level/gender/age): A/L1-L4/F/60; B/L1-L3/F/60; C/L1-L3/-
/- D/T12-L5F/51; E/L1-L4/F¥/57; F/L1-L4/F/95, G/L1-L4/-/-; H/L1-L4/F/80; I/L1-
L4/F¥/70; J/L1-L5F/60; K/L1-L5/F/88, L/L1-L3/F/, M/L1-L2/F. The 44 vertebrac wete
divided into 3 groups: 7 native vertebraec (NV), 16 vertebrae for vertebroplasty (VP) and 21
vertebrae for kyphoplasty (KP). In the VP group a total volume of 6 ml of PMMA cement was
injected, in 3-3 ml bipedicular way. Similarly, in the KP group, 3-3 ml PMMA cement was
injected into the place of inflated and removed two balloons, yielding a total value of 6 ml, as
well. Thus, the same amount of cement was injected into all VP and KP augmented vertebrae.

The VP and KP groups were further divided into two groups: 8 vertebra from VP group for
thick embedding (VP1) group and 8 for thin embedding (VP2) group; 10 vertebra from KP
group for thick embedding (KP1) group and 11 for thin embedding (KP2) group. The specimens
of thick and thin embedding groups were embedded parallel to about 8,6 and 3,6 mm
polymethylmethacrylate PMMA discs, respectively, around the inferior and superior endplates of
vertebrae. The native vertebrae remained without embedding.

Both the pre- and post-operated specimens were scanned individually with a high-resolution
quantitative computed tomography (QCT) system (Hitachi Presto, Hitachi Medical Corporation,
Tokyo, Japan) to provide 3D density maps of the vertebral bodies. The samples were scanned in
native state submerged in a water filled box. The PMMA embedding of specimens were
transparent in CT to distinguish correctly the bone and embedding, so the bordering planes of
embeddings were marked by glass pearls. Vertebral heights, central cross sectional areas, CT grey
values were measured from QCT images. The CT scan was performed for each specimen after
the mechanical test as well. The specimens were stored at -200C and were thawed at room
temperature 4-6 hours before testing.

Table 1a and 15 illustrate the data of pre-operated specimens for the thick and thin embedded
groups, respectively.

Thick embedded groups (VP1 and KP1)

Specimen | Sample | Age | Sex | Height | Area | CT-| Specimen |Sample | Age | Sex | Height | Area | CT-
) (mm) | (mm?) | grey (ys) (mm) | (mm?) | grey
VP1 group KP1 group

VP1/1 A/L1 | 60 | F | 26,89 | 1199 | 201 KP1/1 A/12 | 60 | F | 26,81 | 1349 | 192
VP1/2 A/L3 | 60 | F | 27,10 | 1366 | 193 KP1/2 A/14 | 60 | F | 2696 | 1445 | 161

VP1/3 B/L1 | 60 | F | 30,25 | 1437 | - KP1/3 B/L2 | 60 | F | 29,30 | 1426 | -
VP1/4 B/L3 | 60 | F | 26,84 | 1566 | - KP1/4 C/L1 | - - | 30,55 | 1431 | 134
VP1/5 C/L2 - - | 31,33 | 1562 | 115 KP1/5 C/L3 | - - | 31,65 | 1661 | 136
VP1/6 D/IL1 | 51 | F | 27,79 | 1112 | 174 KP1/6 D/T12| 51 | F | 26,99 | 1244 | 164
VP1/7 D/L3 | 51 | F | 27,58 | 1341 | 114 KP1/7 D/L2 | 51 | F | 2742 | 1211 | 126
VP1/8 D/L5 | 51 | F | 26,18 | 1379 | 162 KP1/8 D/L4 | 51 | F | 27,65 | 1355 | 141
mean 56 28,00 | 1370 | 131 mean 56 28,42 | 1390 | 151
SD 4,8 1,82 159 | 63 SD 4,9 1,86 139 | 23

Table 1a. Data of pre-operated specimens for the thick embedded groups
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Thin embedded groups (VP2 and KP2)

Specimen | Sample | Age | Sex | Height| Area | CT-| Specimen |Sample | Age | Sex | Height| Area | CT-
(yrs) (mm) | (mm?) | grey (yr) (mm) | (mm?) | grey
VP2 group KP2 group
VP2/1 E/L1 | 57 F 26,75 | 985 | 143 KP2/1 E/L2 | 57 | F | 2841 | 977 | 152
VP2/2 E/L3 | 57 F 27,19 | 1113 | 171 KP2/2 E/14 | 57 | F | 27,31 | 1078 | 121
VP2/3 G/L2 - F 27,81 | 1244 | 99 KP2/3 G/L3 | - F | 2857 | 1390 | 67
VP2/4 I/L1 | 70 F 25,63 | 832 | 183 KP2/4 I/L2 | 70 | F | 27,59 | 959 | 179
VP2/5 I/L3 | 70 F 26,46 | 1000 | 178 KP2/5 I/14 | 70 | F | 27,58 | 1235 | 86
VP2/6 H/L2 | 80 F 25,01 | 1200 | 243 KP2/6 K/L1 | 88 | F | 21,94 | 919 | 138
VP2/7 J/L3 | 68 F 28,99 | 1152 | 158 KP2/7 H/L1 | 80 | F | 2514 | 1239 | 147
VP2/8 J/L5 | 68 F 29,09 | 1277 | 191 KP2/8 J/L1 | 68 | F | 2585 | 973 | 166
VP2/9 F/L2 | 95 F 25,55 | 921 | 88 KP2/9 J/L4 | 68 | F | 30,39 | 1319 | 146
VP2/10 F/14 | 95 F 26,17 | 1045 | 43 KP2/10 F/L2 | 95 | F | 24,68 | 787 | 67
KP2/11 F/14 | 95 | F | 2543 | 951 | 72
mean 73 26,87 | 1077 | 150 mean 75 26,63 | 1075 | 122
SD 14 1,41 145 | 58 SD 14 2,31 192 | 42

Table 1b. Data of pre-operated specimens for the thin embedded groups

The compressive mechanical test was executed by using a servohydraulic testing machine
(Instron 8870 series). Axial compressive displacement load was applied at a rate of 5mm/min
speed, to the limit of 20% decrease of the compressive force or 20% of compressive strain of the
specimen. Axial compressive force and displacement were measured and the relating force-
displacement curve was plotted. Failure load (N), failure displacement (mm) and structural
stiffness (N/mm) were extracted from the load-displacement curves. Failure load was the
maximum load before the gradient of the curve changed from positive to negative, whereas
stiffness was the slope of the linear portion of the load-displacement curve before failure
occurred. Dividing the failure displacements by the original heights of the vertebrae, failure
strains were also calculated. Based on the elastic stiffness, Young’s moduli of augmented
vertebrae were obtained as well.

Results

Table 2a, 2b and 2¢ illustrate the values of failure load, elastic stiffness, Young’s modulus, failure
displacements (height losses) and failure strains extracted and calculated from the load-
displacement diagrams obtained from the mechanical compressive tests, for the native vertebrae
and for the thick and thin embedded groups, respectively. Mean failure load, stiffness and failure
height loss of groups with thick and thin embeddings are seen in Figure 1.

Compressive failure load was practically not affected by the augmentation types, it was not
significantly different for VP and KP groups in thick (P=0.40) and thin (P=0.31) embedded
groups; it was only about 8% smaller in thin embedded groups for KP vertebrae, compared to
the VP ones (Figure 14). Compared to the native vertebrae without embedding, the failure load
was significantly, 76-78% (P=0.002) higher in thick, but only 21-11% (P=0.088) higher in thin
embedded groups, for VP and KP vertebrae, respectively.
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Figure 1: Mean failure load (a), stiffness (b) and failure height loss (c) of VP and KP groups with thick
(VP1, KP1) and thin (VP2, KP2) embeddings

Native vertebrae (NV group)

Speci Sex | Height | Area | Failure | Stiffness | Young | Failure | Failure
men Sample (mm) | (mm?) | load | (N/mm)| mod | short. | strain
) (MPa) | (mm) | %
NV group
NV/1 L/11 F 27,5 908 2210 750 23 5,00 18,18
NV /2 L/L3 F 30,5 1320 | 2548 779 18 4,69 15,38
NV /3 G/L4 - 28,0 1134 | 2986 656 16 5,66 20,21
NV /4 G/L1 - 20,0 962 3140 1056 22 6,04 30,20
NV /5 M/L1 | F 24,0 855 3483 915 26 7,35 30,63
NV /6 M/L2 | F 26,0 908 4711 1031 30 7,94 30,54
NV /7 L/L2 F 30,0 1015 | 3293 759 22 7,72 25,73
mean 26,57 | 1370 | 3196 849 22 6,34 | 2441
SD 3,66 163 799 153 4 1,33 6,45
Table 2a. Mechanical parameters of native vertebrae
Thick embedded groups (VP1 and KP1)
Speci | Failure | Stiffness | Young | Failure | Failure | Speci | Failure | Stiffness | Young | Failure | Failure
men load | (N/mm) | mod | short. | strain | men | load | N/mm) | mod | shott. | strain
™) MPa) | (mm) | % ™) MPa) | (mm) | %
VP1 KP1
group group
VP1/1 | 5300 6818 153 1,61 599 | KP1/1| 5449 4854 96 2,08 7,76
VP1/2 | 5688 7692 153 1,59 5,87 |KP1/2| 5022 4000 75 2,62 9,72
VP1/3 | 4263 6849 144 1,43 473 | KP1/3| 4546 5556 114 2,09 7,13
VP1/4 | 7846 8046 138 2,97 11,07 | KP1/4| 6403 4630 99 4,50 14,73
VP1/5 | 5887 5000 100 3,77 12,03 |KP1/5| 6786 6329 121 2,74 8,06
VP1/6 | 4132 3419 85 1,90 6,84 |KP1/6| 4197 4040 88 2,20 8,15
VP1/7 | 6393 3593 74 3,75 13,60 |KP1/7| 6951 5185 117 2,91 10,61
VP1/8 | 5573 3650 69 3,13 11,96 |KP1/8| 6270 4959 101 2,70 9,76
mean 5635 5633 115 2,52 9,01 | mean | 5703 4944 101 2,73 9,57
SD 1182 1940 36 0,99 3,49 SD 1047 771 16 0,78 2,39

Table 2b. Mechanical parameters of specimens in the thick embedded groups
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Thin embedded groups (VP2 and KP2)

Speci | Failure | Stiffness | Young | Failure | Failure | Speci | Failure | Stiffness | Young | Failure | Failure

men load | (N/mm) | mod | short. | strain | men load | N/mm) | mod | short | strain
™) (MPa) | (mm) % ™) (MPa2) | (mm) %
VP2 KP2
group group

VP2/1 | 2400 2609 71 2,45 9,16 | KP2/1 | 3480 1676 49 4,82 16,97

VP2/2 | 4595 4255 104 2,44 8,97 | KP2/2 | 3380 3614 92 2,08 7,62

VP2/3 | 3884 2752 62 2,78 10,00 | KP2/3 | 4033 2985 61 3,64 12,74

VP2/4 | 3537 3846 118 1,84 7,18 | KP2/4 | 3583 2419 70 3,49 12,65

VP2/5 | 4000 4255 113 2,24 8,47 | KP2/5| 3767 2222 50 3,51 12,73

VP2/6 | (6944 4778 100 3,53 14,11 | KP2/6 | 3261 2222 53 2,88 13,13

VP2/7 | 3889 3571 90 2,16 7,45 | KP2/7 | 6593 4380 89 3,19 12,69

VP2/8 | 4444 6154 140 1,49 512 | KP2/8 | 2832 2569 68 2,69 10,41

VP2/9 | 2009 2632 73 1,47 575 | KP2/9 | 2738 2391 55 2,26 7,44

VP2/10| 2913 2308 58 2,01 997 |KP2/10| 2194 2410 76 2,00 8,10

KP2/11| 3091 2308 62 2,64 10,38

mean | 3862 3716 93 2,30 8,62 mean | 3541 2654 66 3,02 11,35

SD 1373 1202 27 0,62 2,54 SD 1135 752 15 0,83 2,89

Table 2¢c. Mechanical parameters of specimens in the thin embedded groups

Compressive stiffness for KP treatment was 12% smaller in thick (P=0.18) and 29% smaller in
thin (P=0.02) embedded groups, compared to the VP one (Figure 1b). Compared to the native
vertebrae where the stiffness was very low, in the thick embedded group it was 5,6-4,8 times
higher (P<0.00001) and in the thin embedded group 2,1-3,4 times higher (P<0.0001), for VP and
KP vertebrae, respectively. Similar difference and ratio was observed in Young’s moduli of
augmented vertebrae compared to the native ones.

Compressive vertebral height loss related to the original height, namely, the compressive strain
was 0% larger in the thick (P=0.35) and 32% larger in thin (P=0.018) embedded groups for KP
than for VP augmentation (Figure 1c). Related to the native vertebrae the strain was significantly
smaller, by 63-61% in the thick and by 65-58% in the thin embedded groups for VP (P<0.00001)
and KP (P<0.001) vertebrae, respectively.

However, the embedding thickness significantly affected most of the mechanical results. The
failure load of the thin embedded groups was 32 % smaller for VP (P=0.018) and 38% smaller
for KP (P=0.00106) vertebrae compared to the thick embedded groups (Figure 1a). Elastic stiffness
of the thin embedded groups was 34% smaller for VP (P=0.031) and 46% smaller for KP
(P=0.0006)) vertebrac compared to the thick” embedded groups (Figure 1b). However, failure
strain of the thin embedded groups was only 4 % smaller for VP (P=0.45) but 19% larger for KP
vertebrae (P=0.021), compared to the thick embedded groups (Figure 1¢).

Correlation between the failure load and the bone quality of thick and thin embedded VP and KP
vertebrae can be seen in Figure 2. Surprisingly, while the failure load of VP2 vertebrae showed a
good positive correlation with CT grey (R=0,75), VP1 in thin embedded group had a small
negative correlation (R=-0,32). KP vertebrae had no correlation at all, neither in thick and nor in
thin embedding.
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Failure load vs CT grey in thick embedded group Failure load vs CT grey in thin embedded group
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Figure 2: Failure load versus CT-grey of VP and KP groups in a) thick and b) thin embeddings

Correlation between the elastic stiffness and the bone quality of thick and thin embedded VP and
KP vertebrae can be seen in Figure 3. Surprisingly, while the stiffness of VP2 vertebrae showed a
good positive correlation with CT grey (R=0,80), VP1 in thin embedded group had practically no
correlation (R=-0,25), similar to the KP vertebrae both in thick and thin embedded groups.
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Figure 3: Elastic stiffness versus CT-grey of VP and KP groups in a) thick and b) thin embeddings
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Figure 4: Failure shortening versus CT-grey of VP and KP groups in a) thick and b) thin embeddings
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Correlation between the failure strain and the bone quality of thick and thin embedded VP and
KP vertebrae can be seen in Figure 4. Practically, both VP and KP vertebrae had no correlation,
neither in thick and nor in thin embedded groups.

Failure load vs vertebral area in thick embedded Failure load vs vertebral area in thin embedded group
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Figure 5: Failure load versus vertebral area of VP and KP groups in a) thick and b) thin embeddings

Correlation between the failure load and the cross sectional area of vertebrae of thick and thin
embedded VP and KP vertebrae can be seen in Figure 5. While the VP vertebrae show a modest
positive correlation in both the thick and thin embedded groups (R=0,69 and R=0,59,
respectively), KP vertebrae had a little positive correlation in thin embedded groups (R=0,49).

Elastic stiffness vs vertebral area in thick embedded Elastic stiffness vs vertebral area in thin embedded
group
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Figure 6: Elastic stiffness versus vertebral area of VP and KP groups in a) thick and b) thin embeddings

Correlation between the elastic stiffness and the cross sectional area of vertebrae of thick and
thin embedded VP and KP vertebrae can be seen in Figure 6. Both VP and KP vertebrae show a
modest positive correlation in both the thick and thin embedded groups.

Correlation between the failure strains and the cross sectional area of vertebrae of thick and thin
embedded VP and KP vertebrae can be seen in Figure 7. While the VP vertebrae show a little
positive correlation in the thick embedded groups (R=0.43), KP vertebrae had practically no
correlation, neither in thick and nor in thin embedded groups.
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Failure strain vs vertebral area in thick embedded Failure strain vs vertebral area in thin embedded
group
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Figure 7: Failure strain versus vertebral area of VP and KP groups in a) thick and b) thin embeddings

Elastic stiffness vs failure load in thick embedded group Elastic stiffness vs failure load in thin embedded group
9000 7000
1R%=0,1018,R=0,32 ° E

8000 -‘ 5 6000 *1 R?=0,4583, R=0,68

. 7000 ® ® / £ 5000
£
E 6000 = 2
z ] o g 4000
(%) o ==
2 5000 —— - :E)
£ — % 3000
% 4000 O =
° C O
-
3000 R?=0,2645, R=0,51 % 2000 -
@ VP1 mKP1 e VP2 mKP2
2000 T T T T T 1000 T T T
3000 4000 5000 6000 7000 8000 9000 1000 3000 5000 7000
failure load, N failure load, N
a) b)

Elastic stiffness vs failure load
in thin and thick embedded group together

8000 o VP akP . °

€
£
=z
4
o
c
ES
k7]
P
.A/.AAA Ay 2
2000 > Y R“=0,7089, R=0,84
1000 T T T T T

1000 2000 3000 4000 5000 6000 7000 8000 9000

failure load, N

©)
Figure 8: Elastic stiffness vs failure load in a) thick, b) thin and c) thick and thin embedded groups

Cortrelation between the elastic stiffness and failure load of vertebrae of thick and thin embedded
VP and KP vertebrae can be seen in Figures §a and 8b, for the unified tick and thin embedded
groups in Figure 8c. In the thin embedded group both VP2 (R=0.68) and KP2 (R=0.72,) vertebrae
had higher correlation between stiffness and failure load than in the thick embedded group VP1
(R=0.32) and KP1 (R=0.51) groups. KP vertebrae had higher correlation in both the thick and
thin or in the unified thick and thin embedded group (R=0.84) than VP vertebrae (R=0.64).
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The effect of embedding thickness on the failure load, elastic stiffness and failure shortening can
be seen in Figure 9. In accordance with Figure 7 all the three mechanical parameters are more or
less sensitive to the embedding of experimental specimens, mainly the failure load and the
stiffness of KP vertebrae, but the least the deformability.

Discussion

All augmentation results highly depended on the embedding thickness. We can state that the thin
embedding makes the specimens more sensitive than the thick one to the differences between the
mechanical results of VP and KP vertebrae, as shown in Figures 7 and 8. Compared to the native
vertebrae without embedding, the failure load was about 80% higher in the thick and only 10-
20% higher in thin embedded group. Since the thin embedding is closer to the anatomic
situation, we can accept the values of thin embedded group as numerical results, however, the
tendencies can be confirmed by the results of thick embedded group.
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Figure 9: Effect of embedding thickness on the a) failure load, b) elastic stiffness and c) failure strain of VP
and KP vertebrae

Compressive failure loads of VP and KP vertebrae were practically equal within each embedding
group. The similar values of ultimate loads of VP1 and KP1 vertebrae just like to VP2 and KP2
vertebrae in this study are in agreement with the conclusion of21 that restoration of mechanical
properties following PMMA cement augmentation was not significantly different for
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vertebroplasty and kyphoplasty. However, there were considerable differences in the stiffnesses
within each embedding groups. The reason may be the less uniform or non-smooth load
distribution and load transfer inside the vertebral body that increases the deformability and
decreases the stiffness of vertebrae.

We conclude that due to VP and KP augmentation, the failure load and the stiffness equally
increases. Failure load and stiffness are in a significant correlation with each other (P=0.012),
mainly for the KP groups (0.0002), in particular in the thin embedded group (P=0.002). The
increase of the average failure load and stiffness of both VP and KP augmented vertebrae in this
study were comparable with the results reported by’ where compared to the native control
vertebrae, a statistically significant increase in vertebral stiffness and failure load was observed by
VP augmentation with PMMA cement. The statistical analysis of compressive mechanical tests'’
concluded that the failure load of vertebrae increased with prophylactic cement augmentation '
and with cement augmentation of fractures™'*'®, Stiffness after fracture augmentation has been

9,15,17 1213

. . 1 1
reported to increase and to remain unchanged, *'* but even to reduce.

As for the deformability of augmented vertebrae, under repetitive loading conditions"
investigated the behavior of fractured osteoporotic vertebral bodies treated with either
vertebroplasty or kyphoplasty. The authors concluded that vertebroplasty specimens had higher
compression stiffness and smaller height reduction while kyphoplasty were initially taller, but
because of a progressive loss of height during loading, the resulting constructs were shorter.
Similar results were obtained in this study in the thin embedded group as the compressive strain
loss of KP2 specimens was about 30% higher than that of the VP2 group. Comparing the effect
of vertebroplasty and kyphoplasty for motion segments” concluded that the short-term
mechanical effects of kyphoplasty were similar to those of vertebroplasty, with both procedures
restoring stiffness, intradiscal pressure and spinal load sharing by a similar amount. Comparisons
in* showed that the vertebral body heights were partially restored following both kyphoplasty
and vertebroplasty, but most of this improvement was lost after creep loading. After the
operation KP regained the height better than VP, but after the loading KP has more height loss.

Correlation of failure load and stiffness with the bone quality of thick and thin embedded VP and
KP vertebrae shows uncertainty. The failure load of VP vertebrae showed a good positive
correlation with CT grey values in thin and a weak negative correlation in thick embedding, while
KP vertebrae had no correlation at all, neither in thick and nor in thin embedding,. However,’
concluded that the stiffness and load bearing were inversely correlated to the bone mineral
density (BMD) values in osteoporotic vertebral bodies, where the lower the initial BMD was, the
more pronounced the augmentation effect was.

The positive correlation of failure load and partly of stiffness with the vertebral cross sectional
areas is acceptable since a larger vertebra can contain more augmentation material consequently it
can hold larger load.

The failure load in this study depends equally on the embedding both for VP and KP specimens,
demonstrating that the vertebral load bearing increases with increasing embedding thickness both
for VP and KP specimens, and so does mainly the stiffness of KP vertebrae as well since the
deformability of KP specimens decreases with increasing embedding thickness.

The ratio of strength, stiffness and height loss of the vertebral body in the above references has
been reported to depend upon the type and volume of cement, bone mineral density, sex or age
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of vertebrae, and experimental technique used. However, the influence of embedding type and
thickness was not detailed in the mentioned studies; however, most of the experiments used
embedded specimens that can determine the boundary conditions of the problem having a

. . . . . . 22723 25
considerable influence on the experimentally obtained tissue properties,™

in particular on the
trabecular tissue properties that can be extremely sensitive to the end-effects. The influence of
boundary conditions on the experimental bone tissue characteristics is analyzed by microCT

voxel-based large-scale finite element models in. 2%

Conclusion

In the present study two alternative vertebral augmentation techniques, vertebroplasty and
balloon kyphoplasty were compared using axial compressive mechanical test. We can conclude
that both techniques give practically the same failure load, vertebroplasty yields larger stiffness
and smaller compressive deformability. Mechanical properties following VP are more sensitive to
initial bone density than after KP. Embedding thickness affects the results considerably. The CT

scans after the destructive tests will be analyzed in the near future.
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ANALYZING SPINAL DEFORMITIES BY SPATIAL DATA EXTRACTED FROM COMPUTER
GENERATED MOIRE IMAGES

Attila Drajk6, Adam J. Kocsis, Péter Tamas, Akos Antal
BUTE Department of Mechatronics, Optics, and Engineering Informatics

Abstract

Moiré measuring method is used widely throughout medical protocols, especially in the field of
spinal diagnostics. In this article we will present an image processing method (written in National
Instruments™ LabVIEW™ environment) to extract the height coordinates of a human back, by
using the information provided by the moiré phenomenon formed on the surface. These data can
be used to improve the accuracy of the two-dimensional deformation analysis (e.g. determination
of Cobb Angle), or the relevance of three-dimensional aberrations (such as vertebral protrusions).

Keywords: moiré phenomenon, surface mapping, spinal diagnostics, image processing

1.Introduction

Moiré technique is a method widely used in various medical applications. In dental clinics, F.R.
Wouters et al. used moiré phenomenon to examine gum swellings caused by dental implants.'
Richard Smith et al. applied it in the improvement of the dimensional accuracy of tooth
implants.” In plastic surgery, Sungyeon Ahn et al. developed a special grating to quantify the
elasticity of human skin based on moiré strain analysis.” Tetsuo Kawara defined the topography
of human cornea by forming the grating with a special fluid. He was able to reach a 5 um of
accuracy, and the method was useful in examining corneal deformities caused by cataract

. 4
operations.

The most common field where moiré technique is used in medical practice is orthopedics. In the
United States, more and more school nurses uses it for spinal deformity screenings.” The main
advantages are the relatively low cost, and the easy assembling of the measuring system (Figure 7),
over and above the fast and simple interpretability. The moiré fringes formed on the human back
allows the examiner to find the characteristic points of spine clearly.

In this paper, we are going to present an image processing method to determine the three-
dimensional shape of the examined human back. At this point we note that this method can also

be used on other surfaces, however further specifications are needed.

2. Methods

2.1.1 Moiré technique

The moiré phenomenon can be readily observed by superimposing two periodic or quasi-periodic
structures. When the two structures have the same or slightly different line spacing and their lines
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are set approximately parallel, a new coarse pattern appears. This pattern is known as the moiré
fringe pattern. The spacing and orientation of the moiré fringes depend on the spacing and
orientation of the structures being overlapped whereas the visibility of fringes is related to the
width of transparent or black lines with respect to the line spacing of the structures.” Moiré
topographical methods can be distinguished as: the basic grating—shadow, the grating-projection,
the grating—TV and the synthetic, computer generated grating methods.”” Shadow moiré is a
contour mapping technique that involves positioning a grating close to an object and observing
its shadow on the object through the grating. Thus, the basic grating—shadow method offers the
best accuracy and the simplest arrangement because the projected grating and the master grating
are identical, so they have the highest degree of binding. The disadvantage of the shadow moiré

technique is that the master grating must have similar size as the measured object.

This optical method is one of the most modern ways for measuring the spatial shape of the
human body. The advantages are the simultaneity and the non-contact way of measuring, so it
does not influences the analyzed body. Furthermore, information is obtained from all of the
points of the analyzed surface at the same time. Its measurement applicability is wide.”™'*"® This
technique can also be used to determine deformation caused by pressure or by temperature
change, in situations where measurement with mechanical processes cannot be carried out. It is
also suitable to check dimensional accuracy of products made by mass production or in

. 10-12
robotics."’

Figure 1. A classical moiré projection layout for human back examinations

In this research we used the color moiré technique to determine the directions of the surface. In
1980 A. Livnat, O. Kafri, and G. Erez defined and analyzed the so called “hill or valley” issue,
caused by the ambiguity in the surface direction using the conventional black and white moiré
gratings.”” In 1992 K. Wenzel solved this problem by applying a bicolor projection grating.'* The
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color sequence formed by the moiré fringes defines the direction of the surface unequivocally.
Figure 2 shows the advantage of this method, compared to the conventional moiré imaging.

Fignre 2. The “hill or valley” issue, and its solution

2.1.2 The examined deformity: Idiopathic scoliosis

The origin of idiopathic scoliosis is unknown, and its emergence cannot be prevented. However
with frequent screening, it can be easily identified, and with proper treatment it can be stopped,
and corrected. By definition idiopathic scoliosis is an abnormal spatial curvature of the spine,
which occurs before bone maturation, causing structural deformities. The spine curves in frontal
plane, twists in horizontal plane, and becomes concave in sagittal plane. It can develop in any age,
which significantly influences its severity. The vertebrae have a reduced mobility, and in some
cases the spine cannot be straightened.

2.2 Simulation software

The following software had been written in National Instruments™ LabVIEW™ environment,
based on its Vision Development module. The purpose of the application is the capability to
simulate projection environments from near ideal to near realistic. The input is an 8 bit depth
grayscale PNG heightmap that codes the height information as the intensity of its pixels. Using
these data we can easily generate the three-dimensional surface we want to analyze. During the
simulation, we were using central projection to create the deformed projection grating on the
surface. This and the reference grating can also be parameterized arbitrarily. Consequently, the
moiré effect is fully customizable. Figure 3 illustrates the user interface of the simulation software.

The following equation is used for calculating the color of the surface using central projection:

_ Ly — Sp-y (G
Pz

= (6,.-L.)+L (1)
" Lz_Sp.z

S8 . .
ere 7’7 P7% are the coordinates of the vertex of the analyzed surface, which the casted ra
Wh PR th dinates of th tex of th lyzed surface, which th ted ray
. G,,.G . . .
intersects, 7’ 7% are the coordinates of the intersection of the casted ray and the reference

grating and Ly’LZ are the coordinates of the light source.
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Figure 3. The user interface of the simulation software

Based on the experiments made with the software, we can conclude that the following
parameters give the most characteristic and processable moiré effect (Figure 4):

e The optical axis of the digital camera is perpendicular to the screen, and intersects it at the

central point.

e From top view, the axis of the camera and the projector are overlapped, and their distances
from the screen are equal.

e On the side plane, the angle enclosed by these axes is 15-20°.

Figure 4. The optimal projection arrangement
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Further experiments revealed that the projected grating should consist of red (R=255, G=0,
B=0) and green lines (R=0, G=255, B=0), both with k width, and transparent lines with a width
of 2k in this order. The reference grating should be blue (R=0, G=0, B=255) with 2k period. The
colour differences help the image processor, presented below, to separate the reference grating,
from the projected.

3. Results
3.1 Image processing

The cardinal issue of the image processing method is the precise separation and recognition of
the moiré fringes. The usage of color grating helps us cleatly identify the direction of the surface
part covered by the fringe. As the grating is a periodical structure, we can separate it from the
other parts of the image using Fast Fourier Transformation, and a low-pass filter. The next step
we use, is a threshold method with automatic clustering setting, built in LabVIEW, to exclude the
pixels which are not associated with the fringe. After these, we apply the pattern recognition
algorithms in Vision Development module, to get numerical information from the fringes, like
area, perimeter, number of holes, coordinate of the first pixel, etc. Finally, a pixel sampling
algorithm in two lines starts at the widest part of each contour, between the lines of the reference
grating. By this method, color sequence of the fringe is defined, from which, the direction of the
surface part can be determined directly. This algorithm analyses each contour, thus the surface

topology is ready to be calculated. Figure 5 shows the user interface of the image processor.

i

raszatzas
NoP NoC ¢ A Rend|

iz | V0 |Emelkeds WR1 vR2 RR Kosssb |, R o
F ¢ o lz— = |

Green o e of

212001200 0.31X 32- bit RGB image 10.10.227  (54.12) |1zm:1mon 31X 32-bit RGB image 0,00 667,

i

C\Users\ats\Deskroprender-CoubleCone. png G
angle_ 10,000000 -h_4 -Id_& -¢5_4 png

Emelkeds
Sillyeds 1200x1200 0.57 32-bet RGE image 250,250,250 (316.9)

[

= T . -

Cratoma 1 PP hiba Aute. szird Vigisificke. %  jpa | Ujrstinezctett

P 7 :

,cﬁ — Jj Ujrasaineaési kst - @ | feldolgozisa
\

[l H = B i Sedirés [%]
H=| i F n Lépés eltolis
Ketta| U 150 .ilﬁ .ilﬁ

i Eq | Felcolgorse | Ujesszinezes |

CaETg KB - Magassagak
24,2002 Récsp. meghat.| | Mag.meghat. | £f0 s >
W Aty Mopeods - rey— T
§1200:1200 030 3-bit image 0 (709,20) 112004200029 8 it image 0 (3169) ez alry At aber 4o ‘o EE 19‘;{ e

Figure 5. The user interface of the image processing software
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Figure 6. Phases of processing of human back

As Figure 6 shows, the presented algorithm separates the moiré fringes formed on the surface
distinctly. Green areas represent rapidly raising surface parts, while cyan and orange parts have
less or no climb respectively. This spatial data could be essential in evaluating vertebral
deformities caused by scoliosis, not only on the plain of the surface, but in all direction.

4. Conclusion

The presented image processing method is useful in evaluating spinal deformities based on moiré
images. However its accuracy significantly depends on the measurement parameters, basic
information about the vertebral deformity can be gained in all directions, thus a thorough
examination could be prescribed if necessary. This method should be useful in automatic
deformity evaluation as well. Using the spatial information a spline fitting algorithm would be
able to restore the original surface. Nevertheless, in this case the amount of unnecessary
information, caused by redundant fringes formed on the environment, have to be minimized. As
previously mentioned, the software can also be applied in any surface mapping applications,
although further specifications would be needed.
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Abstract

For in vitro mechanical testing of biomechanical objects the specimens must generally be
embedded into a special material to obtain a stable position in the testing machine. However, the
experimental boundary conditions may influence the results of the measurements. In this study
the effect of embedding thickness on the mechanical properties of vertebrae treated by
vertebroplasty and kyphoplasty and lumbar motion segments treated by interbody fusion with
PEEK and PMMA cement spacers is analyzed by using compressive mechanical tests and QCT
based specimen-specific finite element simulation.

Keywords: mechanical compressive test, embedding thickness, vertebroplasty, kyphoplasty,
interbody fusion, specimen-specific finite-element method

1. Introduction

In vitro mechanical tests combined with computational methods are widely used for
comprehensive analysis of spinal operation techniques. Mechanical testing of spinal specimens
can be carefully well-prepared, however, to measure the mechanical characteristics and effective
tissue moduli of the objects may have some uncertainties and additional errors due to the
experimental boundary conditions, namely, due to the differences between model and
experiment, in particular how the experimental boundary conditions are modelled.! Among
others, material and embedding techniques highly influence the measured values, mainly for
cellular structures. To determine the dependence of effective tissue properties on the applied
boundary conditions and quantifying errors was investigated in'? by using finite element method.
According to our observations during comprehensive mechanical tests of augmented vertebrae
and interbody fixation, changing the thickness of the embedding of specimens, the mechanical
properties like failure loads, displacements and elastic stiffnesses can significantly change.

In this study the effect of embedding thickness on the mechanical properties of vertebrae treated
by vertebroplasty and kyphoplasty and lumbar motion segments treated by interbody fusion with
PEEK and PMMA cement spacers is analyzed by using compressive mechanical tests and QCT
based specimen-specific finite element simulation.
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2. Methods

The specimens were prepared in the National Center for Spinal Disorders in Budapest, and the
compression tests were executed in the laboratory of the Biomechanical Research Centre of the
Budapest University of Technology and Economics.

For the vertebral augmentation specimens 37 lumbar vertebrae were extracted from 11 human
female cadaveric lumbar spines (spine/level/gender/age): A/L1-L4/F/60; B/L1-13/F/60;
C/L1-L3/-/-; D/T12-L5F/51; E/L1-1.4/F/57, F/1L1-L4/F/95;, G/L1-1.4/-/-; H/L1-L4/F/80;
I/L1-L4/F/70; J/1L1-L5F/60; K/1.1-L.5/F/88. The 37 vertebrae were divided into 2 groups: 16
vertebrae for vertebroplasty (VP) and 21 vertebrae for kyphoplasty (KP). In the VP group a total
volume of 6 ml of PMMA cement was injected, in 3-3 ml bipedicular way. Similarly, in the KP
group, 3-3 ml PMMA cement was injected into the place of inflated and removed two balloons,
yielding a total value of 6 ml, as well. Thus, the same amount of cement was injected into all VP
and KP augmented vertebrae. The VP and KP groups were further divided into two groups: 8
vertebra from VP group for thick embedding (VP1) group and 8 for thin embedding (VP2)
group; 10 vertebra from KP group for thick embedding (KP1) group and 11 for thin embedding
(KP2) group. The specimens of thick and thin embedding groups were embedded parallel to
about 8,5 and 3,5 mm thick polymethylmethacrylate PMMA plastic discs, respectively, around the
inferior and superior endplates of vertebrae. In Table 1e¢ 1a and 75 the embedding thickness data
of thick and thin embedded groups are shown. The pre-operated detailed data of vertebrae can
be seen in’ published in the present proceedings book as well.

Thick embedded groups (VP1 and KP1)

Superior Inferior Superior Inferior
embedding embedding embedding embedding
Specimen Sample thickness thickness Specimen Sample thickness thickness
(mm) (mm) (mm) (mm)
VP1 group KP1 group
VP1/1 A/L1 6.61 4.70 KP1/1 A/L2 7.52 6.11
VP1/2 A/L3 4.70 7.52 KP1/2 A/14 5.17 5.64
VP1/3 B/L1 7.99 10.35 KP1/3 B/L2 8.46 8.93
VP1/4 B/L3 10.82 7.05 KP1/4 C/L1 7.52 5.66
VP1/5 C/L2 9.87 6.58 KP1/5 C/L3 7.53 7.05
VP1/6 D/11 6.11 4.23 KP1/6 D/T12 12.05 10.82
VP1/7 D/L3 9.45 9.40 KP1/7 D/L2 10.44 10.34
VP1/8 D/L5 11.29 10.82 KP1/8 D/14 10.35 12.70
Mean/SD 8.89/2.19 7.84/2.42 Mean/SD 8.63/2.19 8.41/2.69

Table 1a. Embedding thickness values of pre-operated specimens for the thick embedded groups
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Thin embedded groups (VP2 and KP2)

Superior Inferior Superior Inferior
embedding embedding embedding embedding
Specimen Sample thickness thickness Specimen Sample thickness thickness
(mm) (mm) (mm) (mm)
VP2 group KP2 group
VP2/1 E/L1 3.33 4.00 KP2/1 E/L2 4.00 4.00
VP2/2 E/L3 3.00 3.68 KP2/2 E/L4 5.00 4.00
VP2/3 G/L2 3.33 3.72 KP2/3 G/L3 3.00 3.68
VP2/4 I/11 3.29 4.26 KP2/4 I/1.2 3.29 2.82
VP2/5 I/L3 2.40 3.42 KP2/5 1/14 2.82 2.82
VP2/6 H/L2 2.82 2.82 KP2/6 K/L1 4.70 3.76
VP2/7 J/L3 4.70 2.82 KP2/7 H/L1 3.29 3.32
VP2/8 J/L5 3.76 3.76 KP2/8 J/11 4.23 3.29
VP2/9 F/L2 3.29 3.32 KP2/9 J/L4 3.29 2.82
VP2/10 F/14 4.23 2.82 KP2/10 F/L2 4.26 3.12
KP2/11 F/1L4 4.70 3.76
Mean/DS 3.40/0.64 3.49/0.50 Mean/SD 3.87/0.76  3.40/0.47

Table 1h. Embedding thickness values of pre-operated specimens for the thin embedded groups

For the lumbar interbody fusion specimens 16 cadaveric lumbar motion segments were extracted
from 8 human lumbar spines (spine/level/gender/age/BMI/): A/LL1-4/M/63/24.5/; B/L1-
4/M/52/27.1/; C/L1-4/F/79/24.2/; D/L1-4/M/64/24.5/; E/L1-4/F/88/28.6/; F/L1-
4/¥/88/24.2/, G/L.1-4/F/75/24.7/; H/1.1-4/M/56/24.7/ that were scanned with dual energy
X-ray absorptiometry (DEXA) to obtain bone mineral density (BMD), T-score and Z-score. The
16 motion segments were divided into 2 groups: 8 specimens with PEEK spacers and 8 with
PMMA cement cages. In the PMMA group, all possible free places of the intervertebral space
were filled in by the injected cement. No further filling material or bone debris was used for the
present experiments. The specimens of both groups were embedded parallel by equally about 10
mm thick PMMA plastic discs around the inferior and superior endplates of the inferior and
superior vertebrae, respectively. The pre-operated detailed data of the segments can be seen in’
published in the present proceedings book as well.

Both the pre- and post-operated specimens were scanned individually with a high-resolution
quantitative computed tomography (QCT) system (Hitachi Presto, Hitachi Medical Corporation,
Tokyo, Japan) to provide 3D density maps of the vertebral bodies. The samples were scanned in
native state submerged in a water filled box. The PMMA embedding of specimens were
transparent in CT to distinguish correctly the bone and embedding, so the bordering planes of
embeddings were marked by glass pearls. Vertebral heights, central cross sectional areas, CT grey
values were measured from QCT images. The CT scan was performed for each specimen after
the mechanical test as well. The specimens were stored at -200C and were thawed at room
temperature 4-6 hours before testing.

Compressive mechanical testing of the specimens was performed by using a servohydraulic
testing machine (Instron 8870, Norwood, USA). Axial compressive displacement load was
applied at a rate of 5mm/min speed, to the limit of 20% decrease of the compressive force or
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20% of compressive strain of the specimen. Axial compressive force and displacement were
measured and the relating force-displacement curve was plotted. Failure load, failure
displacement and structural stiffness were extracted from the load-displacement curves. Failure
load was the maximum load before the gradient of the curve changed from positive to negative,
whereas stiffness was the slope of the linear portion of the load-displacement curve before failure
occurred. Dividing the failure displacements by the original heights, failure strains were also
calculated for vertebra specimens.

At the same time, CT-based case-specific finite element models were constructed detailed in’
published in the present proceedings book. The post-operative CT images were segmented by
means of a semi-automated approach using the software tool ZibAmira (Zuse Institute Berlin,
Germany). For the fixed motion segments the following volumes were distinguished: cortical and
trabecular bone of both vertebral bodies, the articular cartilage layers at the joints of the posterior
elements, the remnants of the disc annulus as well as the PEEK or the PMMA cement spacet,
respectively. For the augmented vertebrae the following compartments were separated: cortical
and trabecular bone volumes of vertebrae included the PMMA cement augmentation volume of
vertebroplasty or kyphoplasty. The embedding layers were added as rectangular regions indicated
by the glass bead positions.

The finite element meshes of each motion segment and augmented vertebra were then generated
based on these images; all domains were meshed with linear tetrahedral elements using the
CGAL library (www.cgal.org). Maximal cell size was set to 1.4 mm and the size of the
tetrahedrons was adjusted to the local dimensions of the geometrical features. The finite element
simulations were performed in Abaqus v6.10 (SIMULIA, Dassault Systemes, Velizy-Villacoublay,
France) and ANSYS v14.0 (ANSYS Inc., Southpointe, USA).

Material properties of the soft tissues, spacer, cement and embedding were assumed to be
isotropic, homogeneous and linear elastic. For the PMMA cement and plastic materials the elastic
modulus was measured experimentally on small cylindrical samples. The properties of PEEK,
articular cartilage and annulus were taken from the literature. Bone was assumed to be a
transversely isotropic, inhomogeneous and linear elasto-plastic material. For both the trabecular
and cortical bone compartments the properties of the elements were scaled based on the CT
images by converting the Hounsfield (HU) values into bone mineral density (BMD) units,
detailed in.” The elements were categorized into 255 sets based on their mean densities. For each
set, the elastic moduli and the yield strength were computed using experimentally established
vertebra-specific relationships® based on.”” The material properties used in the finite element
models are seen in Table 1.

Material Type Anisotropy Young’s mod Poisson’s
[MPa] ratio
bone linear elasto-plastic | transversely isotropic | BMD-based 0.381 and 0.104
disc annulus linear elastic isotropic 10 0.45
articular cartilage linear elastic isotropic 5 0.45
bone cement linear elastic isotropic 10000 0.3
embedding plastic linear elastic isotropic 700 0.3
PEEK spacer linear elastic isotropic 4000 0.4

Table 2. Material properties used in the finite element model
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As for the boundary conditions of the model, the embedding layers, the augmentation cement,
the PMMA bone cement and PEEK spacer were assumed to be rigidly bound to the bone
surfaces. At present, as a first simplified solution the cartilage layer was assumed to be very soft.
The lower plane of the inferior embedding layer was fully constrained. The displacement load
was applied on the upper surface of the superior embedding along the direction of the plane
normal.

In the finite element analysis of the effect of embedding thickness on the mechanical behaviour
of the interbody fusion, we applied a slicing method. The original 10 mm thickness of the
embedding was gradually made thinner by removing 2.5 mm thick slices from the embedding just
to the total removal of it. These steps were made first parallel in the superior and the inferior
embeddings, then separately. All these sliced versions were checked under inverse boundary
conditions and loading, namely, first supported down and loaded from the top and later
inversely.

In this paper, the effect of embedding thickness will be presented only for the mechanical tests of
augmented vertebrae and for the finite element analysis of the plastic damage process of a single
case of interbody fusion using PMMA cement spacer. The comparative analysis using both
mechanical test and case-specific finite element simulation for both vertebral augmentation and
interbody fusion is under progress.

3. Results

3.1 The influence of the embedding thickness on the mechanical characteristics of
vertebroplasty and kyphoplasty during compressive mechanical test

The results of the compressive mechanical tests, the values of the failure load and displacement
and the elastic stiffness are detailed in’ published in the present proceedings book. Here we cite
the results relating to the embedding only. In Figure 7 the mean failure load, stiffness and failure
height loss of VP and KP groups are shown with thick and thin embeddings.
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Figure 1. Mean failure load (a), stiffness (b) and failure height loss (c) of VP and KP groups with thick and
thin embeddings

Compressive failure load was practically equal for VP and KP groups in thick (P=0.40)
embedded group and was about 8% smaller in thin embedded groups (P=0.31) for KP vertebrae,
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compared to the VP ones (Figure 1a). Compressive stiffness for KP treatment was 12% smaller in
thick (P=0.18) and 29% smaller in thin (P=0.02) embedded groups, compared to the VP ones
(Figure 1b). Compressive strain was 6% larger in the thick (P=0.35) and 32% larger in thin
(P=0.018) embedded groups for KP than for VP augmentation (Figure 1¢). The differences
between the mechanical properties of VP and KP augmentation were significantly higher in the
thin embedded group (P=0.04).

The embedding thickness significantly affected most of the mechanical results inside the
augmentation type as well. The failure load of the thin embedded groups was 32 % smaller for
VP (P=0.018) and 38% smaller for KP (P=0.0016) vertebrae compared to the thick embedded
groups (Figure 1a). Elastic stiffness of the thin embedded groups was 34% smaller for VP
(P=0.031) and 46% smaller for KP (P=0.0000) vertebraec compared to the thick embedded
groups (Figure 1b). However, failure strain of the thin embedded groups was only 4 % smaller for
VP (P=0.45) but 19% higher for KP vertebrac (P=0.021), compared to the thick embedded
groups (Figure 1¢).

Failure load vs superior embedding thickness Failure load vs inferior embedding thickness
in the joint thin and thick embedding groups in the joint thin and thick embedding groups
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Figure 2. Failure load vs a) superior and b) inferior embedding thickness in VP and KP groups

Failure load vs VP1 KP1 VP2 KP2 vPe KP
emb. thickness

superior 0.31 -0.07 0.28 -0.41 0.60 0.55
inferior -0.26 -0.02 -0.35 0.05 0.41 0.59
mean 0.07 -0.04 0.03 -0.26 0.54 0.58

Table 3. Correlation between failure load and superior, inferior and mean embedding thickness

Correlation between the failure load and the embedding thicknesses of thick and thin embedded
VP and KP vertebrae can be seen in Figure 2 and Table 3. Evidently, while the failure load of both
VP and KP vertebrae showed practically no correlation with the embedding thickness both in
thick and thin embedded groups of small thickness differences, in the joint thick and thin
embedded groups of radical thickness differences a good positive correlation was observed,
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equally for the superior (R=0.60, R=0.55), inferior (R=0.41, R=0.59) and mean (R=0.54, R=0.58)
embedding thicknesses, for VP and KP vertebrae, respectively.
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Figure 3. Elastic stiffness vs a) superior and b) inferior embedding thickness in VP and KP groups
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Stiffness vs VP1 KP1 VP2 KP2 VP KP
emb. thickness
superior -0.62 -0.05 -0.04 -0.06 0.24 0.71
inferior -0.55 -0.03 -0.28 0.08 0.27 0.71
mean -0.69 0.00 -0.30 0.01 0.26 0.72

Table 4. Correlation between elastic stiffness and superior, inferior and mean embedding thickness

Correlation between the elastic stiffness and the embedding thicknesses of thick and thin
embedded VP and KP vertebrae can be seen in Figure 3 and Table 4. While the stiffness of VP
vertebrae showed a considerable negative correlation with the embedding thickness both in thick

and thin embedded groups, in the joint thick and thin embedded groups of radical thickness

differences a modest positive correlation was observed for the superior (R=0.24), inferior
(R=0.27) and mean embeddings (R=0,26). However, while the stiffness of KP vertebrae showed

no correlation in separated thin and thick embedded groups,

for the joint groups a strong

positive correlation was observed equally for the superior (R=0.71, inferior (R=0.71) and nean
(R=0.72) embedding thicknesses
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Failure strain vs VP1 KP1 VP2 KP2 VP KP
emb. thickness

superior 0.80 -0.15 0.32 -0.29 0.40 -0.36
inferior 0.20 -0.25 -0.14 0.25 0.12 -0.32
mean 0.63 -0.21 -0.09 0.25 0.29 -0.34

Table 5. Correlation between failure strain and superior, inferior and mean embedding thickness

Correlation between the failure compressive strains and the embedding thicknesses of thick and
thin embedded VP and KP vertebrae can be seen in Figure 4 and Table 5. Surprisingly, the
stiffness of VP vertebrae showed a considerable positive correlation with the embedding
thickness in thick embedded groups, while there was no correlation in the thin embedded group,
and in the joint thick and thin embedded groups a small negative correlation was shown.
However, while the compressive strain of KP vertebrae showed no correlation in separated thin
and thick embedded groups, for the joint groups a modest negative correlation was observed
equally for the superior (R=-0.30), inferior (R=-0.32) and mean (R=-0.34) embedding
thicknesses.
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Figure 5. Elastic stiffness vs failure load of VP and KP vertebrae a) in thick and thin embedded
groups separately and b) in the joint thick and thin embedded groups

Correlation between the elastic stiffness and failure load of thick and thin embedded VP and KP
vertebrae can be seen in Figures 5a and 5b, for the separated and unified tick and thin embedded
groups, respectively. In the thin embedded group both VP2 (R=0.68) and KP2 (R=0.72)
vertebrae had higher correlation between stiffness and failure load than in the thick embedded
VP1 (R=0.32) and KP1 (R=0.51) groups. KP vertebrae had higher correlation in both the thick
and thin or in the joined thick and thin embedded groups (R=0.84) than VP vertebrae (R=0.64).
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Elastic stiffness vs failure strain for thick and thin Elastic stiffness vs failure strain for thick and thin
embedded groups separately embedded groups together
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Figure 6. Elastic stiffness vs failure strain of VP and KP vertebrae a) in thick and thin embedded
groups separately and b) in the joint thick and thin embedded groups

Correlation between the elastic stiffness and failure strain of thick and thin embedded VP and
KP vertebrae can be seen in Figures 6a and 6b, for the separated and unified tick and thin
embedded groups, respectively. Evidently, all correlations are negative. VP1 vertebrae in the thick
embedded group showed a modest negative correlation, all other vertebrae showed a small
negative correlation, In the unified thick and thin embedded groups both VP (R=-0,25) and KP
(R=-0,40) vertebrae had a modest negative correlation between the compressive strain and the
embedding thickness.

3.2 The influence of the embedding thickness on the plastic damage process of a
vertebral interbody device

The results of the compressive mechanical test applied for the segments of interbody fusion, the
failure loads, failure displacements and elastic stiffnesses are detailed in*, and the related
specimen-specific finite element method is presented in’. Here the analysis of the effect of
embedding thickness by using case-specific finite element method was introduced for a single
case of PMMA cement interbody device (PMMA-5 specimen in Table 1a and 76 in*). The QCT-
based finite element model of the specimen is seen in Figure 7.

a) b) o)

Figure. 7. The QCT-based finite element model of the specimen of interbody fixation with
PMMA cement interbody device (a); horizontal section through the disc with annulus remnant and
cement spacer (b); and frontal section with the QCT- and BMD-based inhomogeneous cancellous and
cortical bone (c)
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In the numerical experiment, first the lower plane of the inferior embedding layer was fully
constrained, and 5 mm compressive displacement load was applied in 10 time steps on the upper
surface of the superior embedding along the direction of the plane normal. The steps of the
gradual elastic-plastic stain evolution procedure of the specimen are shown in Figure § for the
original 10 mm thick superior and inferior embedding. As it was mentioned in the Method
section for the embedding plastic material the elastic modulus was measured experimentally on
small cylindrical samples and the obtained elastic modulus was used in the finite element analysis
(Table 2). To avoid the effect of the embedding material, the loading procedure was performed by
using a three times increased value for the embedding plastic, but the obtained load bearing and
strain results were practically the same as seen in Figure 8.

Figure 8. Elastic-plastic damage procedure with the developing failure zones

Since the damage is represented by the plastification, in Figure 9 the separated elastic and plastic
strain zones are illustrated for the last step of loading procedure. Obviously, the maximal elastic
strains occurred in the remnants of disc annulus while the maximal plastic strains developed in
the trabecular bone, under the quasi rigid, non-deformable cement spacer. Thus, in the case of
full 10 mm thick embedding, the damage zone started to develop just under the cement spacer, in
the middle of the inferior vertebra, and the final failure zone situated at the same place.

a) b) )
Figure 9. Total (a) and separated elastic (b) and plastic (c) strain zones in the final state of loading
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For the slicing numerical experiment, the final location of the elastic-plastic strain zones of the
last loading step is shown in Fjgure 10. Here the final elastic-plastic zones for the total thickness
of 10 mm, then for 7.5, 5.0, 2.5 mm and finally for the total removing of the embedding is
illustrated. The last picture in Figure 10 shows the case of the inverse directional loading, with

support on the top and displacement load on the bottom, acting upwards.

Since the damage can be represented by the evolution of plastic compressive strains during the
loading, in Figure 11 the relating separated plastic strains, that is, the damage zones are
distinguished. By thinning gradually the embedding, the failure zone that started to develop in the
middle of the inferior vertebra, just under the cement spacer, moved upwards, with the final
position closed to the top of the superior vertebra.

Figure 10. Final damage zones in the case of a) 10 mm, b) 7.5 mm, ¢) 5.0 mm, d) 2.5 mm and e) total
remove of embedding, f) loaded upside down the case of total removed embedding

2) b) ©) d) ©)

Figure 11. The separated plastic strain domains of the final damage zones in the case of a) 10 mm, b) 7.5
mm, ¢) 5.0 mm, d) 2.5 mm and ¢) total remove of embedding
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Figure 12. Load-displacement diagrams (a) and tangent stiffness (b) for different embedding thicknesses

In Figure 12 the load-displacement diagrams and the gradually decreasing tangent stiffnesses are
shown for the slicing steps of embedding. By the total remove of embedding, the load bearing of
the segment at the last loading step gradually decreased by about 40%, by 18, 14, 8 and 11% in
each slice reduction step, subsequently, related to the previous value. The related stiffness
decreased by 65% in 28, 33, 22 and 9% steps.

4. Discussion and Conclusion

Mechanical results of vertebral augmentation highly depended on the embedding thickness. We
can state that the thin embedding makes the specimens more sensitive to the differences between
the mechanical results of VP and KP vertebrae than the thick one, as shown in Figure 1, namely,
in thin embedding the differences in failure load, displacement and stiffness between VP and
KP groups are larger. Compared to the native vertebrae without embedding in3, the failure load
was about 80% higher in the thick and only 10-20% higher in thin embedded group. The
embedding thickness significantly affected most of the mechanical results inside the
augmentation type as well. The failure load and stiffness in the thin embedded groups was
significantly smaller both VP and KP vertebrae compared to the thick embedded groups (Figures
Ta, 1h).

The failure load is proportional with the embedding thicknesses equally for VP and KP vertebrae
(Figure 2). However, this fact can be proved only in the joined thin and thick embedded groups.
The reason is that the measured results are sensitive only to the larger thickness differences.
However, the elastic stiffness only in the case of KP vertebrae is proportional with the
embedding thicknesses, while the stiffness of VP vertebrae shows a great uncertainty in relation
with the embedding thickness (Figure 3). The reason may be that due to the kyphoplasty a regular
structure is formed that is partly supported by the embedding, while the stiffness of
vertebroplasty is based mainly on the bone quality and structure. Indeed, as seen in,’ there was
higher bone quality in the thick embedded group than in the thin embedded one, so the
correlation of the stiffness of VP vertebrae with bone quality was negative in thick and strongly
positive in thin embedded group where the cement augmentation could fill in the osteoporotic
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gaps. Similar regularity is found in the inverse proportionality between the failure compressive
strains and the embedding thicknesses for KP vertebrae, and uncertainty for VP vertebrae (Figure
4). The reason may be the same as before.

Failure load and elastic stiffness are evidently proportional with each other. It is realized in both
embedded groups, for both types of augmentation, however, better for the thin embedded group
and better for KP vertebrae (Figure 5). The also evident inverse relationship between stiffness and
deformability manifests itself better for KP augmentation again (Figure 6). The reason may be the
clear and definite structure of kyphoplasty again, in comparison with the bone quality-dependent,
irregularly distributed vertebroplasty. At the same time, in a comprehensive analysis the structural
differences can better be distinguished in a thin embedded environment.

We can conclude that since the thin embedding is closer to the anatomic situation, the values of
thin embedded group can be accepted as numerical results, however, the tendencies can be
confirmed by the results of thick embedded group.

The specimen-specific finite element simulation of the failure process of the interbody fixation
demonstrated a great influence of the embedding thickness on the mechanical characteristics. By
means of the slicing method, beside the gradual decrease of the failure load and stiffness of
specimens by slicing the embedding even thinner and thinner, the migration of the damage zones
within the vertebral cancellous bone of the fixed segment could be presented. By the initial total
embedding thickness the damage zone starts and develops under the cement spacer in the middle
trabecular bone domain of the inferior vertebra. As the embedding become thinner and thinner,
the position of the damage zone moves upwards, finally to the top of the upper vertebra (Figure
17). At the same time, the load bearing and stiffness of the segment gradually decreases (Figure
12). By applying the support and load in the inverse direction, the damage process and the
numerical results are the same. The approximately 40% difference in the compressive strength
between the 10 mm thick and no embedding is in agreement with the conclusion of8 that the
systematic underestimation error in the platens compression test can be in the range of 20-40%,
however, for trabecular bone specimens, for end-artifact errors.

The damage inside the bone is manifested by plastic strains. In the case of no embedding with
top loading, the damage starts in the upper region of the superior vertebra, closed to the loading
region, according to the Saint-Venant principle. The reason may be the missing horizontal
support at the ends of the specimens that — in the case of embedding — hinders the development
of plastic strains. Theoretical analysis’ of the experimental artifacts in the compressive tests of
trabecular bone concludes that without friction at the interface between the test machine and the
specimen always underestimates Young's modulus, thereby reducing the accuracy of the test.
Similarly,1 found that the assumption of a frictionless boundary condition in the parallel plate
compression loading configuration was a significant source of error that could be overcome with
the use of rigid end caps.

We can conclude that by evaluating the results of any mechanical tests, the thickness of the
embedding must be considered, and when is possible, the results must be checked by case-
specific finite element analysis.
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