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Introduction

Three-dimensional (3D) printing is in-
creasingly applied in orthopaedics and
traumatology [1, 2]. Surgery around
the bony pelvis is challenging due to
the complex anatomy, deep exposures
and narrow safe corridors required to
avoid critical neurovascular and visceral
structures. The bony pelvis usually has
high contrast compared to surrounding
soft tissue on computed tomography
(CT) scans and, therefore, is readily
‘segmentable’ into 3D models for vir-
tual surgical planning using computer
assisted design (CAD) and computer
assisted manufacturing (CAM) tech-
niques.

The authors conducted a review of the
recentliterature regarding 3D printing for
bony pelvic and acetabular surgery. The
search keywords ‘3d printing, ‘rapid pro-
totyping’ or ‘patient specific’ combined
with ‘pelvis’ or ‘acetabulum’ were sys-
tematically searched in PubMed, and the
retrieved articles relevant to the topic af-
ter screening for articles relevant to the
question were discussed. Only articles
published later than 2014 were included.

The authors’ (CE, HC, EC, TJ) hospi-
tals have dedicated 3D printing services
and a combined experience of over 400
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cases for various surgical scenarios. In
this article, they report the findings from
the literature and combine the analysis
with the report of their clinical experience
using some case examples. 3D printing
for pelvic and acetabular orthopaedic ap-
plications is discussed at three levels of
complexity: firstly, anatomical models,
secondly, non-implantable surgical tools
and guides and thirdly, implantable pros-
thesis.

Anatomical models

The simplest means of utilising 3D print-
ing involves the fabrication of bone mod-
els. The first step called ‘segmentation’
describes a process whereby CT data, typ-
ically in digital imaging and communi-
cations in medicine (DICOM) format, is
processed. The target anatomic struc-
ture, i.e., the bony pelvis in this case,
is identified and converted into a digital
3D model usually in stereolithography
(STL) format.

Virtual 3D models allow for the evalu-
ation of 3D pathology, implant selection
and basic virtual surgical planning by
digital measurements and part manip-
ulation. While software-based virtual
3D planning usually provides the sur-
geon with more information compared

to using multiplanar CT image alone [3],
model manipulation with 3D software is
often non-intuitive to surgeons and in-
timidating.

» 3D printing rationalises
virtual 3D planning by enabling
surgeons to tactilely feel real-
sized models

3D printing rationalises virtual 3D plan-
ning by enabling surgeons to tactilely feel
real-sized models where scale, shape and
anatomy are more effectively appreciated
and collision between bone fragments is
well represented [4, 5]. Models manufac-
tured with materials fulfilling biocompat-
ibility standards such as ISO-10993 can
be sterilised following predefined proto-
cols [6] and brought to the surgical field.

Pelvic and acetabular fracture
models

The most commonly reported technique
utilises two 3D printed bone models, one
of the ipsilateral fractured acetabulum
and another of the mirrored intact ac-
etabulum. Firstly, a full-scale replica of
the ipsilateral pelvic fracture provides an
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Fig. 1 A Anexample of a digital three-dimensional (3D) model of a posterior wall acetabular fracture in stereolithography
format (a). The 1:1-sized 3D printed model allows the surgeon to accurately appreciate fracture morphology (b). A mirrored
model is printed using the opposite intact hemi-pelvis for easy and accurate plate contouring (c). Surgical plan after fracture
fixation (d). The implants are placed according to the surgical plan after fracture fixation reduction

accurate tactile impression of the vol-
ume, size and orientation of bone frag-
ments. With an understanding of the
fracture configuration, the best reduction
technique, surgical approach and optimal
screw trajectories are planned.

Secondly, the 3D printed mirror im-
age of the opposite intact hemi-pelvis is
invaluable in order for fixation plates to
be accurately pre-contoured. Plate pre-
contouring allows for better implant po-
sitioning and a reduction in surgeon fa-
tigue. The optimal implant sizes, screw
trajectories and lengths are determined
preoperatively, and the need for implant
repositioning is minimised.

Hung [7] conducted a retrospective
comparative study of 30 patients with
the above method and reported a 70-min
reduction in surgical duration, a 270-ml
reduction in blood loss, fewer compli-
cations and better radiological outcomes

compared to conventional planning us-
ing CT images.

A meta-analysis by Zhang [8] of nine
case-control studies consisting of 638 pa-
tients concluded that 3D printed bone
models for surgical planningin pelvicand
acetabular fractures resulted in a statis-
tically significant reduction in surgical
time, blood loss and the likelihood of
inadequate fracture reduction compared
to conventional imaging-based planning
techniques. Similar benefits have been
reported by various authors in smaller
case series [7, 9-15] with minor varia-
tions in the techniques.

Chen [15] studied a minimalistic pos-
itive and negative 3D printed template of
the bony surface. This is an intuitive
approach to plate contouring with the
implants ‘sandwiched’ between the two
templates. The negative template also
has predesigned drill holes for guiding

Fig. 2 « Design of a pa-
tient-specific drill guide for
the placement of bilateral
dualiliac screws for a pa-
tient with osteogenesis im-
perfecta undergoing pos-
terior spinal fusion and in-
strumentation surgery in
inlet (a) and posterior (b)
orientations

the screw trajectories. In this study of
14 cadavers, 64 plates and 339 screws
were placed with no hip joint penetra-
tions. This method is advantageous in
minimising time and material cost spent
in 3D printing.

Kim [11] described a technique in
14 patients where each major fracture
fragment is printed separately and reduc-
tion is evaluated manually by using bone
reduction tools as well as gluing them to-
gether. The optimal entry landmarks and
trajectories for interfragmentary screws
are located by simulated surgery under
fluoroscopy. Alternatively, Zeng [13] re-
ported a case series of 10 patients where
fracture fragments are reduced digitally
in the software. While this is more time
consuming, it applies to situations with
bilateral fractures or deformities when
there is no intact contralateral pelvis to
serve as a mirror reference (B Fig. 1).
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Abstract - Zusammenfassung

Anatomical models for the
deformed hip and pelvis

3D models are invaluable supplements
to CT or magnetic resonance imag-
ing (MRI) images in assessing various
pathoanatomical situations. In CAM-
type femoroacetabular impingement
(FAI) osteoplasty, Wong [16] reported
that 3D printed femoral and acetabular
models allowed a dynamic apprecia-
tion of the site of impingement with
the 3D printed femur and acetabulum
models. Compared to conventional
radiographic planning, nine out of 10 fe-
murs and 10 out of 10 acetabula required
a change in osteoplasty site. Childs [17]
compared generic human hip models
to 3D-printed models while counselling
patients undergoing arthroscopic hip
surgery for FAI and found a better un-
derstanding and retention of knowledge.

» 3D models are invaluable
supplements to computed
tomography or magnetic
resonance imaging

The authors [18] reported the successful
use of a 3D printed bone model for accu-
rate implant contouring before minimal
invasive plate repair through an ante-
rior approach at a fractured hip fusion
site. Their centres find 3D printed mod-
els valuable for evaluating pelvic defor-
mities in patients with skeletal dysplasia
and neuromuscular conditions (B Figs. 2
and 3).

Three-dimensionally printed
patient-specific tools and
guides

The objective of using 3D printed pa-
tient-specific instrumentation (PSI) is to
increase the precision of implant place-
ment. The most commonly studied sce-
nario is patient-specific guides for ac-
etabular component socket preparation
and installation in total hip arthroplasty
(THA). The technique is recognised as an
alternative to computer navigation. The
use of PSI guides provides intraopera-
tive time savings compared to computer
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Abstract

There are numerous orthopaedic applications
of three-dimensional (3D) printing for the
pelvis and acetabulum. The authors reviewed
recently published articles and summarized
their experience. 3D printed anatomical
models are particularly useful in pelvic and
acetabular fracture surgery for planning,
implant templating and for anatomical
assessment of pathologies such as CAM-type
femoroacetabular impingement and rare
deformities. Custom-made metal 3D printed
patient-specificimplants and instruments
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are increasingly being studied for pelvic
oncologic resection and reconstruction

of resected defects as well as for revision

hip arthroplasties with favourable results.
This article also discusses cost-effectiveness
considerations when preparing pelvic

3D printed models from a hospital 3D printing
centre.
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Implantaten

Zusammenfassung

Es gibt zahlreiche orthopadische An-
wendungen des 3-dimensionalen (3-D)
Drucks fiir Becken und Acetabulum. Im
vorliegenden Beitrag werden in jiingerer Zeit
publizierte Beitrdge und eigene Erfahrungen
zusammengefasst. Mittels 3-D-Druck erstellte
anatomische Modelle sind in der operativen
Versorgung von Becken- und Acetabulumfrak-
turen besonders niitzlich fiir die Planung, das
Implantat-Templating und die anatomische
Abklarung von Krankheitsbildern wie dem
femoroacetabuldren Cam-Impingement und
seltenen Deformitaten. Mittels 3-D-Druck
maBgeschneiderte, patientenspezifische

Chirurgische Anwendungen des 3-dimensionalen Drucks an
Becken und Acetabulum: von Modellen und Instrumenten zu

Metallimplantate und Instrumente werden
vermehrt im Rahmen der onkologischen
Beckenresektion und nachfolgenden
Rekonstruktion von Defekten sowie in der
Revisionsendoprothetik an der Hiifte getestet;
die Ergebnisse sind positiv. Im vorliegenden
Beitrag wird auch die Wirtschaftlichkeit
diskutiert, wenn Beckenmodelle in einem
innerklinischen Zentrum fiir 3-D-Druck
hergestellt werden.

Schliisselworter
3-D-Druck - Hiifte - Orthopédie - Hiiftgelenker-
satz - Beckentumor

navigation and is advantageous in reduc-
ing surgeon fatigue, anaesthetic duration
and blood loss, but is arguably offset by
increased resources spent in preoperative
planning.

Patient-specific instrumentation in
primary total hip arthroplasty

Surgeons have mainly utilised PSI for,
firstly, acetabular reaming and, secondly
and more importantly, for guiding the
orientation of the acetabular prosthesis.
Buller [19] studied PSI THA for acetabu-
lum component reaming and positioning
in sawbone models. By using a cannu-
lated reamer and a referencing guide pin

for acetabular anteversion and inclina-
tion, PSI resulted in 9 degrees less vari-
ation in component orientation even in
surgeons who operated on more than
1000 cases. In a cadaver study of THA,
Sakai [20] showed that guide placement
was within 1.0 and 1.7 degrees of opti-
mal inclination and anteversion, respec-
tively. However, a larger magnitude of
error was later introduced during acetab-
ular cup impaction with an error of 3.4
and 6.6 degrees of inclination and ante-
version, respectively. Even with accurate
placement of PSI tools, errors are still
unavoidably introduced during manual
impaction of the acetabular cups.


https://doi.org/10.1007/s00113-019-0626-8
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Fig. 3 A Anexample of showing the location and simulating mechanical femoroacetabularimpingement in a 12-year-old
patient. The offending CAM-type lesion is accurately located before osteochondroplasty, marked (a, b) and seenin surgery (c)

Fig. 4 A A 15-year-old patient with a malunited acetabulum posterior wall with hip subluxation (a). Digital model (green)
compared to the mirrored opposite (red) (b). A closing-wedge volume-reducing osteotomy is planned (c) with 3D printed
cutting jig (d, e). Postoperative computed tomography showing satisfactory restoration of hip congruency (f)

Small [21] conducted a prospective
randomised study with the use of PSI
THA reaming guides and a PSI-placed
orientation pin. The technique resulted
in significantly fewer anteversion errors
while having no differences in inclination
errors. Currently, there is no evidence to

show that PSI results in improved clinical
outcomes for primary hip replacements.

Patient-specific instrumentation
for pelvic tumour surgery and
other scenarios

PSI cutting guides are valuable for tu-
mour resection in the pelvis, allowing
for accurate resection margins, graft siz-

Der Unfalichirurg 4 - 2019 | 281



Leitthema

ing, opposition and, hence, improving
the stability of the reconstructed pelvis
[22] where complex, multi-faceted cuts
are sometimes used in conjunction with
custom-made endoprostheses. In a se-
ries of nine patients with 11 osteotomies
reported by Gouin [23] for pelvic tu-
mour resection, placement of PSI guides
was usually straightforward in the pelvis
with an accuracy of within 2.5mm. As
such, less soft tissue dissection is needed
before osteotomy sites are identified cor-
rectly. Wong [24] compared PSI guides to
computer navigation, showing a similarly
clinically acceptable accuracy of 2.62 mm
vs 3.6 mm at the resection planes, but re-
quired an average of 15min less in a ca-
daver environment.

Zhou [25] reported a cadaveric eval-
uation of Bernese periacetabular os-
teotomies carried out using 3D printed
surgical guides. The absolute precision
of the correction of the lateral centre-
edge angle was within 4 degrees com-
pared to the preoperative plan. PSI is
less commonly utilised for acetabular
fracture repair; customised drill guides
were studied by Merema [26] and suc-
cessful in improving screw trajectories
and minimising joint penetration in
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acetabular fracture surgery. The rela-
tive difficulty in reaching deeper bony
landmarks makes PSI less favourable
compared to percutaneous computer

navigation and fluoroscopic guidance
for intrapelvic screws. PSI is unable to
reliably aid fracture reduction, which is
still mostly manual and technical. In the
authors’ limited experience, the applica-
tion of PSI is valuable in recreating the
fracture planes in complex intraarticular
malunions of the acetabulum (@ Fig. 4).

Metallic three-dimensional
printing of customised implants

Customised implants have been used
since the 1990s with success in the re-
construction of large-sized acetabular
defects [27], tumour prostheses [28] and
fracture plating [26, 29]. Close collabora-
tion between the surgeon, technician and
medical engineer is needed and consid-
erable time and resources are dedicated
to surgical planning. Typical production
cycles are measured in weeks to months.
Conventional computer numerical con-
trol (CNC) subtractive manufacturing
techniques typically yield products with
favourable longevity using high-quality

Fig. 5 « Patient with
Paprosky llla defect and
acetabular component
loosening (a). Planning

is performed using a dig-
ital three-dimensional
model (b). Custom-made
porous titanium alloy
acetabular component
printed using direct metal
laser sintering (c). Intra-
operative use of patient-
specificinstrumentation
placed Schanz screws as
positional references for
implant (d) and reamer (e)
placement. Postoperative
computed tomography
scan confirming satisfac-
tory positioning (f)

alloy blocks. Constructs can be tested to
be able to sustain physiological loads and
optimised using finite element modelling
(FEM) simulation before the design is
finalised [30]. Many of these established
CAD-CAM techniques are applied to
the modern metal 3D printing workflow.

The use of custom-made titanium
alloy implants manufactured by metal
3D printing technology, such as direct
metal laser sintering (DMLS) or elec-
tron beam melting (EBM) technologies,
is increasingly popular and arguably
cheaper and faster. In keeping with the
objectives of immediate and long-term
stability, metal 3D printing can produce
implants with complex shapesand porous
internal structures controlled to the mi-
crometre (um) level for bony in-growth.
Customisable textured surfaces and re-
gional stiffness can minimise irritation
to overlying soft tissues, stress concen-
tration and stress shielding. 3D printed
implants are typically implanted with PSI
techniques and surgeons are provided
with 3D printed models to aid resec-
tion and implantation. The technologies
of 3D printing and computer naviga-
tion can be easily made complimentary,
since 3D digital models in STL format



Fig. 6 A A 39-year-old patient with right acetabulum chondrosarcoma resection, reconstructed with
an electron-beam melting three-dimensionally printed porous modular hemi-pelvic endoprosthe-
sis (a) with preoperative virtual planning (b). Radiograph at 2 years (c), with computed tomography
showing osteointegration (d)

are readily transferred between systems
[30].

Customised prosthesis for critical-
sized pelvic and acetabular defects

A prime concern for metal 3D printed
prosthesis is the unknown likelihood of
fatigue failure compared to conventional
CNC manufactured prosthesis, and this
remains to be observed in larger case se-
ries and implant registries. Early reports
of customised metal 3D printed implants
for revision total hip arthroplasty are en-
couraging. Wyatt [31] reviewed a total of
seven studies consisting of 243 custom-
madehip replacementacetabular compo-
nents for sizable Paprosky type III defects
and pelvic discontinuities and showed
a low likelihood of mechanical failures.
In planning revision acetabular recon-

struction surgery, the information on the
3D geometry of critically sized acetabu-
lar defects is better appreciated with PSI
3D planning techniques compared to us-
ing only radiographic grading following
the popular Paprosky grading system.
Metallic 3D printed prostheses can re-
construct any part of the pelvis from the
acetabulum, ilium and the sacrum. Liang
[32] reported a series of 35 patients re-
ceiving customised modular 3D printed
trabecular metal prosthesis where acetab-
ular orientation and level can be ad-
justed intraoperatively. The early results
were encouraging at 6-30 months with
a low rate of complications. Angelini
[33] reported the use of electron beam
melting (EBM) fabricated titanium al-
loy prostheses for tumour excision in
seven patients, again with encouraging
results. In the above series, although

usual complications and periprosthetic
fractures were encountered, metallic fail-
ure of 3D printed prosthesis was not re-
ported.

The theoretical benefits of early sta-
bility and osseous integrations remain to
be validated, and there is currently little
evidence to tell whether routine use of
3D printed prostheses for the reconstruc-
tion of critically sized pelvic defects is
cost-effective versus conventional means
such as trabecular metal augments and
structural allografts ([31]; @ Figs.5and 6).

Hospital production of
three-dimensional models

With printing done at the hospital, the
team becomes aware of material and pro-
duction time considerations and is likely
to adopt an optimised workflow. Such
a ‘Do-it-yourself” approach without the
support of engineers, sometimes using
freeware and desktop 3D printers, has
been reported to be successful [12, 34],
with time and resource savings.

The five essential steps of 3D printing
include segmentation, mesh optimisa-
tion, mesh verification, splicing and
printing. Each of these steps can be per-
formed by using either a combination
of freeware or task-specific commercial
software such as Mimics (Materialise,
Leuven, Belgium). A commonly pre-
ferred freeware workflow utilises the
3D Slicer (https://www.slicer.org/) [35]
for segmentation and meshes validation,
Meshixer (Autodesk, San Rafael, USA)
for model optimisation, mirroring and
patient-specific tool creation, and Mesh-
lab (http://www.meshlab.net) [36] for
cavity filling.

Material extrusion, also called fused
deposition modelling (FDM), is gener-
ally cheaper and requires fewer resources
to operate than STL and laser sinter-
ing printers. Brouwers [37] compared
the fabrication of pelvic bone models
using low-cost desktop material extru-
sion 3D printers. The size inconsistencies
were within 0.3%-0.8%—of good quality
for surgical planning purpose.

In the authors’” experience, one chal-
lenge of 3D printing for pelvic and ac-
etabular fracture lies in the relativelylarge
size of pelvic bone models. The volume of
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Printing materials and time spent using Fused Deposition Modelling (FDM) system

Normal hemi pelvis Whole pelvis Relavant acetabulum only
Total materials (ml) 186.6 456.5 98.3
Time (hours:minutes) 8:21 21:53 5:10

Fig. 7 A Usingafused deposition modelling (FDM) system ata 0.01-in. layer thickness (Fortus 450mc,
Stratasys, Eden Prairie, MN, USA). Printing only the relevant fractured acetabulum results in 78% sav-
ings in materials and 76% savings in printing time compared to the whole pelvis

substrate material and processing time is
large relative to other types of bone mod-
els, hence increasing costs and the likeli-
hood of delays in surgery. In Brouwers’
study [37], the material needed for print-
ing a whole pelvis is 392-720 g and lasts
56-106h. Smaller 3D printers are slower
and do not always have the build vol-
ume to manufacture the full pelvis model
in one go. Industrial grade 3D printers
are generally more expensive to operate
but more reliable, and time wastage is
less likely when print jobs are aborted
in mid-process. In the authors™ experi-
ence of using an industrial grade printer,
a hollowed full pelvis model is produced
at ‘low-quality settings’ in 22h.
Cropping is recommended so that
only relevant areas are printed. Com-
pared to printing the whole pelvis,
50%-75% of materials and time are
saved by cropping to only the relevant
acetabulum. In the authors’ hospital-
based 3D printing laboratory, the total
processing time required from obtaining
CT DICOM data to a fully processed
and sterilised pelvic bone model typ-
ically requires no more than 24-48h.
Younger surgeons are encouraged to be
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personally in charge of the segmenta-
tion and modelling process while the
3D printer is operated by one technician.
The authors believe this approach is the
most workforce- and time-efficient and
the software-related learning curve is
quickly overcome (B Fig. 7).

Conclusion

For the pelvis and acetabulum, simple
bone models are invaluable in planning
fracture and femoroacetabular impinge-
ment surgery. PSIis studied with limited
additional benefits for routine hip re-
placements, but useful in complex pelvic
tumour resection and reconstruction.
3D printed metallic implants are in-
creasingly used for the reconstruction of
critically sized acetabular defects in com-
plex revision hip replacement surgery
and tumour endoprosthetic reconstruc-
tion with a favourable early safety profile.

The authors look forward to seeing
a larger series of clinical studies, but
guidelines are still lacking. In the coming
decade 3D printing technology will be-
come increasingly accessible. Surgeons
must recognise and respect the differ-

ent degrees of regulatory requirements
imposed by different countries and im-
plement necessary validation and quality
assurance steps when using customised
tools and implants.
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Kniesehne als Netzersatz bei
Gebarmuttersenkung

Mit einer Sehne aus dem eigenen
Knie ist am Universitatsklinikum
Mannheim weltweit zum ersten Mal
eine Patientin mit Gebarmutter-Sen-
kung behandelt worden. PD Dr. med.
Amadeus Hornemann, Oberarzt und
Spezialist fiir minimal-invasive gy-
nakologische Chirurgie an der Frau-
enklinik, hat diese neuartige Opera-
tion erstmals durchgefiihrt. Mit dem
Verfahren sollen mégliche Komplika-
tionen durch iiblicherweise verwen-
dete Kunststoffmaterial vermieden
werden.

,Gebarmutter-Senkungen treten im hohe-
ren Alter hdufig auf”, berichtet Hornemann
und erklart: ,Sie fiihren hdufig zu Unter-
leibsschmerzen und Blasenentleerungs-
storungen, in schweren Féllen kénnen
sogar Teile der Gebarmutter durch die
Scheide austreten.” Bisher werden solche
Senkungen meist durch eine grof3e Bauch-
operation, bei der die Gebarmutter mit
Kunststoffnetzen an der Wirbelséule oder
den Beckenbé@ndern befestigt wird, beho-
ben. Mit dieser etablierten Methode lassen
sich die Beschwerden meist dauerhaft be-
heben - allerdings treten in seltenen Fallen
Unvertrdglichkeiten des Kunststoff-Netzes
auf und das bereits eingewachsene Netz
muss in einem komplexen Eingriff wieder
entfernt werden.

Um diese Unvertraglichkeiten kiinftig aus-
schlieBen zu koénnen, hat Hornemann die
neuartige Sehnen-Transplantation entwi-
ckelt. Dabei wird eine Sehne aus der Knie-
kehle entnommen. AnschlieBend wird sie
in einem minimalinvasiven Eingriff an Stel-
le des bisher iiblichen Kunststoffnetzes im
Bauchraum zur Fixierung der Gebarmut-
ter verwendet. ,Korpereigenes Gewebe
wird immer gut vertragen®, betont Horne-
mann. ,Daher nutzen wir statt Kunststoff
eine Sehne, die schon seit Jahrzehnten bei
orthopddischen Eingriffen als Ersatz fiir
defekte Kreuzbander verwendet wird.” Die
verwendete Sehne hat keine wesentliche
Funktion und spielt fiir Stabilitat und Kraft
des Knies keine Rolle.

Quelle: Universitdtsmedizin
Mannheim, www.umm.de
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