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Robust optimization of osteosynthesis
treatment of mandible fractures under
consideration of inter-individual bone shape

variations

presented at the 10th Weimar Optimization and Stochastic Days 2013 /

Source: www.dynardo.de/en/library

Stefan Raith!2 Bernd Lethaus!, Laszlo Kovacs2, Maximilian Eder?,
Alexander Volf?, Frank Ho6lzle!, Timm Steiner!

Klinik fir Mund- Kiefer und Gesichtschirurgie Foschungsgruppe CAPS — Computer Aided Plastic Surgery

dynardol|
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52074 Aachen Ismaninger Stralle 22

81675 Miinchen
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Overview on the topics of the
interdisciplinary research group

 Research in the dialogue between medicine and
engineering sclences

— biomechanical experiments

Klinik und Poliklinik fur Mund-, Kiefer- und Gesichtschirurgie
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Indications for osteosynthesis treatments

« Mandible fractures (A) are stabilized with small osteosynthesis plates
«  Cystic bone atrophy (B) or tumors (C) make bone removal necessary

-> In all cases stabilization of the fragments with plates is necessary

Klinik und Poliklinik fur Mund-, Kiefer- und Gesichtschirurgie
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Reconstruction with bone transplants and
osteo

A

« Mini osteosynthesis plates may be easily adapted to individual bone shapes
* Bigger reconstruction plates are more difficult to adapt to individual shapes
» Plates are bent inter-operatively in a tedious and time consuming procedure

* Plastic deformations are weakening the material and may cause plate fractures
when chewing forces are acting

Optimization of plate geometry is necessary !
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Clinical problems: plate factures
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Parameterized variation of plate shape

The shape of plate can be desrcibed by parameters and
used 1n an optimization to find the best match between
plate and bone surface

5‘%&(:’&
e
@
Klinik und Poliklinik fur Mund-, Kiefer- und Gesichtschirurgie 7
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Parameterized variation of plate shape

Shape of plate can be optimized to find the best match
between plate and bone surface

-f
Klinik und Poliklinik fur Mund-, Kiefer- und Gesichtschirurgie @) 3
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Problem Setting:
explicit variability of the shape of the mandible bone in
between different patients

 Complex shape of the mandible bone

— Several parameters are necessary to describe its shape
sufficiently

— Geometric evaluations are more difficult than at the simpler
shaped tube bones in orthopedics

— Evaluations should be standardized and reproducible

* large data sets make automation necessary

Klinik und Poliklinik fur Mund-, Kiefer- und Gesichtschirurgie
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Data base of the study presented here:
65 human mandibles

* Volumetric images of CT scans
— Resolution 0,35 x 0,35 x 0,33 mm
 Semilautomatic segmentation
— Artifacts due to metallic structures need to be removed manually

* Geometric assessment is fully automated @ @ python

Parts of this work have been presented at the conference , AK Kiefer 2012

Reference: S. Raith T. Steiner, T. Torsiglieri, A. Figlein, F. Hélzle : Vorstellung einer digitalen Datenbank basierend auf CT Aufnahmen von 65
humanen Unterkiefern zur Erstellung von standardisierten Modellen fiir numerische Simulationen, 62. Jahrestagung der Arbeitsgemeinschaft fur

Kieferchirurgie, 17.-18. Mai 2012 Bad Homburg ("' )
¥ g
Klinik und Poliklinik fur Mund-, Kiefer- und Gesichtschirurgie ﬁ
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Characteristic anatomical points on the
mandible

processus
coronoideus

processus
condylus

foramen
mandibulae

linea obliqua

alveolar
ridge

ramus
ascendens

gonion
pogonion corpus

mandibulae
foramen

athio
gnathion mentale
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Evaluation is fully automated on the computer
- hence there 1s no observer variability
- arbitrary 1nitial orientation in space 1s possible

Klinik und Poliklinik fur Mund-, Kiefer- und Gesichtschirurgie
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Landmark Detection
Mandibular angles are automatically detected.
defined as maximal posterio-caudo-lateral point _—

Klinik und Poliklinik fur Mund-, Kiefer- und Gesichtschirurgie
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Landmark Detection

Position of pogonion
defined as maximal anterior point
1n the median plane

Klinik und Poliklinik fur Mund-, Kiefer- und Gesichtschirurgie
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Landmark Detection

Tips of the condyloid processes
defined as maximal posterio-cranio-lateral points

Klinik und Poliklinik fur Mund-, Kiefer- und Gesichtschirurgie
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Landmark Detection
Maximal projection in cranial direction
(confusion with condyloid processes is excluded)
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Distances are used for statistic evaluations

_ condylar width
v \coronoideus width

e  Width:
Jmus width — 1nter condylar

— 1nter coronoidal

— Inter gonional
« Ramus ascendens
— gonion to condyle

£

B

(]

<

o
3
§’ — gonion to p. coronoideus
(&7

— Ramus width (gonion to
condyle)

* Length of corpus
— gonion to pogonion
« Angles between ramus

ascendens and corpus
mandibulae

Klinik und Poliklinik fur Mund-, Kiefer- und Gesichtschirurgie
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Statistical evaluations:
means and standard deviations may be calculated

130 — —130

117 —{u17

104 —{104

91 -1 91
=) —
— .
g 78 178 0
— o
g =,
= 65 2
5 2
z . =
'_d ]
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Interpretation of anthropometric variation
as scattering input parameters

-

Random response

Safety

margin

Limit

Mml‘lﬂ
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Interpretation of anthropometric variation
as scattering input parameters
o &
vy + In Blender a possibility for
user Interaction was
, 1mplemented to provide

] (b
¥ . dw direct access to all possible
deformations (Programming

w language Python)

« Standard deviations are
shown for the purpose of
orientation

-2std -std mean std 2 std
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Interpretation of anthropometric variation
as scattering input parameters

-2std -std mean std 2 std

Klinik und Poliklinik fur Mund-, Kiefer- und Gesichtschirurgie
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Extreme combinations of simple shapes

low P. condylus high P. condylus
high P. coronoideus . low P. coronoideus

Shapes are not statistically independent!!
-> covariance and principle component analysis

Klinik und Poliklinik fur Mund-, Kiefer- und Gesichtschirurgie
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Principle component visualization

Klinik und Poliklinik fir Mund-, Kiefer- und Gesichtschirurgie
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Robust optimization work flow

€
\ 4
A p 20 A2 B 20] D
)/ A
(R R 2
> [ N
Evaluation of / . ~ Evaluation of
Variation of Accordance Variation of Accordance
plate geometry »goodness of fit“ bone geometry »goodness of fit“
A) Design variable variations that B) Stochastic variations MKG
define the plate geometry in bone shapes
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Objective: geometric accordance
between plate and mandible

bad fit of the plate good fit of the plate

-2std -std mean std 2 std -2std -std mean std 2 std

Klinik und Poliklinik fur Mund-, Kiefer- und Gesichtschirurgie
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Results of sensitivity analysis
and robustness evaluation

B Robustness AL p— o=~
Parameter | Startdesgns | Nominaldesgn | Criteria | Dynamicsamping | Other | Resuftdesigns
Name Parameter type Reference value Constant  Value type Resolution Range  Renge plot PDF Type Mean Std. Dev. oV Distribution parameter
1 foktorl  Deterministic 1 =] REAL Continuous 1 1
2 foktor?  Deterministic 1 0 REAL Continuous 1 1
3 Fktor3  Deterministic 1 (] REAL Continuous 1 1
4 Foktort  Deterministic 1 ] REAL Continuous 1 1
5 Faktors  Deterministic 1 (] REAL Continuous 1 1 ]
6 Bomel  Stochastic 0 B REAL Continuous A NORMAL 0 1 100% o1
7 Bone2  Stochastic 0 B REAL Continuous A NORMAL 0 1 100% o1
8 Bone3  Stochastic 0 B REAL Continuous A NORMAL 0 1 100% o1
9 Bonel  Stochastic 0 B REAL Continuous A NORMAL 0 1 100% o1
10 Bone5  Stochastic 0 B REAL Continuous A NORMAL 0 1 100% o1
11 Bone6  Stochastic 0 B REAL Continuous A NORMAL 0 1 100% o1
12 Bonel  Stochastic 0 B REAL Continuous A NORMAL 0 1 100% o1
Import parameter ~
P Show additional options

4 ARSM / < Robustness &

v

4 -_—
4 ey — — =1
AP 5 ¥ = » » B -
input. txt 9 k}" input. txt {3 9 9
Solver output. et Solver output. bt Postprocessing

5 design variables for the plate geometry

7 stochastic variations of the bone geometry M¢

Klinik und Poliklinik fur Mund-, Kiefer- und Gesichtschirurgie
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26



2l I\III,.NN.\H. UNIKLINIK
et SN RWTH

i Universitatsklinikum Aachen

Results of ARSM optimization

Objective data Design (input) parameter. Response (output) values
Objective History Best Design #231 RESPONSE DATA: (Best Design #231)
Best Design
< J
MeanDiff (approx.;
- 0.4359%& )
MeanDiff (original)
~ Ta3135e |
£ = o
o 2 2
2 E g
s £ 3
S 10| £ Factor3 4
8 s -0.25799 5
) b ’ 5
o E E
z 2
@
= MaxDiff (approx.
o PR
MaxDiff (original)
2.22932
© 4
s
= #21 (231 | L
2 4 6 8 10 12 14 16 18 20 40 60 80 100 0 20 40 60 80 100
Iteration Number Relative Size to Bounds [%] Relative Size to Response Range [%]
- ‘Term, objective & constraint vaues fm.0fa History. 2m.- o[« Objective data for all support points 2m. 0
OBJECTIVE DATA: (Best Design #231) Parameter History Objective History of Support Points
= - Best designs (complete) J
Objective data for all supp...
= Support points
@ "
S -
2
E ~
3 © [ 2
g = = / S
S 0B): Objective (approx. - K
5 etysaqperox) T >2 4
2 g g
8 OBJ: Objective (original o 8
) 3.437955 ainzl) 2 E
S S )
E |
[
£ [ 4
" }0 o
TERM(Objective): term_Objective (approx.) ol
o23es ’ i —o— Tteration history (Factor1) o
TERM(Objective): term _Objective (original) | ~o— Lower bound
0.437956 | —o— Upper bound
|
| “
— o, | | o o s R
20 40 60 80 00 2 4 6 8 10 12 14 16 18 20 0 50 100 150 200
O”)ﬂSLOﬁg Relative Size to Objective Data Range [%] Iteration Number Optimization Designs

Defined optimal shape of the osteosynthesis plate suited

to the mean mandible shape could be found. MKG
)
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Results of the robustness evaluation

@ STATISTICS _ Project: Robustness_osi3bin _File: Rnbusln:s_asl_ [E=EEES)
A2 - >
Fle Show Modify Window tHelp
RPN Linear correlation matrix 4@ 0ffa Histogram: first variable A@i.0la Coefficients 2@. 0
INPUT: Bonel vs. OUTPUT: MaxDIff, r = 0.572 INPUT: Bonel Coefficient of Importance (linear)
' FTRC %'YF Y' |
OUTPUT: MeanDiff
\( N Al N 7% (16 %)
|
@ &
g 5
3 £
o« E
= 3
g =
) g g
Selected design £ B
Se 3
[design 4 ~]| & o
- OUTPUT: MaxDiff
Show 31% (35 %)
[ )
Regression analysis
A" A" A 8 L L
2 4 6 8 0 20 40 60 80
[ Duplcate anthil ] From: DOE  Samples 100/100 (0 failed) INPUT: Bonel adjusted Col [%] of INPUT: Bonet
- Anthil plot < m - OliES Histogram: second variable Ami.0offa output #-0
INPUT: Bonel vs. OUTPUT: MaxDIff, (linear) r = 0.572 OUTPUT: MaxDIff Designa
v
4
ol
I 5
o
£ S
| : oL
2 -
= .
5
(= 2
5
o
-
2.
“l
o n e
<«f ..
& L
e e _:-'
L2
o
~F e D i
. . \
: ) 0 2 6 8 I
O,’)hsl__oﬁg INPUT: Bonel OUTPUT: MaxDiff
X: 1.95996 Y: 11.3541 w

MKG

example image: extremely short mandible with bad fit of the plate A

Pl 1))

that was optimal for the mean population

Klinik und Poliklinik fur Mund-, Kiefer- und Gesichtschirurgie
Direktor: Univ.-Prof. Dr. med. Dr. med. dent. F. Holzle



RTLEL Y UNIKLINIK
B S Universitatsklinikum Aachen NIHAACHEN

Results of sensitivity analysis
and robustness evaluation

b
3

Thus the corpus length 1s
the parameter that has
most importance and may
be the only one that needs
to be considered when
thinking about confection

e Most influential parameter is sized osteosynthesis plates

the variation in mandible corpus
length

)
: .-
ig
i
| ..
;

L )
’ &
% = ) ¢
§ g
H g
: -
R SR ( e
< . ‘
B obbbbbbbbbbbdbbbb8899099900900000008
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Outlook: Robust optimization work flow
with FEM in loop

— -

[ \ A) Design variables
that define the

N ANSYS plate geometry

FEM Simulation

B) Stochastic

variations in bone

shapes
A B S C C) Use of finite
< ></ ICEMCFD
\ element
\ \ é . g
= ~ simulation
FEM
Variation of /po-- Variation of meshing of L.
plate geometry = bone geometry geometries within the 100p
| J
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Outlook: Mechanical Simulations 1n the
presented process chain

Variation in bone geometry is essential for the biomechanical
boundary conditions and the resulting stress distributions

Klinik und Poliklinik fur Mund-, Kiefer- und Gesichtschirurgie
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Outlook: more complex plate shapes

* More complex shapes of osteosynthesis plates may be developed

— e.g. with topological optimization
* Individualized for very special cases

* Rapid manufacturing technologies may be used to produced optimal shapes
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Conclusions and Outlook

* Robust Design Optimization is valuable in biomechanics
« Multimodality data interpretation (confection sizes S, M, L, XL ...)

« Further applications of the presented approach

— other medical applications (orthopedics, trauma, plastic surgery)

— ergonomics (tools, car seats...)

— garment industries

— sports industries
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