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Welcome

The last three years have brought significant changes to our work and
research activities. They have not only witnessed a constant growth in
staff, budget and research projects but also the emergence of a considerable number of new research opportunities and collaborations as
well as the realisation of many innovative and forward looking ideas.
The highly motivated staff and scientists of the Julius Wolff Institute
and our many national and international partners have enabled significant progress to be made towards the achievement of its goals.
It is therefore a great pleasure to present our research activities in
this report and we thank everyone who has been involved for their
interest and support during the last three years. We hope that the
information you find here is of interest and of use to you and we look
forward to continuing the excellent co-operation between members
of staff and with our partners.
Berlin, January 2010

Univ.-Prof. Dr.-Ing.
Georg N. Duda
Director
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As a result of the demographic changes in industrialised nations, the
number of musculoskeletal diseases and injuries continues to rise. This
presents significant challenges in the fields of health care and clinical
research that demand additional research endeavours and resources.
The Julius Wolff Institute illustrates very well the potential for clinical
research. Within a short period of time the Julius Wolff Institute and the
Center of Musculoskeletal Surgery (CMSC) have jointly developed a strong
research team and established an interdisciplinary network for musculoskeletal research. This report on the work shows that an optimum clinical
understanding of the problem is best achieved in a network with partners
from other complementary disciplines. However, this interdisciplinary
cooperation demands new and individual ways of communication and
education which have been successfully established in our network.
In this research report the Julius Wolff Institute demonstrates the successful foundation of a strong scientific research team which is closely
linked with the clinical backbone of the CMSC. The report further pictures
a broad network for musculoskeletal research and a unique and successful
cooperation between research and clinical applications and interactions.
Congratulations on our combined efforts and achievements which
I hope will continue in the coming years.
Berlin, January 2010

Univ.-Prof. Dr. med. Norbert P. Haas, 						
Head of the Clinical Advisory Board,
Director of the Center for Musculoskeletal Surgery of the Charité (CMSC)
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Synopsis

2007, 2008 and 2009 have been three very busy and successful years
for us. They have seen a great number of changes to our work; the opening of new and exciting research opportunities and the establishment
of co-operative agreements with other renowned research institutions.
A great step forward for us was the establishment of the Julius Wolff
Institute of the Charité in May 2008, a new institute founded by the
research laboratory of the Center for Musculoskeletal Surgery of the
Charité (CMSC) and the Biomechanics Laboratory of the Charité. Their
individual research fields matched perfectly producing a synergy that
has been to the great benefit of all the researchers involved.
There are approximately 85 research staff, post-docs, PhD students
and technicians employed or paid from research grants working at
the Julius Wolff Institute. Currently, over 30 postgraduates hold PhD
positions within our institute and in the last three years our researchers have had over 100 publications in high ranking, peer-reviewed
journals. The institute also oversees a wide variety of dissertations,
diploma theses and student projects which are presently underway
in the fields of biology, medicine, veterinary medicine, biomechanics
and bioengineering.
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Quality Management
and Biomechanics

Service, Histology
& Cell Lab

The Julius Wolff Institute is organised into eight research areas each
with its own team of scientists and researchers. Each research area
has been developed through close clinical cooperation over a number
of years and this procedure continues and is regularly reviewed. As
all teams work with financial support of third-party funds, their developments are greatly influenced by the success of their own research
work and their publications. Administrative, technical and laboratory teams allow the researchers to concentrate themselves on their
scientific work. The Advisory Board comprises researchers and medical scientists who regularly evaluate the work of the institute and
provide strategic as well as scientific advice to its directors and team
leaders.
Our research in the field of musculoskeletal regeneration was further
strengthened in 2009 with the appointment of two new professors.
Professor Kay Raum holds the professorship “Engineering Basis of
Regeneration” and complements the work at the Julius Wolff Institute
with his specialist expertise in the field of Ultrasound Spectroscopy
and Acoustic Microscopy. Britt Wildemann was a long standing member of our research team when she was offered a professorship at the
University of Wuerzburg. However, we succeeded in keeping her and
her team in Berlin and she was appointed Professor at the institute.
She and her team have intensified translational research efforts in the
field of orthopaedic and trauma surgery with their investigations into
the biological basis of musculoskeletal regeneration.
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The Structure of the Julius Wolff Institute

Advisory Board

The Julius Wolff Institute works within an extensive research network
which enables us to carry out comprehensive scientific as well as clinical research. Our aims are the development of enhanced therapies for
musculoskeletal diseases and injuries and the provision of solutions
for healing and preserving motility and adequate performance of the
musculoskeletal system. To achieve these goals and offer practical solutions to patients, we are interested in linking together four strategic
approaches, viz: basic research, training and education, translation
into practical and clinical uses and prevention.
The Julius Wolff Institute has been significantly involved in building
bridges between these four strategic approaches and cooperates with
various organisations, viz: the SFB 760 „Biomechanics and Biology
of Muskuloskeletal Regeneration”; the Berlin-Brandenburg Centre for
Regenerative Therapies (BCRT); the Berlin-Brandenburger School for
Regenerative Therapies (BSRT) and the Centre for Sports Science and
Sports Medicine Berlin (CSSB). In addition, we maintain cooperations
and academic exchanges with national institutions in Berlin, Munich,
Ulm, Wuerzburg, Hamburg and with our international partners in Bologna, the AO Research Institute in Davos, the Johns-Hopkins-University, the University of Pittsburgh, the Boston University, the National
University of Singapore, the University of Queensland Brisbane and
the Stanford University Foundation.

16

Translation

Julius Wolff Institute Research Report

Synopsis

The Research Network

Berlin-Brandenburg
School for Regenerative Therapies

Education

Julius Wolff
Institute

Prevention

Basic Research

17

Berlin-Brandenburg Centre for Regenerative Therapies (BCRT)
The Berlin-Brandenburg Center for Regenerative Therapies (BCRT) was
founded in October 2006 with the goal of establishing an internationally recognized center of excellence in the field of regenerative
medicine with its focus on targeted cell differentiation for promoting
endogenous tissue regeneration. The objectives of the BCRT are to
translate basic science into regenerative therapies and to share
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scientific knowledge generated in the field of regenerative medicine
with researchers, clinicians and the general public at national and
international levels. The BCRT is located at the Campus VirchowKlinikum of the Charité and is funded by the German Ministry for
Education and Research (BMBF) and the Helmholtz-Association.
Further details can be found at www.b-crt.de

Berlin-Brandenburg School for Regenerative Therapies (BSRT)
Educational activities are concentrated in our graduate school, the
Berlin-Brandenburg School for Regenerative Therapies (BSRT) which
was established in November 2007 within the German Excellence
Initiative. The school offers outstanding interdisciplinary training and
research opportunities for clinical, biological and engineering scientists who work in the field of regenerative medicine and who want to
look beyond their research with the aim of translating their scientific
discoveries into clinical applications. Young scientists are trained to
reach across the normal interdisciplinary boundaries and develop a
scientific language that will ease the transition from research to
treatment.
The graduate school is a joint initiative of the Charité, the HumboldtUniversität zu Berlin, the Freie Universität Berlin, the Technische Universität Berlin, the Universität Potsdam, the Max Planck and Helmholtz
Institutes and other high-ranking academic and research institutes in
Berlin and Brandenburg.
Further details can be found at www.bsrt.de

19

Julius Wolff Institute Research Report

SFB 760 „Biomechanics and Biology of Musculoskeletal Regeneration“
Since January 2007, our bone research activities have been focused in
a cooperative research group formed from several institutions and
supported by the German Research Foundation (DFG) under the title
SFB 760 „Biomechanics and Biology of Musculoskeletal Regeneration“. This co-operation by the Julius Wolff Institute with other institutes of the Charité, with the Freie Universität Berlin, with two Max
Planck Institutes and several other renowned institutions has the long
term goal of understanding and supporting the processes that lead to
the formation of biologically and mechanically competent bone.
Various approaches such as genetic and biomolecular analyses, animal
studies of bone regeneration, analysis and synthesis of cell structures
and investigations of the mechanical conditions in cells and whole
organisms which support bone regeneration are employed in our
research. There are regular retreats attended by all parties and close
co-operation between the groups allows the exchange of research
results, techniques and project details.

Since December 2006 this centre has been home to a wide variety of
sports related research activities which have also been an ideal
complement to our special work on musculoskeletal modelling, gait
analyses, telemetric measurement of loads in the human body and
research on osteoporosis. In October 2008 we set up the public data
base www.OrthoLoad.com which makes data on unique in vivo measurements of joint implant loading available to the public.
Our gait laboratory is unique in Europe and enables us to perform
studies with clinical patients and is extensive enough to enable us
also to study and assist athletes. In furtherance of our work with
athletes we have maintained a close cooperation with the Olympiastützpunkt Berlin since 2009. These excellent research facilities will
be further enhanced in 2010 through a new research and sports hall,
the foundation stone of which was officially laid in October 2009.
Further details can be found at www.cssb.eu.
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Centre for Sport Science and Sport Medicine Berlin (CSSB)
The fourth important research organisation in which the Julius Wolff
Institute is involved is the Center for Sport Science and Sport Medicine Berlin (CSSB). The centre was founded by the Charité and the
Humboldt Universität zu Berlin and was initiated by a fund of the
European Regional Development.

We continue to work hard at setting up and organising fascinating
new research opportunities in Berlin and beyond that enable us to
perform at the forefront of science and with which we hope to
encourage young scientists into innovative research. We maintain a
philosophy of continual improvement and in the forthcoming years
we will strive even further our already high scientific standards.
In order to illustrate some of the new strategies and solutions in
musculoskeletal research currently in progress at the Julius Wolff
Institute, we have included in the body of the report a short description of a research project from each of our eight research teams.
Further details of the Julius Wolff Institute and the work we do can be found (in German and in English)
on our web site www.Julius-Wolff-Institut.de.
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The team „Biology of Bone Healing“ analyses the fine adjusted
processes occurring during bone healing in order to find new
therapeutic approaches for delayed bone healing or non-union.
The focus of our research is the knowledge and understanding of
incidents that might impair the healing process and the analysis
of conceivable stimulation possibilities.
Several animal models (small vs. large animals, male vs. female,
young vs. old, stable vs. instable fixation, internal vs. external
fixation) and a variety of analysis techniques (histology, immunohistochemistry, histomorphometry, radiology/µCT, qRT-PCR, FACS)
enables us to gain a thorough understanding of the analysed bone
regeneration processes. The interdisciplinary scientific background
of the team members (veterinarians, physicians, biologists, bio
engineers and technical assistants) provides the best basis for
hypothesis-based, goal-oriented research.
Dr. med. vet. Jasmin Lienau
Dr. med. vet. Hanna Schell
Team Leaders
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Trepczik B, Lienau J, Schell H, Epari DR, Thompson MS, Hoffmann JE, Kadow-Romacker A,
Mundlos S, Duda GN.
Endochondral ossification in vitro is influenced by mechanical bending.
Bone. 2007 Mar; 40(3):597-603.
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Mechanical induction of delayed bone healing

A tibial osteotomy was stabilized with either a rigid
(group I) or highly rotationally unstable (group II)
external fixator. Interfragmentary movements and
ground reaction forces were monitored at day 3, 7, 14,
21, 28, 35, 42, 49, 56 and 63 postoperatively. After
sacrifice at 6 weeks, 9 weeks and 6 months, radiographs were taken and the tibiae were mechanically
tested. Statistical comparisons between both groups
were performed using the Mann-Whitney U-test. A
p value of less than 0.05 was considered a significant
difference. At all investigated time points except for
42 days postoperatively, group II showed significantly higher interfragmentary movements (p ≤ 0.048) in
comparison to group I [↗Fig. 1]. Unlike group I, the
operated limb in group II did not return to full weight
bearing during the treatment period [↗Fig. 2].
Radiographic and mechanical observations [↗Table
1] showed significantly inferior bone healing in group
II at 6 and 9 weeks compared to group I.
After 6 months, five sheep treated with the extremely
flexible fixator showed radiological bridging of the
osteotomy [↗Fig. 3], but the biomechanical strength
of the repair was still inferior to group I at 9 weeks
[↗Table 1]. The remaining three animals developed
a hypertrophic non-union [↗Fig. 3].
26
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group I

group II

rotation [°]

12

[Table 1] Torsional strength and torsional stiffness of the
osteotomized tibiae [% of intact contralateral side] stabilized
with rigid (group I) and extremely flexible fixation (group II)

10
8

Torsional
strength

6
4

Group

6 weeks

9 weeks

I

43 [31-72]*

71 [57-98]**

II

19 [14-31]*

14 [9-24]**

I

73 [68-111] 98 [75-115]**

II

26 [12-78]

6 months

50 [33-79]

2
0
0

7

14

21

28

35

42

49

56

63

days post surgery
[Fig. 1] Axial torsion throughout the healing period for the
rigid fixator group (group I) and the extremely flexible fixator
group (group II). Data are given as medians and bars indicate
inter-quartile ranges.

Torsional
stiffness

In this study, mechanical instability was employed
to induce a delayed healing model in sheep. In some
cases, this approach even led to the development of
a hypertrophic non-union. The mechanical induction
of critical bone healing using an external fixation
device allows of the investigation of the patho-physiological healing cascade, without confounding variables introduced through biological intervention.
Therefore, the presented ovine model allows comparative evaluation of biological mechanisms controlling delayed and standard bone healing.

27 [12-61]** 102 [92-104]

Median values [Min-Max], *p = 0.019, **p = 0.006.

Schell H, Thompson MS*, Bail HJ, Hoffmann JE, Schill A,
Duda GN, Lienau J
| *Institute of Biomedical Engineering, University of Oxford,
United Kingdom

maximum ground reaction force BW [%]

Bone healing is a highly complex well-orchestrated
regenerative process that restores injured skeletal
tissue to a state of normal structure and function.
Although physiological bone repair most often is a
rapid and efficient process, delayed and non-unions
remain severe complications. An in-depth understanding of the patho-physiological processes of
delayed/non-union is necessary to develop effective
therapies to avoid or better treat this clinical outcome. The aim of this study was to produce a standardized model for a mechanically induced delayed
bone healing in sheep.

group I
group II

120
100
80
60
40
20
0

7

14

21

28

35

42

49

56

63

days post surgery
[Fig. 2] Maximum ground reaction force of the operated limb
throughout the healing period for the rigid fixator group
(group I) and the extremely flexible fixator group (group II).
Results are normalized to bodyweight and expressed as a percentage of the preoperative values. Data are given as medians
and bars indicate inter-quartile ranges.

[Fig. 3] Cranio-caudal radiographs of the extremely flexible
fixator group (group II) at 6 months with different healing
outcomes (top: union, bottom: non-union).
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Radiological and biomechanical characterization of a mechanically
induced delayed bone healing model in sheep

Histological changes during delayed bone healing

Bone healing is a highly complex regenerative process
that can be divided into five overlapping histological
stages: (a) hematoma and immediate response to
injury, (b) intramembranous bone formation, (c)
chondrogenesis, (d) endochondral ossification, and
(e) bone remodeling. Although there are many in
vivo models of delayed/non-union, most of these
experimental models have been used to evaluate different kinds of treatment for non-unions rather than
to characterize the biological changes that occur in
atypical fracture repair. The aim of this study was
to histologically examine the biological changes
that occur during healing in a mechanically induced
delayed bone healing model in sheep. We hypothesized that the normal sequence of healing events
including remodeling of woven to lamellar bone
would be similar, but delayed in comparison to that
of normal healing, even though there might be an
absence of bony bridging.
A mid-shaft tibial osteotomy was performed in sheep
and stabilized with a highly rotationally unstable
fixator leading to delayed healing. The sheep were
sacrificed at 2, 3, 6, 9 weeks and 6 months postop
(n=8 per time point). By histological analysis, the
temporal and spatial tissue distributions in the
healing calluses (Movat Pentachrome staining, immunohistochemistry for type II collagen) and the bone
microstructure (Sirius Red staining) were examined.
At all investigated time points, the animals showed a
dislocation of the cortical bone fragments, especially
in the medio-lateral plane extending from 50-100%
of the tibial diameter [↗Fig. 1]. Due to this dislocation, the width of the periosteal callus was always
larger in the medial region of the dislocation than on
the external surface of the cortical bones. At 2 weeks,
periosteal woven bone formation was present, but at
a great distance from the gap which was mainly filled
28

with hematoma. Cartilage was only found in the callus of 1 out of 8 sheep. At 3 weeks, the bony callus
reached the gap with hyaline cartilage formation at
the leading edge. The gap still contained large remnants of organizing hematoma. Near the cortex in
the periosteal region, the first signs of lamellar bone
formation were visible. At 6 weeks, periosteal woven
bone formation proceeded in the medial region of the
dislocation with large amounts of hyaline cartilage
at the leading edge of the ossification fronts. The
bone trabeculae appeared to have greater thickness
and showed less separation than after 3 weeks in the
periosteal region at the center of the dislocation, especially adjacent to the cortical bone. In this region,
lamellar bone formation had increased in comparison to the 3 weeks time point. In contrast, the original periosteal callus on the external cortical bone
fragments had been greatly resorbed. In 4 out of 8
animals, a large central split was present in the gap
tissue lined by a thin cell layer. At 9 weeks, cartilage
and bone formation continued in the central callus
of the dislocated fragments, but instead of a bony
bridge, the gap contained collagen type II-positive
fibrocartilage and hyaline cartilage as well as fibrous
tissue and minimal hematoma remnants. The thickness of the bone trabeculae appeared greater and
the bone trabeculae showed less separation in comparison to the 6 weeks time point with increased lamellar bone remodelling. The cortical bone ends had
been resorbed leading to a rounded cortical outline.
At 9 weeks, the large central splits in the gap tissue
were still present in 4 out of 8 animals.
The healing outcome after 6 months was quite inconsistent [↗Fig. 1]. Five out of 8 animals showed a
large bony callus of mainly lamellar bone, resulting
in a complete bridging of the gap (union subgroup).
In contrast, in the other 3 animals (non-union subgroup) the gap was enlarged and filled with fibrous

A

B

[Fig. 1] Movat Pentachrome stained frontal sections through the osteotomy region 6 months after surgery demonstrating the different healing outcomes. (A) Bony union of the dislocated cortical bone fragments. (B) Limited bony callus formation and resorption
of the highly dislocated fragment. Specific regions are labeled as follows: Cg, cartilage; ClB, callus bone; CtB, cortical bone. The
scale bars in lower left hand corners are equal to 3 mm.

tissue. No bony bridging was detected, although
lamellar bone and newly formed woven bone were
seen. Resorption of the highly dislocated cortical
bone fragment took place leading to a small band of
cortical bone. Interestingly, no animal from the nonunion subgroup showed degenerative splits in the
gap tissue or hematoma remnants.
This study describes the biological changes that
occur during a mechanically induced delayed healing in a sheep osteotomy model. Independent of the
healing outcome (union vs. non-union), all histological healing stages were found, although cartilage formation was delayed and prolonged in comparison to
a standard healing situation (Epari et al., Bone 38,
2006). Remodeling of the newly formed bone occurred early and was not delayed with first signs of
lamellar bone formation at week 3.
Furthermore, this study describes the impressive
capability of bone to adapt to critical mechanical
conditions. After 6 months, the union subgroup
showed continuous callus formation leading to a mechanically stiff union, even if this union also occured
between irregularly located bone fragments. Due to

the biomechanical conditions, caused by the large
interfragmentary movements, the resorption of the
highly dislocated cortical bone fragments took place
in both subgroups after 6 months, but in the union
subgroup a restructuring of the tibial axis seemed to
be possible. In the non-union subgroup, cortical resorption processes prevailed, although existing bone
was remodelled to lamellar bone. The lack of histological signs of instability such as degenerative tissue
splits or hematoma remnants suggests that there
might be other mechanisms (e.g. muscle forces) than
callus formation by which stability is provided.
This study demonstrates that all histological stages
of the healing cascade might take place; even so there is no possibility of a bony consolidation.

Peters A, Schell H, Bail HJ, Duda GN, Hannemann M,
Schumann T, Lienau J
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Histological characterization of a mechanically induced delayed bone healing
model in sheep

Differential gene expression during bone healing

Bone healing is a highly complex regenerative process directed by a series of cytokines and growth
factors. Accelerated bone healing has been achieved
by local administration of bone morphogenetic proteins during challenging clinical cases. However, the
optimal timing of these proteins remains unknown,
due in part to a lack of understanding concerning
the naturally occurring release of these factors
during compromised, patho-physiological healing.

In this study, we examined the endogenous mRNA
expression of genes regulating cartilage formation,
bone formation, and endochondral ossification
during mechanically induced delayed bone healing
in a large animal model.
A mid-shaft osteotomy of the right tibia was performed in two groups of sheep and stabilized with
either a rigid external fixator leading to standard

[Table 1] Distribution of tissues [%] at days 14, 21, 42 and 63 after osteotomy in the standard (group I)
and delayed (group II) healing groups.

Group
Bone

Cartilage

Fibrous tissue

Hematoma

Day 14

I

47,9

II

1,9

[41.9-60.4]*

Day 21
32,3

Day 42

Day 63

[30.3-41.1]*

66,7

[55.5-70.6]*

77,5

[68.5-85.1]*

[23.0-37.1]*

35,0

[22.2-42.7]*

[1.1-4.4]*

5,8

[4.3-7.0]*

31,7

I

10,0

[3.5-12.0]*

7,1

[5.9-8.2]*

8,2

[5.6-9.7]

0,3

[0.0-0.4]*

II

0,0

[0.0-0.0]*

0,4

[0.0-1.3]*

1,0

[0.3-22.1]

9,7

[2.3-12.2]*

I

42,1

[32.8-47.2]*

57,3

[48.9-63.4]*

29,4

[19.8-37.2]*

22,3

[14.7-31.1]*

II

63,1

[53.6-72.0]*

80,4

[69.9-86.3]*

59,5

[44.5-74.5]*

54,8

[45.9-60.2]*

II

35,9

[21.1-42.8]

8,6

[2.9-24.9]

0,0

[0.0-4.2]

0,0

[0.0-0.0]

Median values [25-75 percentile], *p < 0.01

healing or with a highly rotationally unstable fixator
leading to delayed healing. At days 4, 7, 9, 11, 14, 21,
and 42 after surgery, total RNA was extracted from
the callus. Gene expressions of molecules related
to cartilage and bone formation and endochondral
ossification were studied by qPCR. The expression
profiles were related to callus tissue composition,
analyzed by histomorphometry. Statistical comparisons between both groups were performed using the Mann-Whitney U-test. A p value of less than
0.05 was taken as a significant difference.

[Fig. 1] Temporal gene expression of BMP2, BMP4, BMP7 and noggin in the standard and delayed healing groups. Results were
normalized to GAPDH levels and compared to the target signals in the standard healing group at day 4 using the comparative
Ct-method. The asterisks indicate statistically significant differences between the two groups at the specified time point.
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mRNA expression levels of BMP2, BMP4, BMP7
and noggin were significantly lower in the delayed
compared to the standard healing group at several
time points [↗Fig. 1]. Furthermore, in the delayed
compared to the standard healing group, there was
a downregulation in gene expression of other potentially relevant factors involved in cartilage and
bone formation, such as TGFβ1 and IGF1 and of the
cartilage matrix degrading matrix metalloproteinases MMP9 and MMP13. Accordingly, by histology

we found a delayed and prolonged chondral phase
and a reduction in bone formation [↗Table 1] confirmed by the downregulation in gene expression of
type I collagen in the delayed healing group.
This work demonstrates a differential expression of
cartilage formation, bone formation, and endochondral ossification-related markers between a standard and mechanically induced delayed healing in
a sheep osteotomy model. The data indicate that
a downregulation of several chondro- and osteoinductive factors such as BMPs and cartilage matrix
degrading MMPs may contribute to a distinct delay
in bone healing. Furthermore, this study provides
considerable insight into the temporal periods during which various factors may be deficient during a
compromised healing situation.

Lienau J, Schmidt-Bleek K, Peters A, Weber H, Bail HJ,
Duda GN, Perka C, Schell H
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Reduced expression of chondrogenesis, osteogenesis, and endochondral
ossification-related genes during mechanically induced delayed bone healing
in a sheep model

Histological analysis of uneventful and defect healing

Bone healing is an efficient process, but delayed and
non-unions are challenging problems that may occur
following fracture or osteotomy. Bone healing is a
highly complex process, so it is not surprising that
current therapies can often be ineffective in treating
delayed or non-unions. Current therapies may not
adequately address the (patho-) physiological healing situation. Thus, for the development of effective
therapies to treat patients with these complications,
it is essential to obtain a more in-depth understanding of the patho-physiology of healing leading to delayed/non-union. The aim of this study was to establish a rat femoral segmental defect model that would
result in a non-union and to compare the biological
processes in this model to those of a standard healing model.

The development of a reproducible small animal
non-union model based on a 4 mm segmental bony
defect provides a valuable platform for evaluation of
biological changes that occur during defect healing
that can be used to establish novel approaches in
tissue engineering.

[Fig. 1] Movat Pentachrome
staining of the osteotomy site,
6 weeks postoperatively.
Top: standard healing group.
Bottom: defect healing group.
Scale bars in lower right hand
corners are equal to 1000 µm.

Schwarz C, Schell H, Peters A, Schmidt-Bleek K, Ellinghaus A,
Willie B, Bail HJ, Duda GN, Lienau J

A mid-shaft transverse osteotomy of the left femur
(1 mm and 4 mm gap) in female adult Sprague Dawley rats (n = 128) was created and stabilized with an
external fixator. Animals were sacrificed at 2, 3, 4 and
6 weeks postoperatively, according to characteristic
time points of fracture healing in rats. Radiographs
were taken weekly. Histological analysis of decalcified (paraffin-embedded, 4 µm-thick sections) and
undecalcified (polymethylmetacrylate-embedded,
6 µm-thick sections) bone samples was performed
using different staining methods.
Preliminary histological results of the standard
healing group demonstrate partial or complete bony
bridging of the 1 mm osteotomy gap by week 6 postoperatively. In contrast, the defect healing group
showed no bony bridging of the 4 mm defect by
week 6 postoperatively, with resorption of cortical
bone ends, gap filling with fibrous tissue, lack of cartilage formation, and sealing of the medullary cavity
by bony tissue [↗Fig. 1].
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Comparative histological analysis of standard and defect healing in a rat
femoral osteotomy model

Fracture healing and osteoimmunology
Regenerative and inflammatory aspects of fracture healing reflecting the
interaction between bone and immune system

The emerging field of osteoimmunology investigates
the relationship between bone and the immune
system. Both fields closely interact, due to shared
anatomical compartments, cell precursors and
molecular mediators. Furthermore, a bone fracture
leads to a cascade of events that begins with an inflammatory response. During this inflammatory phase,
macrophages and other immune cells are recruited to
the site of injury and release cytokines. Lymphocytes
are thought to play a regulatory role in fracture repair.
B cells are functionally linked to osteoclasts as they
express ODF/RANKL and are involved in osteoclastogenesis. B- and T-cells as components of the adaptive
immune system might play a critical role in tissue regeneration. By analyzing the functional role of components of the immune system during fracture healing,
this study will form the basis of cellular and molecular
targets that might lead to the development of novel
strategies to enhance bone regeneration, based on
manipulation of the immune system.
This project was aimed at further elucidating how the
host immune system participates in the process of
bone regeneration following fracture. The hypothesis
of this study was that fracture healing would be delayed in the absence of the adaptive immune system.
Therefore, a standard femoral fracture was created
in 8-10 weeks old Wildtype (WT) and knock-out
(RAG1–/–) mice and stabilized with an intramedullary
nail. RAG1–/– knock-out mice display a lack of the recombination activating gene 1. The expression of the
gene product RAG1–/– is restricted to lymphocytes during their developmental stages. Thus, RAG1–/– knockout mice lack mature B and T lymphocytes, two cell
types that are crucial components of the adaptive immune system. The animals were sacrificed after 3, 7,
14, 21 and 28 days (n=8/time point) and the femurs
harvested. µCT analysis was performed with a voxel
size of 10 µm followed by biomechanical testing.
34

Preliminary results suggest that callus formation in
the knockout animals is not delayed compared to the
wildtype. No difference in Bone volume/Total volume
of the callus has been observed. In contrast, there
was a trend to higher torsional stiffnesses at 14 and
21 days in the RAG1–/– group. Descriptive histological
and histomorphometrical analyses will be performed
on decalcified, paraffin-embedded sections stained
with Movat Pentachrome [↗Fig. 1]. These further
evaluations will give insight into tissue composition
and distribution. Furthermore, molecular analyses
will be carried out at all time points.

RAG1 –/–
D7
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Toben D, Schroeder I, Hoffmann JE, Schell H, Lienau J, Serra A*,
Radbruch A*, Duda GN
|* German Arthritis Research Center (DRFZ)

D 21

[Fig. 1] Histological images of fractured femurs 7, 14 and 21 days after surgery;
Left column: WT; right column: RAG1–/–; Movat Pentachrome stain.
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Fracture healing in Neurofibromatosis 1

Neurofibromatosis 1 (von Recklinghausen disease,
NF1) is one of the most common genetic diseases.
About 50 % of patients show skeletal lesions, for
example bowing of the tibia, that serve as a diagnostic criterion. Bone healing in NF1 patients is problematic and often results in pseudarthrosis that is
challenging to treat. Studies of human tibial pseudarthroses in patients with NF1 revealed a loss of
heterozygosity (LOH) in the NF1 gene.
Studies on tibial fracture healing in NF1+/- heterozygous knock-out mice demonstrated neither atypical
healing nor pseudarthrosis. We hypothesized that
fracture healing would be disturbed in a LOH-situation in NF1. Therefore, a standard femoral fracture
was created in 8-10 weeks old Wildtype (WT) and
knock-out (KO) mice and stabilized with an intramedullary nail. LOH was modeled using NF1flox/floxPrx1Cre
knock-out mice, as homozygous knock-out of the NF1
gene is lethal. Femurs were harvested after 7, 10, 14
and 21 days (WT n=8 each, KO n=4 at 21 days). µCT
analysis was performed with a voxel size of 10 µm
followed by descriptive histology.
Total callus volume (TV) in the WT mice increased
over time at days 7, 10 and 14, from day 14 to day 21
TV remained constant. Bone volume (BV) increased
over the whole healing period. At day 21, the TV and
BV of the KO mice were significantly lower compared
to the WT mice (11.3 ± 3.7 vs. 35 ± 14.6; p=0.007
and 4.9 ± 1.0 vs. 12.9 ± 5.6; p=0.007 [mm3]). Histological examination of WT specimens demonstrated
a standard healing course with complete bony bridging by day 21. In contrast, the initial KO specimen
analyzed at day 21 showed a less developed callus
with large amounts of cartilage on top of the ossification fronts.
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The WT mice displayed secondary bone healing with
bony bridged callus after 21 days. Healing course
was delayed in the KO mice, as demonstrated by a
significantly lower mineralization of the callus tissue,
a lower callus volume and disturbed endochondral
ossification [↗Fig. 1]. Dysregulation of the MAPKpathway due to the loss of the ras-inhibitor Neurofibromin has deleterious effects on various cell functions and therefore on the fracture healing process.
Further experiments will be carried out to investigate
the therapeutic potential of a MAP-Kinase inhibitor to
stimulate fracture healing in Neurofibromatosis 1.
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The NF1floxPrx1Cre mouse as a model of pseudarthrosis following
“mesenchymal madness” in Neurofibromatosis 1

Toben D, El Khassawna T, Mehta M, Schell H, Lienau J,
Kolanczyk M*, Mundlos S*, Duda GN
|* Max Planck Institute for Molecular Genetics, Berlin, Germany

2 mm

2 mm

[Fig. 1] Photomicrographs of representative histological sections at day 21 of the WT (left) and KO (right).
The KO mice showed a less developed callus than the WT mice
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Cellular composition of the fracture hematoma

Bone fracture leads to a cycle of inflammation, cellular migration and proliferation to restore tissue
integrity. Immune cells at the site of injury are involved especially in the early phase of the healing
process, but little is known about the cells present in
the initial fracture hematoma.
Immediately after fracture, the recruitment of cells
governing the healing process commences. Immune
cells present in the hematoma are considered to be
a major source of chemotactic molecules. Cells from
the adjacent tissues migrate into the fracture site,
thus contributing further signalling molecules and
influencing the healing process. Bone is one of the
few tissues in the body capable of healing without
the formation of a scar.
This specific regenerative process might be due to
the unique cellular composition of the initial fracture
hematoma. In this study we tested the hypothesis
that the fracture hematoma has a unique cellular

composition differing from the one found in a corresponding muscle hematoma and that this divergence get more pronounced over time.
Standardized mid-shaft tibial osteotomies were
performed in skeletally mature female sheep (n=6)
and stabilized with an external fixator. Additionally,
a muscle trauma was induced in the M. gracilis of the
hind limb (perpendicular to the muscle fibres) in the
centre of the muscle [↗Fig. 1].
After harvesting the hematoma (1, 4, 12, 24, 36, 48,
60 hours post osteotomy) the animals were sacrificed. Following hematoma harvest, white blood cells
were separated from erythrocytes and clot particles
for further analysis. For FACS-analysis, the cells were
prepared and labelled with CD45, CD5, CD2, CD8,
CD4, CD21, CD14, WC1, CD25. Comparing the amount
of granulocytes present in the fracture and soft tissue hematoma one hour post osteotomy, a significantly lower percentage (p = 0.031, Wilcoxon test)

was found in the fracture hematoma. A higher percentage of the T helper cell population was detected
in the fracture hematoma compared to the muscle
hematoma at one and four hours. The percentage
of activated and regulatory T cells in the fracture
hematoma was higher troughout the investigated
time frame [↗Fig. 2].
In this study, a temporal change in the cellular composition of the fracture hematoma over the first 60
hours after surgery was demonstrated. The parallel
characterization of a muscle hematoma confirmed
the theory of divergent cellular compositions in fracture and muscle hematoma. Results of this study
indicate that the inflammatory process occurring in
the fracture hematoma differs from that found in the
muscle hematoma due to a unique immune cell composition. The uniqueness might be mirrored in the
higher regulatory/ activated T helper cell percentage in the fracture hematoma which consecutively
influences the inflammatory reaction, seen in this

study in differing expression pattern of investigated inflammatory factors. Thus the starting point of
the fracture healing process is modulated. A better
understanding concerning the role of the hematoma
in normal and delayed healing situations is crucial.
Further studies examining the hematoma in closed
fracture models and blunt muscle trauma are necessary. An improved understanding of the hematoma
would allow clinicians the ability to better predict
the healing capacity of the fracture during the early
phase of healing, facilitating more specific treatment modalities.

Schmidt-Bleek K, Lienau J, Kolar P*, Schulz N, Pfaff M,
Schmidt G, Perka C, Buttgereit F*, Duda GN, Schell H
|*  Department of Rheumatology and Clinical Immunology,
Charité – Universitätsmedizin Berlin
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[Fig. 1] Position of the fracture (tibia) and muscle (M. gracilis) hematoma on the right hind limb.
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[Fig. 2] Regulatory and activated T helper cell percentages normalized to preoperative blood (100%). BM: Bone marrow adjacent to osteotomy gap (upper line); FH: Fracture hematoma (middle line); STH: Soft tissue hematoma (lower line). *p=0.031 and
#p=0.063, Wilcoxon test.
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The cellular composition of the initial fracture and soft tissue hematoma during
the inflammatory phase of the healing process
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Although multiple treatment options currently exist for stimulating
musculoskeletal defect regeneration (scaffolds, cells, cytokines),
only few have proven to be generally successful in demanding
clinical situations. Due to a lack of knowledge regarding the biological and mechanical conditions as well as their interplay and
specific characteristics for successful treatment modalities, experience from animal models may fail once re-focused towards the
clinical challenges.
This group intends to link basic science, bio-engineering and its
translation into clinical tissue applications, by characterizing the
clinical requirements and optimizing cell therapeutical approaches
on the basis of the determination of beneficial biological and mechanical cellular environments.
Therefore mesenchymal stem cells (MSCs) are studied under conditions known to influence the outcome of bone healing. For example,
we investigate the functional response of MSCs to mechanical loading or the effect of age on the behaviour and molecular make up of
these cells. These investigations provide the basis for the development of novel therapeutic strategies for the treatment of musculoskeletal diseases.
Dr.-Ing. Grit Kasper
Dr. rer. nat. Juliane Gläser
Team Leaders
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Antioxidant power & actin dynamic:

Mesenchymal stem cells (MSCs) are adult stem
cells that can be isolated from tissues such as bone
marrow, fat and muscle. Remarkable properties of
MSCs include their potential for self-renewal and
multilineage differentiation. Therefore, MSCs and
their progeny are thought to contribute to physiological regeneration in organs such as bone and muscle.
However, several studies in humans and animals have
shown that the regeneration potential of bone and
other tissues declines with age. If adult stem cells are
required for tissue repair and regeneration, it is reasonable to suppose that some characteristics of aging
might reflect a decline in the regenerative potential
of these cells. Such an age-related decrease could
account not only for delayed defect healing, but also
for a decrease in the quality of regenerated tissue.
Recently, we investigated the functional behaviour
and protein expression pattern of MSCs from male
Sprague-Dawley rats of different ages (yMSCs =
3weeks, oMSCs=12 month). We validated the significant changes thus identified in MSC biology with age
using a third group (middle age, mMSCs = 3 month)
to exclude the potential effects of sexual maturity or
developmental stage of the animals.
First, we addressed the question of age-dependent
variation in the number of osteoprogenitor cells in
bone marrow [↗Fig. 1a]. The total number of colony-forming units (CFUs) significantly declined with
increasing age. Similarly, the number of alkaline
phosphatase-positive CFUs was reduced in an agedependent manner. Further, we observed a gradual
age-dependent loss in the functional behaviour of the
MSCs [↗Fig. 1b]. In particular, the migration speed
of oMSCs was lower relative to mMSCs and yMSCS.
The migration rate of yMSCs was elevated compared
to mMSCs, but did not reach statistical significance.
High-resolution 2D electrophoreses and subsequent
44

[a]

[b]

[c]

[Fig. 1] Numbers and function of MSCs gradually decline with
increasing age. [a] Total numbers of CFUs and AP+ CFUs per
volume of bone marrow. [b] Ratio of migrated cells (after 5h)
normalized to the internal standard. [c] Concentration of antioxidant activity in lysates of MSCs cultured under standard
conditions. |* Statistical significance (p ≤ 0.05).

functional annotation clustering revealed that ageaffected molecular functions are associated with
cytoskeleton organisation and antioxidant defence.
In order to investigate the ontology-based association of aging and the defence against reactive oxygen
species (ROS), we determined the total antioxidant
activity of MSCs from all three age groups [↗Fig.
1c]. The antioxidant power of lysates from oMSCs
was significantly reduced compared to those from
mMSCs and yMSCs. No difference was observed between lysates from mMSCs and yMSCs.

[a]

[b]

[Fig. 2] MSC aging affects cytoskeleton turnover. [a] Representative images of phalloidin labelling in MSCs from old (oMSCs,
12 month), middle age (mMSCs, 3 month) and young (yMSCs,
3 weeks) after jasplakinolide application over time series.
[b] Cells containing a fully destroyed actin cytoskeleton were
counted at 96min after Jasplakinolide application.
|* Statistical significance (p ≤ 0.05).

The second major group of proteins over-represented
in the functional annotation clustering of proteomic
differences comprised those involved in cytoskeletal organisation. To further validate these in silico
data, actin fibres were labelled by phalloidin. All
three groups showed no gross abnormalities in actin filament content and organisation. To investigate
whether aging affects cytoskeletal turnover, we applied the toxin, Jasplakinolide, which inhibits actin
depolymerisation at the pointed end of the filament
[↗Fig. 2]. The mean ratio of cells responding with
a fully collapsed actin cytoskeleton was lower in
oMSCs than in mMSCs and yMSCS at all time points
investigated and reached the highest level 96 min
after Jasplakinolide supplementation. Thus, oMSCs
seem to respond more slowly to Jasplakinolide, indicating a decelerated actin turnover.
In summary, CFU numbers, migratory capacity and
antioxidant power, as well as cytoskeleton dynamics, decline with age. The results of experiments with
mMSCs are qualitatively similar to those from yMSCs.
However, quantitative effects were more prominent
in the youngest age group, indicating a gradual loss
of number and function of MSCs with age. Further
investigations will elucidate which of the observed
changes are relevant for the limited regeneration in
older patients. A deeper understanding of the molecular basis of aging and its functional consequences
might allow rational manipulation of cells, in such
a way that deleterious effects of aging are compensated without increasing the risk of tumorigenesis.

Kasper G, Mao L*, Geissler S, Draycheva A, Trippens J,
Kühnisch J*, Duda GN, Klose J*
|* Department for Human Genetics,
Charité – Universitätsmedizin Berlin, Germany
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Hallmark of mesenchymal stem cell aging?

The effect of cyclic-compressive loading on MSCs

The investigated MSC markers CD29, CD73, CD90,
CD105, CD106 and CD166 were still expressed after loading. Furthermore, MSCs kept their ability to
differentiate into the osteogenic, adipogenic and
chondrogenic lineage after mechanical stimulation.
The results demonstrated that mechanically loaded
MSCs maintain their stem cell characteristics. However, cyclic-compressive loading led to a significant
down regulation of CD73 and CD29 protein and
mRNA expression compared to the unloaded controls
[↗Fig. 1]. The effects of loading on MSC protein level
remained stable for at least seven days, indicating a
persistent effect in MSCs. A number of cytokines and
growth factors are known to regulate CD73 and CD29
expression. Therefore, the conditioned media (CM)
of loaded and unloaded cells were analysed with
regard to their cytokine and growth factor concentra46
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tions. TNF-α concentration was increased and VEGF
concentration was significantly decreased in CM of
loaded MSCs.
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[Fig. 1] Expression of cell surface marker of mechanically stimulated and unstimulated MSCs. [a] Protein expression detected
by flow cytometry, [b] mRNA expression detected by quantitative RT-PCR, |* p < 0.05.

Since CD73 and CD29 are associated with migration
and adhesion, the influence of mechanical loading
on these MSC functions was investigated. Indeed,
cell migration decreased significantly in response to
mechanical loading compared to unloaded controls
whereas adhesion was unaffected. Furthermore,
on collagen I coated filters blocking of CD29 led to
a significant reduction of MSC migration compared
to the control, while on uncoated filters a significant
reduction of MSC migration was induced by blocking
of CD73 [↗Fig. 2].
CD29 is known to activate FAK upon mechanical stimulation. Thus, the amount of pFAK (pTyr397) was

measured with ELISA and found to be reduced in
loaded compared to unloaded MSCs. Once activated,
FAK allows interaction with a number of Src family
kinases (SFKs). Moreover, CD73 is known to act together with these. In a first attempt, it was investigated whether SFKs are involved in MSC migration.
Therefore, the effect of SFK inhibition by PP2 on MSC
migration was analysed. SFK inhibition resulted in
significant reduction and a trend towards reduction
of MSC migration on collagen type I and on no coating, respectively. Mechanical stress applied to cells
can alter their cytoskeletal structure. As depicted in
Figure 3 [↗Fig. 3], there are less actin accumulations
and shorter lamellopodia detectable in loaded MSCs
compared to unloaded ones. MSCs treated with the
CD29 blocking antibody and APCP resembled a phenotype more similar to the loaded cells than to the
unloaded ones on collagen type I and uncoated filters, respectively.
Our results show a pivotal role for CD73 and CD29
in the migratory response of MSCs upon mechanical
loading. Thereby, one could speculate that an optimal
mechanical stimulus occurring during bone regeneration triggers MSCs to stay at the site of injury upon
homing and contribute to the healing outcome.

no coadting

[Fig. 2] CD73 mediates the migratory response of mechanically loaded MSCs on uncoated filters. Migration assays were performed
in a modified Boyden-Chamber assay in the presence of the CD73 inhibitor APCP and a CD29 inhibitory antibody.
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Mesenchymal stem cells (MSCs) are thought to be
major players during the early phase of bone healing,
a process which is also influenced by mechanical
conditions. What remains elusive is how mechanical stability and healing outcome are linked on the
cellular level. In this respect, it is noteworthy that
cyclic-compressive loading of MSCs in vitro, applied
in accordance with in vivo conditions that lead to
uneventful healing, affect their expression of molecules that are involved in angiogenesis and matrix
assembly, key processes of bone healing. However,
investigations regarding cell autonomous alterations
in MSCs due to loading are still missing. In the present study, we therefore aimed to determine the effect of cyclic-compressive loading on the stem cell
marker profile and found CD73 and CD29 expression
to be reduced. Since both antigens are associated
with adhesion and migration, the impact of mechanical loading on MSC adhesion and migration and the
putative involvement of CD73 and CD29 were further
investigated.

[Fig. 3] Mechanical loading and inhibition of CD29 and CD73
lead to changes in the cytoskeleton of MSCs. Loaded and unloaded MSCs were isolated from the fibrin construct with trypsin and seeded on uncoated and collagen I coated migration
filters in the presence of CD29 blocking antibody and adenosine 5’-(α,β-methylene)diphosphate (APCP). After five hours the
actin filaments and nuclei of migrated MSCs were stained with
phalloidin dye-Alexa 594 and Hoechst-33258, respectively.
Shown are representative pictures. Note the differences in
lamellopodia and actin accumulation formation in loaded,
unloaded and treated MSCs.

Ode A , Schmidt-Bleek K, Duda GN, Kasper G
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CD73 and CD29 mediate the mechanically induced decrease of the migratory
capacity of MSCs

Optimized parameters for angiogenesis
stimulation by MSCs

Angiogenesis is a prerequisite for tissue regeneration
and is dependent on mechanical stresses. The proangiogenic matrix metalloprotease-2 (MMP-2) is upregulated in mechanically stimulated mesenchymal
stem cells (MSCs), a cell type essentially involved in
angiogenesis. Therefore, it was aimed to optimize
the mechanical parameters for MMP-2 regulation in
MSCs embedded in a three-dimensional matrix, to
investigate its regulatory mechanism along with its
contribution to angiogenesis stimulation.
MMP-2-inducing conditions (1Hz and 30% compression) and non-inducing conditions (0.1Hz and 10%
compression) were defined after varying loading parameters for 72h (mean MMP-2 expression at 1Hz, 30%: 150%,
p=0.010). No proliferation has been detected in either loaded or unloaded CFSE-labeled cells [↗Fig. 1a].
In the presence of BFA, no extracellular accumulation
of MMP-2 was detected in response to mechanical loading, in contrast to controls without BFA supplementation (meanBFA: 104%, meancontrol: 148%, p=0.012)
[↗Fig. 1b].

Analysis of enzymatic activities demonstrated an
enhancement of pro-MMP-2 (meanpro-MMP-2: 171%,
p=0.003), mature MMP-2 (meanactMMP-2: 153%,
p=0.006) and tissue inhibitor of metalloproteases-2
(TIMP-2) (mean TIMP-2 : 200%, p=0.014). Furthermore, a furin-dependent mechano-regulation of mature MMP-2 (mean actMMP-2+furin inhibitor : 117%, p actMMP-2
vs. actMMP-2 with furin inhibitor =0.017) and MMP-14 (mean MMP-14 : 154%, mean MMP-14+furin inhibitor : 92%, p MMP14 vs. MMP-14 with furin inhibitor =0.035) was shown. Angiogenesis was stimulated by conditioned media from
MSCs loaded at inducing conditions (mean tube length:
164%, p=0.028) [↗Fig. 2].

In conclusion, mechanical stimulation of MSCs in a
3D matrix induces pro-MMP-2 secretion and MMP-2
activation, potentially via the activation complex
consisting of MMP-2/-14/TIMP-2. Mechano-regulated
pro- and mature MMP-2 seem to contribute to angiogenesis stimulation independently. Thus, an application of the optimized loading parameters could
augment vascularization of tissue engineered con-

The addition of either recombinant TIMP-2 or a
pro-MMP-2 blocking antibody reduced this mechanically induced pro-angiogenic effect, indicating an
involvement of mechano-regulated pro- as well as
mature MMP-2 in angiogenesis stimulation (meantube length+TIMP-2: 105%, p=0.917; mean tube length+α-proMMP-2 : 121%, p=0.417).

structs based on the described MMP-2-dependent
mechanism.

Glaeser JD, Geissler S, Ode A, Schipp CJ, Matziolis G,
Taylor WR, Knaus P*, Perka C, Duda GN, Kasper G
|* Institute of Chemistry and Biomchemistry, Biochemistry,
Freie Universität Berlin

[a]

[Fig. 2] MMP-2 contributes to angiogenesis
stimulation. Tubular network formation resulting
from CM of MSCs loaded in MMP-2-inducing/
non-inducing conditions, in the absence/presence
of recombinant TIMP-2 and a pro-MMP-2 blocking
anti-body (α-pro-MMP-2).
[a]

[Fig. 1] MMP-2 mechano-regulation is a result of cellular secretion. [a] Fluorescence intensity of CFSE-labeled MSCs against cell
counts with and without loading. [b] Extracellular MMP-2 concentration in the presence and absence of Brefeldin A (BFA). Data were
normalized to unloaded samples.
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[a] Representative photographs of tubes formed on
24-well plates.

[b]

[b]

[b] Ratios of cumulative tube length in samples
relative to 0.1Hz, 10%. –: without supplements.
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via matrix metalloprotease-2

Angiogenic stimulation of early human fracture
hematoma

matrix metalloproteinases (MMPs) and tissue inhibitors of MMPs (TIMPs). The hematoma was tested on
tube formation as well, with or without supplementation of factors.
The hematoma significantly improved the paracrine angiogenic potential of the CM, and mechanical
loading further increased it, without changes in the
HMEC-1 cell number [↗Fig. 1 and 2]. A tendency
towards an age-dependent mechanical regulation
could be observed.

Human fracture hematomas were isolated during
surgery up to 72 hours after trauma. They were embedded in a fibrin matrix and compressed by 30%
in a bioreactor at a frequency of 1Hz during 3 days.
Conditioned medium (CM) was analysed in in vitro
angiogenesis assays on the HMEC-1 cell line. The CM
was further analysed by ELISA for growth factors,
[a]

[c]

[b]

[d]

[Fig. 1] Typical photographs of angiogenesis assays stimulated
by conditioned media from the bioreactor. Conditioned media
from: [a] loaded hematoma, [b] unloaded hematoma, [c] loaded
control matrix, [d] unloaded control matrix.
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In vitro tube formation assays with supplementation
of mechanically regulated MMPs and TIMPs was tested in the CM of unloaded haematoamas. A dilution
series showed the positive effect of MMP-1 (1 and
10x the mechanically regulated concentration) and
MMP-2 (1x the mechanically regulated concentration) in the CM of unloaded hematomas. Other tested
concentrations and factors did not increase the tube
formation.

Relative level of MMP-1, 2,-9 and TIMP-2
Loaded vs. unloaded

While most bone fractures heal without complications, some of them develop a delayed union or
pseudoarthrosis. Angiogenesis has been shown to be
an essential process during bone fracture healing as
its blocking delays or inhibits the healing process.
Both the early phase of bone healing and blood vessel formation are known to respond to mechanical
stimulation. The aim of this study was first to investigate the effect of mechanical loading of the early
human fracture hematoma on its paracrine angiogenic potential, and to identify the regulated molecular
players involved, and then, to stimulate tube formation by mechanically regulated factors.

[Fig. 2] Relative level of angiogenesis and endothelial cells
number, normalised to the level of the unloaded hematoma.
|* indicates statistical significance (p<0.05)

Concentrations in the CM of MMP-1, -2 and -9, as
well as TIMP-2, were elevated after mechanical stimulation of the hematoma [↗Fig. 3], and VEGF was
increased by younger patients. The levels of MMP-3,
TGF-β1, Angiopoietin-1 and -2 in the CM were not affected by mechanical stimulation, while the concentrations of MMP-13, PDGF-bb and bFGF were below
the detection limit.
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Stimulation of angiogenesis by mechanical loading of the early human
fracture hematoma
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[Fig. 3] Relative level of upregulated factors in the conditioned
medium by mechanical loading of the hematoma. Data normalized to the levels of unloaded hematoma.
|* indicates statistical significance (p<0.05)

In conclusion, it was shown that mechanical stimulation, comparable to a physiological loading situation
in a fracture gap, leads to an increased angiogenic
potential, which is potentially mediated by the enhanced levels of MMP-1 and / or MMP-2. This hypothesis should be proofed on the hematoma and by
the investigation of released ECM fragments.

Groothuis A, Duda GN, Bail HJ, van Scherpenzeel KM, Kasper G
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Mechanical strain on blood vessel formation

Fracture healing depends on appropriate mechanical
stability and adequate blood supply. Recent experiments have shown that excessive inter-fragmentary
motion interferes with revascularization in the early
stages of bone repair, but a range of research also
demonstrates that blood vessel formation may be
enhanced by mechanical stimulation.
This study therefore aims to test the hypothesis that
blood vessel formation (angiogenesis/vasculogenesis) is favoured across a limited range of mechanical
conditions. To investivate this, an in vitro “tube formation” assay was carried out in the Flexercell system, applying cyclic stretching at 1Hz over 24 hours.
The total length of tube-like structures formed was
quantified for nominal equibiaxial strains from 2.5—
20%, and 2.5% uniaxial strain, and compared to unstretched cultures (n=3 per strain level).

Measurements of strain using digital image correlation confirmed that the Matrigel coating successfully
transmitted the strain from the BioFlex membranes
and remained intact throughout the experimental
period.
[a]

All levels of cyclic stretching resulted in decreased
endothelial network formation; this result was significant (p < 0.05) in all but one (10% strain) experiment [↗Fig. 1]. A trend towards decreased network
formation above 2.5% strain was also apparent, but
not significant. Comparison of uniaxial to equibiaxial stretching conditions showed no significant
differences in network formation at 2.5% strain and
no preferential alignment of the structures relative
to the strain direction [↗Fig. 1]. It is possible that
higher strains might stimulate alignment, but 2.5%
was selected here for superior repeatability.

B
B

[b]

D
[a]
[Fig. 1] Effect of cyclic stretching on endothelial cell network formation on Matrigel. [a–c] Representative micrographs of “tube
formation” assays after 24 hours (original magnification 5×)
under [a] static conditions and cyclic stretching: [b] 5% equibiaxial
and [c] 2.5% uniaxial. The line in [c] indicates the direction of
applied strain; no preferential alignment of cell networks was observed. Scale bar: 250μm. [d] Total network length measured in
10 fields over duplicate wells, normalised to static controls. The
plot summarises results from three independent experiments per
strain condition. | * p < 0.05 (stretched vs. static). No significant
differences were detected between the different strain levels
(p = 0.09) or between biaxial and uniaxial conditions (p = 0.10).
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[b]
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[Fig. 2] Conditioned medium analyses. [a] Gelatin zymography
showed no significant differences in MMP-9 or MMP-2 levels
between CM from any stretched and unstretched cultures
(p ≥ 0.17). [b] VEGF levels determined by ELISA, with concentrations in CM from stretched samples expressed relative to
corresponding unstretched controls. No significant differences
were detected between stretched and unstretched samples
(p > 0.09), or between the different strain levels (p = 0.58).
However, the apparent trend of elevated VEGF levels in CM
from stretched cultures was significant when data were pooled
(i.e. comparing unstretched to stretched, irrespective of strain
magnitude: p < 0.01).

By facilitating migration and matrix remodeling, matrix metalloproteases (MMPs) have been shown to
promote vessel formation; however, expression levels in conditioned media were consistent across all
strain conditions in the present study [↗Fig. 2]. Furthermore, cell-free controls showed that the Matrigel
was the predominant source of the MMPs detected.
On the other hand, an enzyme-linked immunosorbent assay showed that medium concentrations of
the pro-angiogenic Vascular Endothelial Growth
Factor were elevated in stretched cultures (p < 0.05,
stretched vs unstretched, pooled data), irrespective
of strain level [↗Fig. 2]. This suggests that the cyclic
strain physically disrupts network formation in spite
of positive biochemical conditions. This was further
supported by assays in which conditioned media
from mesenchymal stem cells (MSCs) cultured for 3
days in identical conditions (stretched / unstretched)
were delivered to the endothelial cells: while the
MSC-media stimulated network formation, all failed
to overcome the disruption caused by stretching during “tube formation”.
This study demonstrated that a range of cyclic strains
interfered with the ability of endothelial cells to form
vessel-like structures. Analyses of conditioned media from the cultures suggest that this results from
physical disruption rather than biochemical regulation; the breakage of cell-matrix or cell-cell adhesions may cause structures to collapse under selfgenerated tension. As well as revealing a potential
mechanism of impaired revascularization under
strain, these results stress the need to directly apply
stimuli during assays when assessing the mechanical
modulation of angiogenesis in vitro.

[d]
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Systemic mesenchymal stem cell transplantation
Study on the systemic mesenchymal stem cell transplantation for the
treatment of skeletal muscle trauma

[b]

[Fig. 3] Fibroblast-HUVEC co-cultures. [a] Red-stained capillary-like assemblies of HUVECs can be clearly seen within the multilayered “tissue” produced by fibroblasts (brown). [b] Fluorescent labelling of HUVECs reveals connections between both individual
cells and tubular structures, as well as the migratory “tip cell” morphology (circled), indicative of sprouting angiogenesis.

The above-mentioned “tube formation” assay is a
rapid and convenient model, but simulates only a
small proportion of the processes involved in angiogenesis in vivo. It is also possible that, due to limited
cell-matrix contact, it is extremely sensitive to mechanical disruption. To investigate the mechanical
regulation of vessel formation, a more physiological model has been adapted for mechanical testing. This uses a co-culture of dermal fibroblasts and
human umbilical vein endothelial cells (HUVECs).
Figure 3 shows the vessel-like structures formed in
a fibroblast-produced “soft tissue”; in addition to resembling capillaries, cells were also observed with
a tip cell morphology, suggesting that sprouting angiogenesis may be occurring. Current experiments
are examining the effects of applying cyclic strain at
different stages during “vessel” development.

Wilson CJ, Kasper G, Duda GN
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Muscle injuries are a common problem in trauma
and orthopedic surgery. Accidents and soft tissue
injuries caused by intense surgical interventions can
lead to the formation of fibrosis and loss of active
muscle substance with a consecutive impairment of
muscle function. Mesenchymal stem cell (MSC) therapy is a promising tool in the regeneration of muscle
function after severe trauma. Our group showed increased contraction forces compared to a non-treated control group 3 weeks after MSC transplantation
(TX) into an injured skeletal muscle. In addition we
demonstrated a dose-response relationship of the
amount of injected MSC and force enhancement. We
furthermore investigated the fate of the transplanted
MSC labelled with very small iron oxide particles
using 7 Tesla-MRI. Histological analyses revealed
fusion events between existing myofibers but only
to a low amount. The increase of muscle force can
not be explained by these events only. Before further
steps are taken the impact of paracrine effects and
the homing to the site of trauma of the MSC has to
be evaluated. Experimental studies about the functional regeneration of traumatized skeletal muscle
after systemic MSC-TX do not exist.
36 female SD-rats received an open crush injury of
the left soleus muscles. One week after trauma 2.5 x
106 autologous MSC, harvested from tibial biopsies,
were transplanted intraarterially (i.a., femoral arteria, group 1) or intravenously (i.v., tail vein, group 2)
(n=18). Control animals received saline (i.a.: group
3; i.v.: group 4) (n=18). Histological analysis and biomechanical evaluation by in vivo muscle force measurement was performed 3 weeks after TX.
Twitch stimulation of the healthy right soleus muscles resulted in a contraction force of 0.52±0.14 N.
Forces of tetanic contraction in the uninjured muscles reached 0.98±0.27 N. The i.a. MSC-TX improved
the muscle force of the injured soleus significantly

compared to control (fast twitch: 82.4%, p=0.02,
tetany: 61.6%, p=0.02). Contraction forces of muscles treated i.v. (MSC vs. saline) showed no functional improvement. The histological analysis showed no
differences in the amount of fibrosis.

[Fig. 1] Soleus muscle contraction forces (fast twitch: left;
tetany: right). In the treatment group (grey) 2.5 x 106 MSC
have been transplanted i.a. (n=10). Control group (black).
(fast twitch: p=0.02, tetany: p=0.02)

The presented study demonstrates the effect of systemic MSC-TX in the treatment of severe skeletal
muscle injuries. Interestingly, the functional regeneration could only be increased by i.a. application.
The entrapment of MSC in the lungs and the dilution
effect in the circulation, when injecting the MSC i.v.
could be the reason. For possible future therapeutic
approaches a systemic application is considered to
be favourable compared to local injections due to the
better distribution of the cells in the target muscle.

von Roth P, Winkler T, Radojewski P, Preininger B, Matziolis G,
Duda GN, Perka C
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3D culture of cells inside a perfusion bioreactor

Perfused Culture

Constructs Periphery

Free-Swelling Culture

Central region

Despite improving nutrient supply to cells within
3D tissue-engineered constructs, perfusion bioreactors are still associated with cellular viability
issues. These however, begin at the constructs periphery, and spread inwardly. Non-physiological
pressures and shear strains on the cells are thought
to cause this. To determine the individual contributions of these parameters, we have developed a
purpose-built perfusion bioreactor and adapted it,
for assessing the magnitude of pressures associated
with media perfusion, and to apply hydrostatic pressures, eliminating fluid flow [↗Fig. 1]. To demonstrate the bioreactors functional ability, its contribution to proliferation and matrix production by cells
within a 3D culture was investigated.

this extent, colonies were beginning to form by day
12. The degree and sizes of these colonies was greatly
reduced at the centre -most region of the free-swelling cultures [↗Fig. 2], while both perfused cultures
contained such colonies throughout, or at least without a notable difference at their central cores.

the constructs. The pressures associated with both
flow rates were below 0.2kPa

Both perfusion rates enhanced cellular growth
[↗Fig. 3] and matrix production at the central cores
of the 5 mm constructs. The level of increase correlated with flow rates.

The observed pressures and those of other flow rates
are being applied hydrostatically to the cell-seeded
constructs, using the bioreactor. In doing so, the direct contribution of pressure in media perfusion will
be better understood. This work endeavors to eliminate or strategically control pressure as a contributing factor in media perfusion of 3D tissue engineered
constructs.

Despite this, heterogeneous growth and ECM accumulation still existed with respect to location within

Eniwumide JO, Petersen A, Duda GN

[Fig. 2] Representative micrograph, sowing production and
accumulation of type II collagen by the articular chondrocytes
at the periphery and center of cylindrical agarose constructs,
cultured either in free-swelling conditions, or using a perfusion bioreactor

Articular chondrocytes were isolated from skeletally
mature merino mixed ewes. These were seeded in 4%
(w/v) cylindrical agarose constructs, and cultured at
20x106 cells per ml in DMEM+20%FCS for up to 12
days. The cells were either cultured in free-swelling
conditions, or perfused at 100 and 200 µl per hour
using the bioreactor. Serial slices of 6µm samples
were histologically stained for collagen types I, II,
and X to assess cell functionality. Biochemical assays were performed to quantify cell proliferation
and matrix synthesis.

[Fig. 1] The perfusion bioreactor (top) and a schematic
description of the experimental setup
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[Fig. 3] Global and temporal changes to DNA concentrations over 12 days of free-swelling culture (left). Comparison of global and
central DNA concentrations after 12 days in either free-swelling or perfusion cultures (right).

All 3 culture conditions revealed a relatively homogeneous distribution of cells throughout the agarose
constructs. A substantial amount of collagen II surrounded the cell surfaces [↗Fig. 2]. The chondrocytes had produced sufficient matrix proteins to
come into contact with that of neighboring cells. To
57

Julius Wolff Institute Research Report

Cell Therapy
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Instrumented
Implants

The team ‘Instrumented Implants’ investigates implant loads in
patients with implants for knee, shoulder, hip and spine. To measure
the in vivo loading, conventional implants are modified and
equipped with strain sensors and a custom-made telemetry chip.
Loads are sensed and transmitted by an antenna to an external
receiver.
‘Instrumented implants’ allow measurements of forces and moments
during various exercises, such as activities of daily living, sportive
activities or isolated motions. Furthermore the influences of physiotherapy devices like crutches, orthosis or braces are investigated.
Selected examples of in vivo measurements are accessible through
the public data base www.OrthoLoad.com where the patient’s
activity and the implant load are displayed.
Prof. Dr.-Ing. Georg Bergmann
Dr.-Ing. Friedmar Graichen
Team Leaders
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Implantable 9-channel telemetry system

A new wireless telemetry system for in vivo measurements with hip, shoulder, spine and knee implants
was developed. The implants are equipped with sensors and a small telemetry unit to measure 6 mechanical load components and the temperature. The implanted telemetry transmitter is inductively powered
and contains a 9-channel telemetry chip [↗Fig. 1].

The external device TELEPORT includes a power oscillator, radio-frequency receiver and microcontroller
with USB data link to a PC. A power coil and an antenna are fixed at the patient for the measurements.
The microcontroller regulates the magnetic field
(f=4kHz) which supplies the energy through the titanium implant.

The integrated circuit was designed in 0.8µm BiCMOS
technology. A current consumption of 1mA is typical
for the required DC voltage between 4.0 to 6.0V. The
chip has a programming capability (Zener PROM) for
the adaptation to different sensor values.

The received signals are demodulated and processed
by the microcontroller for synchronization, error
detection and power regulation. The patient’s activity
is recorded together with the received data on a digital video recorder. Customized software allows realtime display of all load components, combined with
the synchronous video image. Selected video clips are
stored in the database at www.orthoload.com.
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Integrated circuit for load measurements with orthopaedic implants

Graichen F, Dymke J, Böhme A, Bergmann G

[Fig. 1] Thick film hybrid circuit (6.0 x 9.5mm) with telemetry
chip (2.0 x 2.6mm) and passive components

Six input channels are connected to semiconductor strain gauges with nominal values of 350Ohm.
Channel 7 is designed for chip temperature measurement (NTC). Channel 8 measures the DC voltage to
control the inductive power supply and channel 9 is
constant (t=150µs) for synchronisation. The sensor
values are nearly linearly converted to time intervals
between 200μs and 2000μs. Pulse length is 10μs. The
sensor signals are multiplexed, modulated and transmitted by radio-frequency pulses of about 150MHz to
the external measuring equipment [↗Fig. 2].
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[Fig. 2] Telemetry system for in vivo load measurements with an instrumented shoulder implant
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Averaging strongly varying signals

Loads on a telemeterized implant measured in three patients
within the first postoperative month

Time warping procedure for averaging joint loads

Little is known about the loads acting on a vertebral
body replacement within the first month postoperatively. Among other things, such data are required
for choosing the optimal rehabilitation program for
a patient and for evaluating the efficacy of aids like
crutches and braces.
Telemeterized vertebral body replacements were
implanted into five patients, replacing parts of their
fractured vertebral body L1. Six load components
were measured for several exercises in upright and
lying positions within the first postoperative month.
The fractured vertebra was additionally stabilized
with an internal spinal fixation device.

resultant forces higher than 420 N in all three patients. Elevation of both arms in the sagittal plane to
about 90° also led to high resultant forces, especially
when carrying an additional weight in the hands or
when working against the resistance of a physiotherapist. In the latter case, forces higher than 700 N
were measured. The force direction was close to the
axial direction of the treated spinal segment in upright body positions and varied only slightly for most
exercises. The highest resultant bending and torsional moments measured were less than 4 Nm. For most
exercises the resultant moment was below 2 Nm.
High loads act on a vertebral body replacement
during several exercises already in the first month
postoperatively. These activities should be avoided,
especially in patients with osteoporotic vertebrae
in order to prevent implant subsidence. Using e.g.
a wheeled invalid walker or supporting the upper
body by hands when sitting was found to reduce implant loads.

When loads acting at joint implants are measured
with instrumented implants, they vary much in time,
intra- as well as inter-individually. Nevertheless, the
users of such data need ‘typical’ load-time patterns,
for example for testing or analytically improving joint
implants. Simply calculating an arithmetic mean
curve delivers untypical results. In Fig.1 the small
maxima at the start and end of all curves are lacking
or deteriorated. The problem of extracting ‘typical’
patterns is characteristic for biological signals, especially for non-periodic ones [↗Fig. 1].
An established way to calculate the best fitting
signal pattern from 2 varying signals is the Dynamic
Time Warping method (DTW). The sampling times
or sampling numbers of the 2 signals are charted on
the horizontal and vertical axes of a matrix, and the
array is filled with numbers of a cost function, e.g.
the difference of the ‘coupled’ signal values. An optimization procedure then identifies the path through
this matrix with the lowest overall costs. Problems
arise if one aimes at applying this method to more
than 2 signals, however.

Rohlmann A, Graichen F, Bender A, Kayser R, Heyde C, Weber U,
Gabel U, Dymke J, Bergmann G

[Fig. 2] Same single signals as in Fig.1. The ‘typical’ signal is
calculated by the new, extended DTW procedure.
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[Fig. 1] Four patterns of shoulder con-tact force and arithmetic
average.

It is impossible to define precisely a true ‘typical’
curve from real, strongly varying patterns. This often
requires an individual ‘feeling’ of what is ‘typical’.
The individual signals were therefore synthesized
from segments of sine curves in a way that the ‘typical’ signal could be defined precisely. This signal
then served to validate the quality of the modified
DTW calculations. The average was nearly always
very small.

Additional algorithms were developed to combine
an unlimited number of signals by applying repeti-

Bender A, Bergmann G, Ehrig RM

DFG RO 581/16-3.

[Fig. 1] Cut model of the telemeterized vertebral body replacement.

The highest force component acted in the direction
defined by a line connecting the centres of the adjacent vertebral bodies. The resultant force was always less than 100 N in a lying position. Standing
and sitting caused forces between about 150 and
450 N. Support with the arms or hands reduced the
force considerably. Flexion of the upper body caused
64

tive DTW procedures. The ‘impact’ of each additional
signal is continuously decreased. This results in a
‘reference’ signal Sr which serves as mediator between the individual signals Si. To give an example:
Value Sr(10) (reference signal, measurement #10)
should belong to S1(8) as well as to S2(13) and
S3(15). Then the signal values and times of S1(8),
S2(13) and S3(15) are averaged arithmetically to
obtain the ‘typical’ signal. This preserves all characteristics of the individual patterns. In Fig.2 the small
maxima at the start and end are well pronounced and
at average positions in the ‘typical’ signal [↗Fig. 2].
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Vertebral body replacement

Shoulder joint loads

Mechanical loads acting in the shoulder joint were
calculated until now with computer models based on
motion capture systems or measured in cadaver studies. Both methods have large uncertainties, among
others due to the unknown muscle recruitment
principle of the shoulder muscles, the complexity of
the shoulder joint, and problems to access scapular
motions with skin markers. Therefore the estimated
joint loads show large variations, obtained by different models, optimization criteria and authors. Nevertheless, reliable values for maximum and typical
joint loads are important for pre-clinical testing of

new joint implants and fracture fixation technologies, as well as for improving the analytical models.
Therefore, the aims of this study were to measure the
mechanical loads at the glenohumeral joint with an
instrumented shoulder prosthesis during everyday
live. Additionally synchronous measurements with
motion capture and EMG were done to improve the
accuracy of existing shoulder models.
Our instrumented implant is capable to measure
micro-deformations in the implants’ neck and telemetrically transmit both three-dimensional forces
and moments by inductively powered 9-channel
telemetry. This implant was implanted in 8 patients
and four of them with sufficient rehabilitation time
were able to take part in measurements during typical activities of living like combing, steering, nailing,
lifting a coffee pot, lifting a weight of 10 kg lateral,
and placing 2 kg in a shelf.
The measurements showed values that exceeded
100% of the bodyweight (100% BW) during several
exercises like lifting a coffee pot or placing 2 kg in a
shelf. Even presumably not strenuous activities like
combing lead to forces of 75 % BW. On the other
hand, passive holding 10 kg with the arm hanging
down, for which high calculated loads were reported, caused forces of only 10-20%BW.

[Fig. 1] Patient S2R setting down and lifting up 2 kg at head
height. The diagram shows the resultant force in black and the
components in green (Fx, anterior), blue (Fy, superior) and red
(Fz, lateral).
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Surprisingly it was observed, that the forces were
higher when setting down the weight than when lifting it up [↗Fig. 1]. This is most probably explained
by antagonistic muscle activation to avoid a hard
impact on the surface. The bending moments and
the torque, acting in the joint, varied much more
intra-individually than the forces. This can possibly
be explained by different friction properties of the
individual glenoid, which were not replaced.
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In vivo measurements with an instrumented shoulder implant in 8 patients

[Fig. 2] Patient S8R presenting his very good functional result
by doing push-ups during combined in vivo, EMG and motion
capture measurements in Amsterdam.

Based on these measurements of shoulder joint loading, orthopedics and physical therapists can advise
patients after humeral fractures or joint replacements, for example. To limit the loads in this area,
allow bone ingrowths in implant interfaces or protect risky fracture fixations, it is most important that
external loads should never act at the straight arm.
Recently, combined measurements with motion
capture, EMG and in vivo loads were done to apply
the in vivo loads directly on improving musculoskeletal models [↗Fig. 2]. These measurements were
conducted in cooperation with the research group
of Frans van der Helm in the Netherlands. Using the
motion capture data including scapula tracking will
allow converting the humerus loads to the glenoid.
These data are essential to adapt the still critical glenoid fixation on realistic load cases.
Measured humerus and transferred scapula data will
be published as a part of the free internet database
www.orthoload.com.

Westerhoff P, Graichen F, Bergmann G
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Instrumented knee joint

Low forces were found during cycling on an ergometer. Depending on the cycling power, peak resultant
forces between 50 %BW (25 Watt) and 170 %BW (95
Watt) were measured. Cycling with low power levels
therefore seems to be a low demanding activity for
the knee joint and can be recommended as well
suited fitness activity for patients after total knee
replacment.

Knowledge about the loading of total knee replacements is required for preclinical tests of new implants and the biomechanical understanding of the
knee joint. Furthermore advice for patients can be
given to avoid certain activities which result in excessive loading. Previous load data was mainly
derived from mathematical models and
provided inconsistent findings.
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In vivo measurements with an instrumented knee implant in 9 patients

To measure the loading in vivo an
instrumented knee implant with
telemetric data transmission was
developed, which is able to measure
the forces and moments acting on
the tibial plateau [↗Fig. 1].
The prosthesis is based on the Innex
System, Typ FIXUC (Fa. Zimmer). The tibial
component was slightly modified to enable
the measurement. It consists of two tibial
base plates with hollow stems which are
separated by a small gap allowing loaddependent deformation of the inner stem.
The deformation is measured by six semiconductor strain gages.
The first prosthesis was implanted in March
2007 in a 63-year old man. From 2007 to 2009 additional implantations of 8 prostheses in 3 women and 5
men were performed.
Since 2007 extensive load data during various
activities was collected. To examine the loading
during every day life, measurements were taken for
walking, stair climbing, standing up, sitting down,
and standing.
The highest loads were measured when going down
stairs with mean peak resultant forces of 345 % BW
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[Fig. 3] Subject during gait analysis and in vivo load measurement

Selected load data is already avaiable on the public
database www.orthoload.com.
[Fig. 2] Forces and moments during level walking (1 subject)

[Fig. 1] Instrumented knee implant

(Body Weight), followed by going up stairs (315 %BW)
and level walking (260 %BW) [↗Fig. 2]. In most of the
patients standing up (245 %BW) resulted in slightly
higher forces than sitting down (225 %BW).
With a maximum of over 520 %BW, the highest resultant force was observed in a single patient during
jogging at 6 km/h. Also slight stumbling during level
walking let the peak force from 200 %BW to more
than 400 %BW.

Besides investigations of different aspects of knee
joint loading such as medio-lateral load distribution,
valgus bracing with orthoses and the influence of
footwear, gait analyses and simultaneous in vivo load
measurements were performed on two male subjects
during activities of daily living [↗Fig. 3].

Kutzner I, Heinlein B, Graichen F, Bergmann G

The subject specific kinematics, obtained by a Vicon
motion capture system, in combination with the
telemetrically measured load data enables the validation and improvement of existing musculoskeletal
models and leads to a better understanding of knee
joint biomechanics.
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Instrumented hip joint

Goal of the project is to measure in vivo forces and moments
acting in the hip joint after total
joint replacement. One focus is
the joint loads of very active
and sportive persons. Such
data are important for postoperative rehabilitation, identifying activities which cause extreme joint loads, validation of
analytical biomechanical models and developing and testing
new implants. For these measurements a standard CTWTM
cementless titanium implant
(Merete Medical GmbH, Berlin) was modified in the neck
region [↗Fig. 1].
Inside the hollow neck the telemetry, a coil for inductive power supply and 3 custom made twin semiconductor strain gauges were arranged. This allows to
record the 6 force and moment components which
act between implant head and cup. The top of the
prosthesis is closed by electron beam welding with
a titanium plate which holds a two pin feed through.
An antenna loop is welded onto these two pins and
sealed against the body fluids by medical polysiloxane. Feedthrough and antenna are mechanically protected by the ceramic head. The instrumented prosthesis has a range of motion of 124°, is fitted with a
32 mm diameter ceramic head and can be combined
with different sockets.
The fatigue resistance of the modified implants was
first tested in-house according to the ISO 7204 test
standards. The shaft was tested during 10 million
cycles with 2.3 kN while its upper 50 mm were not
embedded. For testing the neck, the shaft was fully
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Al2O3 – Ceramic Head

[Fig. 2] Accuracy tests:
Measured load components
versus applied loads.

Internal Antenna
Feed Through
Telemetry
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[Fig. 1] Modified hip implant (left), Section-model of the instrumented hip implant with internal electrical components (right).

supported and the load was first increased to 5.34 kN
during 10 million cycles. Then it was elevated stepwise to 7.8 kN until 15 million cycles were reached.
This level is much higher than the demanded by the
ISO test standard. After these successful internal
tests a certified company (EndoLab) repeated the
ISO test standard with positive results.
All tests required for sterility and toxicity were performed by Vanguard AG with positive results. The final
certification of the medical, electrical and mechanical
safety of the implant and of the external equipment
was performed by BerlinCert. The instrumented hip
joint prosthesis is therefore a certificated medical implant according to the MPG (Medizinprodukte Gesetz
§12 Abs. 2) and AIMDD (Richtlinie 90/385/EWG).
The clinical study was approved by ethical committees (Charité and Brandenburg). X-Ray safety
was certified by the BFS (Bundesministerium für

Strahlenschutz). The registration of the clinical
study is implemented by LAGetSI (Landesamt für
Arbeitsschutz, Gesundheitsschutz und technische
Sicherheit).
To check the measuring accuracy of the prosthesis various tests were performed. For the forces / moments a maximum measurement error of 2 % / 1.5 %
was determined, with an average error of 0.7 % / 0.5 %
[↗Fig. 2].

Twenty implants were instrumented and 6 of them
already calibrated. So the second part of the project
can be started in March 2010 with the implantation of
10 prostheses in younger and more active patients.

Damm P, Graichen F, Bergmann G
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Mechanobiology occupies the unique position situated between
macroscopic biomechanics (force on limbs and joints) and mechanotransduction (forces at the cellular level). The goal of the mechanobiology team is to understand at the tissue level the influence of
mechanics on biological processes during healing in different
musculoskeletal tissue regeneration situations.
The aim in these analyses is to develop a unifying mechanobiological
theory for musculoskeletal tissue regeneration that describes the
progression from injury and inflammation to the regeneration
of musculoskeletal tissues. A further aim is to develop and test
therapies to assist regeneration of musculoskeletal tissues, through
mechanical, biological and material means. The connection
between the analysis of the mechanical boundary conditions of
bone healing, tissue formation patterns and the individual cell
behavior is established by the application of in vivo, in vitro and
in silico methods.
Univ.-Prof. Dr.-Ing. Georg N. Duda 			
Dr. rer. nat. Ansgar Petersen
Team Leaders
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Weight bearing in rat and sheep

The knowledge of the boundary conditions and local mechanical environment during healing process
is essential to understand bone healing outcome. Although, methods for the in vivo determination of the
mechanical environment during healing are already
available for large animal models, limitations of the
large animal model become evident while investigating the molecular biology of healing. Rat models
provide a possible solution, what is lacking however,
is the mechanical characteristics during the course
of healing by quantifying the mechanical conditions. The aim of this study thus, was to develop an
appropriate method for the in vivo monitoring of
mechanical conditions of fracture healing model, by
establishing a gait analysis for the rat. Furthermore,
the results should be compared to those of the established sheep models. It was hypothesized that the
recovery of weight bearing over the course of healing
is similar among the rat and the sheep models.

mid-shaft osteotomy of the left femur, adjusted to a
gap size of 1 mm, was performed and stabilized with
an external fixator, attached to the lateral side of the
femur. Ground reaction forces were recorded the day
before surgery. The rats walked weekly for a six week
period on the gang way, beginning one week post-operatively. During these gait trials, limb loading was
monitored with the force plates in the same manner
as prior to surgery. A minimum of seven trials per
measurement session was taken.
Gait patterns were taken over the course of healing
in sheep [1], after a transverse osteotomy of the tibial
diaphysis with a 3 mm distraction gap stabilized with
an external fixator in eight female merino-mix sheep
(mean weight of 72 kg). The gait analysis was performed using pressure sensitive platform (Emed SF-4,
Novel, Munich, Germany) and the sheep were trained
to walk over the gang way preoperatively, where the

[Fig. 1] The test set-ups for ground reaction force acquisition in the rat model (left, centre) and in the sheep model (right)

In order to determine the recovery of weight bearing
in the course of bone healing by monitoring the peak
ground reaction forces, a group of six healthy, skeletally mature female SD rats (mean weight of 250 g)
were trained to walk on a gang way containing two
force plates (HE-6x6, Advanced Mechanical Technology, Incorporated; Watertown, MA). A standardized
76

initial weight bearing was assessed as well. Starting
3 days after surgery, the ground reaction forces were
acquired at weekly intervals up to nine weeks and at
least 7 values were recorded per time point. For both
animal species the maximum ground reaction forces
were averaged for each animal and time point and
normalized to their bodyweight [↗Fig. 2]. All data

[Fig. 2] Maximum ground reaction force for comparison between fracture model in rat and sheep, over course of healing, force
normalized to body weight and in percentage of the initial preop values

were expressed as percentages of the corresponding
preoperative values.
Monitoring of the ground reaction forces over the
healing course revealed broad inter-individual variations for the analyzed rat group [↗Fig. 2 and 3]. The
normalized initial weight bearing of the fractured
limb were obviously higher for the rats (above 60 %)
than for the sheep (below 40 %); [↗Fig. 2]. In both
groups a postoperatively unloading could be observed, which were more pronounced for the sheep
[↗Fig. 3]. While for the sheep group the ground reaction forces returned to their initial values starting
from the fifth week on, in the rat group only a slight
increase in forces were visible, starting at the same
time point. In the case of the rat the complete recovery was not achieved even after the sixth week.
The analysis revealed differences in the maximum
ground reaction forces over the course of healing between both fracture models. In terms of the loading
recovery, the rats were inferior to the sheep. Within
the duration of six weeks full return to preoperatively
weight bearing could not be observed in the rats. It

is likely that this outcome would change if a longer
observation period would be selected. These findings were contrary to the results from biomechanical
tests in vitro, where rats showed a higher mechanical
competence in terms of maximal torsional moment
and torsional stiffness within the 6 week period [2,
3]. These results clearly show that determination of
ground reaction forces alone is not sufficient to ensure
effective healing improvement. Additionally certain
varieties between both models, like location of the applied fixators, mechanical stabilization properties of
the fixators and natural behaviour patterns of the species should be carefully reconsidered before comparison. The study illustrated successful establishment of
methods to quantify the mechanical characteristics of
bone healing and thus aid in identifying the boundary
conditions during bone healing.
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Study on in vivo monitoring of mechanical conditions of fracture healing
by using gait analysis

In vivo characterization of fracture healing

The regain of bone strength and stiffness are fundamental qualities that define healing outcome and are
important for the clinical treatment of skeletal defects.
Applications of bone morphogenetic proteins (BMP)
are known methods to stimulate bone regeneration.
However, recent studies illustrate that the BMP initiat-

trol group (n=6, Group A) while 50 µl of BMP2 (50
µg; Prof. Sebald, Würzburg) for stimulation of instant
mineralization (n=6, Group B) and 25 µl wtGDF5 (2
µg; Biopharm) for stimulation of endochondral ossification (n=6, Group C) were used (LAGeSo, Berlin:
G 0071/07).

[Fig. 1] Test setup (left), fixator mounted in the test setup for in vivo measurement, fixator bar already removed (center), resulting
force and displacement curve for 1 measurement (right)

ed mineralization may lead to ectopic and excess bone
formation. A new method to monitor bone maturation
in vivo was developed to analyze the effect of different cytokines on the initiation of mineralization. The
hypothesis was that a direct initiation of mineralization through application of BMP2 will lead to a rapid
increase in stiffness and bone mineral content (BMC),
while the initiation of an endochondral ossification by
means of growth and differentiation factor 5 (wtGDF5)
will take a slower, but in the end comparable path of
mineralization with similar stiffness and BMC values.
Female SD rats (weight ~ 300 g) underwent standardized mid-shaft osteotomy of the left femur,
with the critical gap size of 4 mm and stabilization
with a custom made external fixator. The fixator was
constructed such that the load bearing bar could
be detached during in vivo stiffness measurements.
Scaffolds (Lyostypt®, B. Braun) loaded with 50 µl
H20 were placed in the empty defects for the con78

treated with unloaded scaffolds (A) gained no increase
in stiffness. Treatment with BMP2 and wtGDF5 (B &
C) resulted in comparable peak forces at postop and
week 1 time point to those of control group. From the
2nd week on, significantly different stiffness values
were observed. The mineralization group (B) showed

treatments over time. To do so, a new measurement
method was established, which allows one to determine in vivo stiffness data of bone defect healing and
to combine this with in vivo 3D µCT data. The method
proved to reliably distinguish between the three tested
treatment groups (Groups A, B, C). While the initial

[Fig. 2] Reaction force values over the course of healing (left) for the control group (Group A), initiation of mineralization by
BMP2 (Group B) and initiation of endochondral ossification by wtGDF5 (Group C), newly formed mineralized bone (BV, center)
and mineral content (BMC, right).

The mechanical stiffness was measured using a custom made setup: the proximal external fixator mounting was attached to a load cell (S2/20 N, HBM) and
the distal one to a precision linear actuator [M-230,
PI, ↗Fig. 1]. For measurement the load bearing fixator bar was detached and 6 displacement controlled
ramp stress relaxation tests were performed per time
point (rate: 10 µm/s, relaxation: 40 s, max. displacement: 500 µm). Three set cycles and three measurement cycles were recorded. The first measurement set
was taken immediately after surgery and from then on
weekly up to 6 weeks. Additionally callus mineralization was evaluated by in vivo µCT (vivaCT 40, Scanco)
at 2, 4, and 6 weeks. The new built tissue was quantitatively analyzed for mineralized callus volume (BV),
tissue mineral density (TMD) and bone mineral content (BMC = BV * TMD).

consistent higher reaction forces starting from 2nd
week on. Group C with induced endochondral ossification showed a distinct increase of stiffness with
time, however the change was slower compared to the
BMP treated group: A slight increase was seen at week
2 [↗Fig. 2], with steady increases up to 4th week.
From week 4 on, the Group C showed constant stiffness values. In comparison, the wtGDF5 treatment in
Group C initiated a prolonged stiffness increase and
peak force values well below the ones in the BMP-2
treatment (B). Evaluation by in vivo µCT revealed that
only a low amount of BV was formed in the control
group (A), while treatment with wtGDF5 (C) exhibited
a steady rise in BV up to 6 times the value of week
2, reaching values of the BMP2 group [↗Fig. 2]. The
BMP2 treated group showed already at 2 weeks multiple times higher volumes than both other groups.

postoperative and 1 week measurement data showed
similar stiffness independent of the used treatment. At
2 weeks substantial differences in stiffness and mineralization were seen for the BMP2 group (Group B). The
increase in stiffness and mineralization jumped within
less than a week to levels of intact bone tissue in Group
B, once again illustrating the capacity of BMP2. Even
though wtGDF5 treatment (Group C) showed similar end
point values in stiffness and extend of mineralization,
the temporal development was found to be different. In
conclusion, the new analysis method allows the differentiation of distinct healing pathways according to temporally stiffness. We clearly demonstrated that wtGDF5
developed a slower bone defect filling by means of
endochondral ossification. This information may be as
important as the endpoint mechanical competence.

In all animals the defined displacement pattern could
be applied and was readily reached. The osteotomies

The aim of the present study was to characterize the
tissue maturation of different strategies of bone defect

Wulsten D, Ellinghaus A, Schmidt-Bleek K, Petersen A,
Schell H, Duda GN
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Characterization of the tissue maturation of different strategies
of bone defect treatments over time

In vitro mechanical competence of
the early soft callus
Development of an in vitro test method to quantify the mechanical
competence of early soft callus tissue

The animals obtained were part of a larger study.
Two female adult rats, specimen A (12 months) and
specimen B (12 weeks) underwent a mid-diaphysis
femoral osteotomy. The osteotomy gaps were distracted to 1.5 mm and stabilized with a mono-lateral
external fixator. The animals were sacrificed at 10
days postoperative and femurs were isolated with
the fixator intact. Following the removal of the muscle tissues from around the callus, the femurs were
placed in a PBS bath at 25o Celsius [1]. A pin was
hand drilled into the proximal and distal ends of the
femur. The free ends of the pins were stably fastened
into a custom built axial compression test setup. The
pin on the proximal end of the femur was connected
to a calibrated 2 Newton force sensor and the dis-

tal end to a holder in the bath. Following the careful
alignment of the femoral axis to the axis of loading
(Z-axis), the bars of the fixator were removed. Using
a programmed ramp wave, incremental displacements were applied to the proximal end of the femur
in six steps of 35 microns/step, each with a 600 second relaxation time. Force and displacement were
measured in real-time during the test. The peak and
equilibrium dynamic stiffness and the relaxation time
constants of the callus were calculated [↗Fig. 3].
After mechanical testing, histomorphometric analysis was done on the two test specimens. Cartilage
area was measured between the fractured cortices
[↗Fig. 2].
Using the current test setup, it was possible to stably fixate the rat femur. The force-displacement-time
curves demonstrated that the soft callus exhibits a
biphasic response. During each incremental displacement of the femur, the callus responded instantaneously with a rapid increase in force (first
phase) followed by a slower force relaxation (second
phase). The peak force measured at each displace-

Specimen B

a

b

b

d

[Fig. 2] Histology. [a], [b]: movat pentachrome and collagen
staining of specimen A respectively. [c], [d]: movat pentachrome
and collagen staining of specimen B respectively.

[Fig. 1] Test setup. Specimens were aligned
to the axis of loading and fixator bars were
removed before testing.

[Fig. 3] Material response: Callus soft tissue response to incremental ramp displacements. Peak stiffness was defined as the
slope of the peak forces / displacement. Equilibrium stiffness
was defined as the slope of forces / displacement after 600 s
of relaxation time. Relaxation time constant (τ) was defined as
the rate of decay of force from peak to equilibrium state.
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ment step was consistently higher for specimen A
compared to specimen B. The peak dynamic stiffness
measured for specimen A was 2.7 times than that of
specimen B. The equilibrium dynamic stiffness for
specimen A was 4.3 times higher than that of specimen B [↗Fig. 2]. The relaxation time constant (tau)
for specimen A was 0.33 times lower than that of
specimen B. Cartilage area in specimen A was 15 %
higher than in specimen B [↗Fig. 3].
Although this study was limited to two single specimens, we have shown that using the current test
setup, it was possible to measure with high sensitivity the stiffness of the early soft callus tissue.
Repeated measurements were not possible on each
specimen due to the deformation nature of soft tissues in compression. From the biphasic response, it
was possible to quantify mechanical parameters that
are typical of a viscoelastic material. With this methodology, we have demonstrated the force response
curves for two different specimen materials.
Whilst the shapes of the curves were similar for
both specimens, the forces and the stiffness were
found to be substantially higher in the older animal,
specimen A. Since the older animal is larger and has
a larger femoral diameter and cartilage area, it is
not surprising that a larger force is required for the
same deformation. It is yet to be seen by increasing samples numbers, what contributions and influence varying amounts of tissues in the fracture
osteotomy gap e.g. endochondral cartilage (normal
healing), granulous and pathological tissues (critical healing) during the early healing phase would
have on measured mechanical parameters from our
newly developed in vitro test.

Mehta M, Schill A, Duda GN
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Specimen A

We hypothesized that the mechanical competence of
the early callus acts as an indicator to the quality and
progress of the healing tissue. As a result, the early
callus tissue would influence the quality of the late
mineralized callus. However, no knowledge of this
exists. Therefore, as our first aim, we developed an
in vitro test method to quantify the mechanical competence of the early soft callus tissue.

Influence of age and mechanical stability
on fracture callus

Post image processing, a μCT evaluation score of the
healing outcome was made using a modified protocol
[2]. Briefly, the following criteria in 2 perpendicular

a

c

b

d

For the μCT analysis of the callus, a threshold of 550
mg HA/cm3 was applied and 3D images of pure mineralized callus were rendered. Callus volume (CV),
callus mineral density normalized as a percentage
of contralateral bone (CMD), callus strut number
(C.St.N), callus strut thickness (C.St.Th) were measured on the digitally extracted callus tissue (Scanco
software). Using Amira software (Indeed - Visual
Concepts, Germany), polar moment of inertia (PMOI),
taking into account mineral density, was determined
about the maximum principal axis.
No significance of interaction between age and stability was observed within the tested parameters. The
μCT evaluation score of healing outcome showed a
better score for younger animals (p=0.002) and with
rigid fixation (p=0.058), whilst stability showed no
significant influence on the healing outcome in aged
animals (YR>YSR>OSR=OR).
The callus CSA in radiological examinations showed
an increase in all groups over time course of heal-

[Fig. 1] Representative
images (XZ plane) of
the μCT scoring system
(A, B, C, D). Each image
was scored by three
persons and averaged.

Th (p=0.011), with younger animals having a thicker
C.St.Th, and correlating to a better healing outcome
(rho=0.733, p<0.001).

ing. Stability had an influence on the callus size,
with semi rigid groups producing the largest change
in callus CSA during weeks 2-4 and 4-6 (Δ CSA2-4
p<0.001; Δ CSA4-6 p=0.034). In spite of this mechanical stimulation during weeks 4-6, the aged animal groups, showed a slowing down in the change in
callus CSA (Δ CSA4-6 p=0.005).

We have shown that age has negatively influenced
mechanical competence in bone defect healing in rats.
The μCT evaluation scores show no influence of fixation stability in aged animals. X-ray analysis on callus
CSA change indicated all groups to be equal performers in healing during early stages with stability holding
a strong influence on size. However, a slow down in
callus growth was observed in the aged animals groups
during later weeks (4-6). We have also shown that aging lowers the callus competence parameters CMD and
C.St.Th. Mechanical stimulation is known to influence
bone healing, however, this study shows that it does
not influence callus competence parameters i.e. mineralization and strut thickness in the aged groups [2].

During the μCT analysis of callus competence, whilst
age showed no influence on CV and PMOI, stability
showed to play a role, a higher CV (p=0.002) and
PMOI (p=0.005) in animals with the semi-rigid fixation was observed. Age was observed to play a significant role in callus mineralization, with reportedly
a lower CMD in older animals (p<0.001).
On the other hand, stability influenced the CMD to
be higher only in younger animals with a rigid fixation (p=0.008, ↗Fig 4). CMD values also showed a
correlation to the μCT scores (spearman’s rho=0.608,
p=0.002). A higher CMD resulted in a better healing outcome. In the μCT microarchitecture analysis
of the callus competence, C.St.N was influenced by
stability, with a larger number seen in the semirigid
group (p=0.011) and correlated to CV (rho=0.608,
p<0.001), while age showed no influence. Conversely,
age was observed to play an influence on the C.St.
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[Fig. 2] CMD results show no
influence of fixation stability
in aged animals (Left). Callus
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In 32 female SD rats, the left femur was osteotomized, distracted to a gap of 1.5 mm and stabilized
with an external fixator [3]. Variation of age (12 vs.
52 weeks) and fixator stiffness (rigid vs. semirigid)
resulted in 4 groups (n=8): YS: young semi-rigid, OS:
old semi-rigid, YR: young rigid and OR: old rigid. Radiographical examinations were performed at 2, 4, 6
weeks [2]. Change in cross sectional areas of callus
between weeks 2-4 (Δ CSA2-4) and 4-6 (Δ CSA4-6)
were compared between the groups. Animals were
sacrificed at 6 weeks, both femurs harvested and imaged using a Scanco Viva40 μCT at a voxel size of
12.5 µm.

views (XZ,YZ) for each case was used [↗Fig 1]: A- 4
cortices bridged by callus, B- one to three cortices
bridged by callus, C- no cortical bridging by callus,
D- Pseudarthrosis

CMD (% of contralateral)

Similar to bone, mechanical competence (stiffness) of
the callus not only depends on callus matrix volume,
but also on its mineralization and microarchitecture.
For developing age dependent therapeutic strategies
it is eminent to understand the influence of fixation
stability and age on these callus competence parameters. Therefore, the aim of the presented study was
to analyze the reasons for loss in mechanical competence in aged animals with varying fixation.
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Analysis of the loss in mechanical competence in aged animals
with varying fixation

Longitudinal monitoring of bone defect healing

In this study, we present a new standardized method
to monitor bone defect healing in 3D over time in
rat femora using in vivo µCT. We report callus formation and patterning over time for normal and
critical bone defect healing.
Eight 12-week-old SD rats were divided into two
groups defined by the femoral bone defect size (1
mm and 4 mm), normal healing and critical healing
respectively (n=4). The femur was stabilized with a
custom made external fixator consisting of a carbon
crossbar with an imaging window that enables imaging without artifacts during in vivo µCT 1. An in vivo
bed made of acrylic was used to reproducibly position the subjects. A detachable modular clamp integrated into the bed helped position the fixator into
the scanning VOI in a reproducible manner without
imaging artifacts. Animals were scanned at 1, 2, 3,
4, 6 weeks for 1 mm group and up to 8 weeks for
the 4 mm group. The CT dosage was calculated to be
86 mGY for a 35.5-micron resolution scan, 150 ms,
55 kV, 145 mA that lasted for 8.3 minutes, 46 mAs.
One rat served as a reproducibility control and was
scanned 4 times post sacrifice. Descriptive histology
was performed on normal healing group to screen
for radiation influences on tissue phenotypes. Post
processing of µCT image stacks was performed using Amira for image registration and polar moment

[Fig 2] Growing callus boundary (image a) as quantified in polar coordinate system (image b, 20 pixel
lengths= 0.71 mm). Contours have been registered on
a single animal over healing time in the periosteal
callus. Arrows show lateral section of femur where
minimal callus formation is observed. Note, periosteal callus formation is slow during week 1 and then
rapidly increases until week 4, followed by another
slow down.

of inertia (Jz) with region specificity over time. An inhouse MATLAB script was used to characterize callus patterning in periosteal callus over time. Scanco
software was used for quantification of bone volume
(BV- normalized against gap size), and tissue mineral
density (TMD) over time in both groups. Statistical
comparisons between the groups were performed
using the Mann-Whitney U-test (SPSS 17.0).
At a resolution of 35.5 µm, repeatability of the 4
scans produced a variance of 0 mm3 in BV and 0.01
mm in trabecular thickness. Results from descriptive
histology showed no negative influence of weekly
radiation on bone and cartilage tissue phenotypes
in the osteotomy area. Image registration of stacks
over weekly intervals of monitoring an individual
[↗Fig 1] provided temporal and spatial visualization of 3D bone formation and resorption, and comparisons within and between groups (e.g. extent of
bone resorption between week 1 and 6 in the periosteal callus).
Quantitative growth of callus tissue was calculated
to be an average of 1.14 mm2/week over healing time
for the example presented (normal healing- 1 mm)
[↗Fig 2]. It was observed that callus growth is preferential in medial direction and almost none in the
lateral direction in all groups.

[Fig 1] Visualization of bone formation and resorption within the callus and
cortex of an individual subject (normal healing- 1 mm). Blue, pink and red
color = 2, 4, 6 week respectively. Image 2 b is a 2D slice from the 3D registration over healing time between week 1 and 6. Yellow indicates overlapping
regions of bone. Red indicates bone formation. Green indicates resorbed
bone (blue arrow shows endosteal and cortical resorption).

[a]

[c]

Quantitative 4D µCT data in combination with image
registration can provide valuable information on region
specific and global bone remodeling structures, which
is not possible using in vitro µCT analysis. This study
has shown that callus formation is clearly not symmetric as assumed in many computer simulations and 2D
sectioning during histological studies. Furthermore,
it was observed that callus tissue undergoes constant
bone formation and resorption. In combination with 4D
µCT and contour maps, it has been shown that bone is
laid down in the callus tissue predominantly in the first
4 weeks, followed by a constantly changing callus tissue boundary, sometimes even shrinking [↗Fig 3b].
TMD was shown to be affected in the critical healing group. Bone formation in this group was also impaired, and in fact, BV and Jz were observed to drop
at week 8 rather than to increase. This time point
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[b]

[Fig 3] 4D µCT results showed significant differences
in callus formation and maturation between groups
1 mm (n=4) and 4 mm (n=4). Lack of mechano
biological stimulus at the fracture site within 4 mm
group led to impaired bone formation unto week 6
(grey arrow, image 4 a, b), and followed by bone
resorption, also supported by image registered inset
in 4 a (blue color). TMD and BMD are influenced by
large defects only during later stages of healing.
|“*” indicates significant group differences at p < 0.05.

[d]

also coincided with closure of the intramedullary
cavity with new and highly mineralized bone showing clear signs of pseudarthrosis. Radiographs show
osteolysis development and fragmentation of bone
between week 6 and 8.
Such a detailed follow-up using 4D monitoring in
bone defect healing can be valuable in spatiotemporal delivery strategies for promoting musculoskeletal
tissue regeneration2.

Mehta M, Heyland M, Woloszyk A, Peters A, Lienau J, Fratzl P*,
Duda GN
References [1] Strube, P; J Biomech, 2009, [2] Guldberg, R; JBMR 24, 2009
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in 3D over time in rat femora using in vivo µCT

Cellular straining

Mechanical loading is well known to affect the regeneration of bone. To elucidate the effect of a certain
load on bone cells in vitro experiments using cell
stimulation devices are common. A previous study
characterized the mechanical environment (strains
on flexible cell culture well bottom over time) in Flexcell’s FX-4000T.

To provide an example for the extent of strain transfer to cells within this device at different strains
chicken bone marrow derived stromal cells (BMSCs)
were isolated from embryonic stage E18 chicken
tibiae and infected with the RCAS vector system carrying the coding sequence of eGFP. In Passage 6 to 7
those fluorescent BMSCs were seeded at about 30 %

[Fig. 1] Exemplary images of fluorescent bone marrow derived stromal cells and results of strain measured to be transferred to
cells (εcell). Prominent positions in exemplary images are indicated by white crosses for cell carpets (a), cell processes (b), and
cell bodies (c) and εcell is displayed as boxplot versus the strain measured on the membrane (εmem) of a fresh BioFlex well plate
at 2.5 % - 10 % εprog. “0 post” shows cells after stretching at 0 % strain. Cell carpets (n = 6) show full strain transfer (d), cell
processes (n = 10) (e), and cell bodies (n = 7) (f) show about 50 % strain transfer.
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confluence onto well plates with a flexible silicone
bottom (BioFlex membrane). Within 1-4 days after
seeding BMSCs were visualized with an Axiotech
vario microscope (Zeiss, Germany) equipped with
an Achroplan 10x/0.30 W Ph1 water immersion objective (Zeiss, Germany). Images (2.5pixel/µm) were
taken sequentially of the cells in the reference state
(0 %) and at programmed static strains of 2.5 %, 5 %,
7.5 %, and 10% using an epi-illumination technique
and an AxioCam HRc (Zeiss, Germany) without reset
to the reference state in between.

The incomplete strain transfer to single, isolated
BMSCs and the high variation between cells is probably related to the cytoskeletal organization and the
number of adhesion sites. Additionally, disruption of
the cytoskeleton is likely. Further, isolated cells have
more focal adhesions, are more spread and therefore
they are flatter and stiffer than confluent cells which
explains the reduced strain transfer and the observed
detachment of cell processes at higher strains. The
reduced cell size after stretching is possibly due to a
partial detachment.

The strain transferred to the cells was measured using image processing and analysis software and a self
written program. The coordinates of prominent positions either in cell processes, on the cell body edge or
on cell carpets (80 % - 100 % confluent monolayers,
reference positions: nuclei, vacuoles etc., in average
4-5 times cell size apart) were determined and the
distances between the prominent positions as well
as the distance changes were calculated. The ratio
of strained to unstrained distance yielded the strain
transferred to the cell which was then related to the
strain previously measured on the BioFlex membrane. The measurement of strains occurring in six
cell carpets showed for the median cell carpet strain a
transfer of 89 % [25 % quartile – 75 % quartile: 81 %
- 91 %] of the membrane strain at the highest strain
studied and 105 % [91 % - 109 %] at the lowest one.
The median cell process strain (n=10) transferred was
46 % to up to 60 %, where the amount transferred is
not related to the amount of strain applied. Cell bodies (n=7) showed comparable strain values (45 % to
60 % of the membrane strain). Additionally, in 3 out of
16 images it was observed that cell processes detach
at strains from 10 % on. Cell processes and bodies
measured after stretching at zero loading were found
to be reduced in size (negative εcell) [↗Figure 1e, f].
In general εcell varied highly [↗Figure 1d-f].

In conclusion, the measurements of strain in BMSCs
are an estimation giving some insight into the
amount of strains actually transferred to cells within
the FX-4000T cell stimulation device.

Bieler FH, Ott CE*, Thompson MS**, Mundlos S***, Duda GN
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Charité – Universitätsmedizin Berlin, Germany
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Mechanoresponsiveness of T lymphocytes

It is long known that the course of bone healing is
influenced by the mechanical boundary conditions.
However, it remains unclear which cells present
during fracture healing trigger the response to the
mechanical environment. In the initial inflammation
phase of healing inflammatory cells such as T lymphocytes among others are present. CD4+ and CD8+
T lymphocytes are known to occur in a ratio of 2.5:1
(unpublished data, Kolar P, DRFZ, Berlin) in fracture
hematoma of healthy adults. Within days after fracture, mesenchymal stem cells (MSCs) are attracted to
the hematoma formed at the fracture site.
Several in vitro studies dealing with mechanical
stimulation in 3D cultures showed that MSCs are
mechanosensitive. For instance increased levels of
MMP-2, TGF-β, and a paracrine induced increase of
tube formation by endothelial cells (ECs) were found
after mechanical stimulation.

the same culture conditions. Constructs without cells
served as negative control and stimulated constructs
with MSCs served as positive control. After each experiment the conditioned media (CM) from the bioreactors were collected and stored at -80°C.
Induction of tube formation was assessed by application of CMs to endothelial cells (ECs) seeded onto
MatrigelTM coated wells. ECs were incubated with
CMs for 17h and pictures of each condition were taken to measure cumulative tube length with ImageJ.
Proteins secreted into CMs were analyzed using
ELISA. Statistics were performed using non-parametric Wilcoxon test for paired samples.
CMs of stimulated MSCs and co-cultures induced
a significant (*p<0.05) increase in tube formation
[↗Fig. 1] and MMP-2 secretion compared to unstimulated. However, CMs of T lymphocytes and cell

The goal of this study is to determine the mechanoresponsiveness of T lymphocytes in vitro, alone and
in co-culture with MSCs.

free control showed generally hardly any induction
of tube formation and unaffected protein secretion. TGF-β and VEGF expression was significantly (p<0.05) elevated in CMs of stimulated MSCs.
Constant TGF-β levels observed in the co-culture
with and without mechanical stimulation might be
a hint for a cellular interaction but increased VEGF
in unstimulated co-cultures might point to hypoxia
within the constructs.

Julius Wolff Institute Research Report

Mechanobiology

Determining the mechanoresponsiveness of T lymphocytes in vitro,
alone and in co-culture with MSCs

While MSCs proved to be mechanosensitive, T lymphocytes alone appear not to be sensitive regarding
the parameters affected in MSCs. Still, in co-cultures
a change in protein secretion compared to MSCs was
obvious and might point to an interaction between
the two cell types during the onset of healing. Further
studies have to elucidate the effect of hypoxia beside
mechanical stimulation during early phases of bone
healing.

Bieler FH, Kasper G, Duda GN

MSCs were isolated from bone marrow aspirates gained from six patients (56-68 years old) undergoing
total hip replacement who gave their informed consent. Those cells were used at passage 3-5. Further,
CD4+ and CD8+ T lymphocytes were isolated from
peripheral blood of six different donors (42-64 years
old).
Either 1x106 MSCs, or 2x107 T lymphocytes (in a
2.5:1 ratio), or both cell types together were embedded in fibrin, sandwiched between two cancellous
bone chips and placed into a previously described
bioreactor and subjected to a cyclic compression
of ~20 % at 1Hz for three days. For each stimulated
construct an unstimulated control was kept under
88

[Fig. 1] Cumulative tube length resulting from different
CMs of fibrin constructs with mesenchymal stem cells
(MSC), T lymphocytes (T), co-cultures of MSCs and
T lymphocytes (Co), and cell free controls (CF)
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Cell, matrix and their interplay of forces
Study on the interplay between extrinsic forces induced by mechanical
stimulation and the intrinsic cell contractile forces

Mechanobiology

[Fig. 1] Top: Single bioreactor unit including reactor
chamber (1), reservoir with implemented gas exchange (2),
micropump (3), and mechanical stimulation unit (4).
Bottom (left): Sematic drawing of the communication
between the bioreactor system components.

Primary human and primary rat dermal fibroblasts
were seeded into disc-shaped highly orientated porous collagen scaffolds (Optimaix, Matricel GmbH,
Germany). A cell density of 7.5 x 10³ cells/μl was chosen with a total number of 3.5 x 106 cells/construct.
Cell constructs were cultured either under constant
compression of 10 % of original scaffold height or
with an additional sinusoidal mechanical stimulation (amplitude = 8 %, frequency = 1 Hz). Mechanical stimulation was applied for 3 h at time points 22,
30, and 38 h. Material properties were measured
every 30 to 60 min over the full 48 h time span of the
experiment upon releasing the 10 % compression.
Following each experiment, specimen sections were
immunofluorescently stained to assess cytoskeletal
actin fiber orientation and β1-integrin accumulation
in focal adhesions.

Cell contractile forces of fibroblasts in the 3D scafold
reach a constant level with full spreading of the
adherent cells after 8 to 14 h in agreement with
literature [3] [↗Fig. 2]. With the application of the
mechanical stimulation, a clear adaptation of cell
contractile forces was observed within 2-3 h. As soon
as stimulation was terminated forces returned to values of unstimulated cells in a comparable time span.
Even though cells from different species (human,
rat) showed a similar dynamic of force adaptation,
the extent and direction are distinct. An increase in
overall cell contractile force of 20 % during stimulation was observed for rat and a decrease of 60 %
for human fibroblasts. These substantial differences
are currently being explored by the analysis of actin
stress fiber enhancement and orientation, as well as
integrin localization in the focal adhesions.
Our investigations showed a clear connection between the application of extracellular forces in terms
of an axial scaffold compression and the adaption
of intracellular contractile forces. Using a simple
mechanical readout parameter, these investigations
might help to gain a deeper understanding of mechanosensation and mechanoregulation in the interplay
of extrinsic and intrinsic forces in tissue growth and
regeneration.

Petersen A, Korus G, Duda GN

It is known that mechanical signals and forces play an
important role in tissue formation and regeneration
[1]. Furthermore, contractile cellular forces are involved in regeneration processes like wound closure
and stabilization, and also tissue vascularisation [2].
This work aims to better understand the little known
interplay between extrinsic forces, here induced by
mechanical stimulation, and the intrinsic cell contractile forces.
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A fully automated closed bioreactor system was built
to apply mechanical loads of various patterns and to
monitor the change of mechanical material properties of a cell−seeded construct over time [↗Fig. 1].
It is furthermore possible to set and to monitor key
cell culture parameters like pO2 and pH. Implementing these features in individual compact bioreactor
units offers a flexible and scalable bioreactor system
for basic research applications. Additionally this
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[Fig. 2] Overall force developed by human dermal fibroblasts
in a 3D collagen scaffold with relaxation after addition of
cytochalasin D (exemplary results of two experimental runs
without mechanical stimulation).
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system potentially provides a platform for biomaterial screening and efficacy testing of cell or growth
factor based therapeutic approaches for tissue regeneration. In this project, however, we focus on basic
research aspects of cell – matrix interaction.

Mechanobiological rules during fracture healing

Several finite element models investigate tissue formation and maturation but none of these have taken
into account differences in the extent of callus formation at the medial and lateral sides or quantitatively
verified their models using in vivo data [1,2,3]. The
goals of this study were to identify potential set points
of cartilage and bone formation during endochondral
ossification and to validate mechanobiological rules
against in vivo histomorphometric data.
Animal model: 64 Merino-mix sheep underwent a
tibia osteotomy, which was stabilized with an external
fixator [4]. Animals were sacrificed at 2, 3, 6 and 9
weeks postoperatively and histological sections were

Simulation outcomes were validated by comparing the
newly formed bone with the increase of mineralized
tissue area from the 3- to 6-week time points derived
from histomorphometry. Results were subsequently
classified into: (1) good – bridging at the endosteal and
periosteal sides and the total area of mineralized tissue
was in the range of histomorphometric data; (2) moderate – only periosteally or endosteally bridging; (3) bad
– no bridging; (4) no formation – no mineralized tissue
formed; (5) excessive formation – mineralized tissue
area was larger than range of histomorphometric data
[↗Fig. 2]. Despite the different callus geometries at
the 3-weeks time point, no difference was observed in
the increase from 3- to 6-weeks between medial and
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Mechanobiological rules describing bone apposition during fracture healing:
Comparison of the medial and lateral callus formation

[Fig. 2] Assessment
of the simulation
results exemplary
for the medial side

[Fig. 1] Simplified tissue formation rules; (a) cartilage formation
with the two parameters alpha
start and alpha end; (b) bone formation with the parameter beta

stained. With regards to tissue formation, histomorphometric analysis of the callus area at the medial and
lateral sides with further subdivision in endosteal and
periosteal was performed (KS400, Zeiss, Germany).
Finite element model: Histomorphometry revealed a
difference in mineralized callus size and geometry
between the medial and lateral sides at the 3-weeks
time point. Therefore two finite element models
were generated (Abaqus v6.7, Dassault Systèmes,
USA). Endochondral ossification was predicted by
two strain dependent mechano-biological rules: first
granulation tissue changes into cartilage and second
cartilage becomes mineralized. Tissue formation
and mineralization were controlled by the parameters alpha start, alpha end and beta, and were varied
over a wide range in a parameter analysis [↗Fig. 1].
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lateral. The parametric analyses revealed distinct and
specific regions with a high match (green area) of in
silico and in vivo data with respect to bone apposition
[↗Fig. 3]. Furthermore, the parametric study demonstrated a clustering of the good simulation results.
This is the first study which showed a quantitative
match between in silico predictions and in vivo data
for endochondral ossification at the medial and lateral
sides. The implementation of only two simple mechanobiological rules was sufficient to predict quantitatively the processes of endochondral ossification seen
in vivo. In the presented study the onset of cartilage
formation showed to be very sensitive to the mechanical constraints and was the driving force for good
simulation outcomes. In contrast, the mineralization
phase was less sensitive to mechano-biological rules.

[Fig. 3] Results of
parameter study for the
lateral and medial sides
at a constant beta (top)
and exemplary merging of
the results to obtain
generally valid
clusters (down)

Witt F, Petersen A, Seidel R, Vetter A, Weinkamer R, Fratzl P*, Duda GN
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Mechanobiology of bone healing:
in silico investigations

In vivo animal experiments on bone healing have
shown that mechanical stimulation is less effective
in aged compared to young individuals [1] and that,
under the same mechanical conditions, delayed
bone healing occurs in females when compared to
males [2]. Next to a reduced number of progenitor
cells, their reduced proliferation and differentiation
potential have been discussed as possible reasons.
In addition, in vitro experiments have shown that
the functional capacity of progenitor cells, such as
their proliferation and differentiation potential, is
independent of gender [2], however the number of
progenitor cells has been shown to be affected both
by gender [2] and age [3]. So far, however, it remains
unknown how these in vitro observations relate to
the in vivo observations on a tissue level.
To bridge the gap between in vitro and in vivo observations on the mechanically induced behavior of progenitor cells an in silico investigation is proposed.

Methodology: A previously described mechanobiological model for tissue regeneration4 was used to
simulate bone healing in an in vivo femoral osteotomy model in the rat, with a fracture gap of 1 mm and
stabilized by external fixator [↗Fig 1a].
A lattice-based approach was implemented where
progenitor cells originating from the periosteum,
marrow cavity and surrounding soft tissues migrated, proliferated, differentiated and synthesized new
extracellular matrix based on the local mechanical
environment [5], determined using finite element
analysis. Using a parametric approach, the relative
contribution of the different origins of progenitor
cells on bone healing was investigated.
Results: Low levels of progenitor cells led to a pronounced amount of endosteal cartilage formation (as
seen in vivo), whereas higher levels led to bone healing through endosteal and periosteal bone formation
(only rarely seen in vivo). After 4 weeks, complete

bony bridging was obtained for high levels of progenitor cells originating from all three sources [↗Fig 1c].
However, if progenitor cells originating from the
surrounding tissues were lacking (e.g. simulating a
soft tissue trauma), extensive cartilage formation
was a consequence at the level of the fracture gap
[↗Fig 1d].
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In silico investigations of the effect of progenitor cell levels
on the mechanical conditions during bone healing

This is the first time that model predictions were
in agreement with in vivo observations of rat bone
healing, with a predominant endosteal bone formation as seen histologically. The employed mechanobiological rules, although not quantitatively validated, proved to bear the potential to bridge in vitro
cell experimental findings with in vivo histological
observations.

Checa S, Prendergast PJ*, Duda GN
* Trinity Centre for Bioengineering, School of Engineering,
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[Fig. 1] a) In vivo rat osteotomy model of fracture healing stabilized by external fixator. b) Callus region of the lattice based
mechanobiological model. c) Predictions of the healing outcome, after 4 weeks, for high levels of progenitor cells and
d) for a soft tissue trauma situation. (yellow: bone, blue: cartilage)
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Local drug release by intraoperative
custom made coating

Difficulties that occur in musculoskeletal surgery are
the reason for continuous efforts to improve the operational techniques and to develop more advanced
implants. To overcome the problems such as delayed
fracture healing, non-unions and extensive osseous
infections, different drug delivery approaches have
been developed to locally apply controlled doses of
drugs.
There are implants available today which are coated with drug loaded biodegradable materials that
release drugs at controlled rates. However, those
implants are prefabricated. Coating and drug loading
are performed outside the operational theatre. The
surgeon is thus limited to use the pre-manufactured
combinations of implants and drug delivery systems

and can thus not optimally treat the individual case
with the best type of drug and its optimal dose.
There are many drug delivery systems that are already being used in clinics. They have certain advantages but none of them fulfils the criteria of being
efficiently loaded onto the specific implant location
during the time of operation. The goal of this project
is to establish a method and drug delivery system
for local drug loading onto the bone implants e.g.
osteosynthetic tibial plate. The individual coating
during the time span of the operation will open new
freedom of choice for the surgeon and will allow selecting the proper drug combinations and dose. They
will be applied locally over the specific implant location in just a few seconds.

Problems in musculoskeletal regeneration

Drug delivery by implant coating

Intraoperative drug loading

Drug loading
outside the operational theatre

Freedom of choice
in dose and type of drug

Pre-manufactured
combinations of drugs and implants

Drug delivery system applied
over specific implant location

Drug delivery system usually
applied generally over the implant surface

The main focus is to achieve release kinetics of
individual or combined active pharmaceutical components that favour bone regeneration and avoid
potential complications. Preservation of the drugs
biological activity and integrity of the drug delivery system are challenges that we meet and tend
to overcome. Once they are exposed to serum in
vivo, growth factors are easy to be digested by the
enzymes. That is why our drug delivery system will
physically entrap drugs and preserve their biological
activity. The drug delivery system will be adjusted
to achieve the desired release kinetics, e.g. antibiotics will be released in two stages: initial rapid to
prevent the risk of infections, followed by gradual
slow release that minimizes the risk of latent infections; growth factors will have cumulative/sustained
release resulting in increase of their biological effect
while decreasing the applied doses. The system will
have the ability for long term storage in dry state before being used by the surgeon.
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Development of a drug delivery system for local drug loading onto
bone implants

Our drug delivery system will be based on biodegradable, biocompatible, bioabsorbable, non-toxic
and nonimmunogenic materials. It will have chemical crosslinks providing the desirable mechanical
properties and attachment over the implant. That
will provide resistance to stress during and after
application.
This intraoperative application tends towards maximum in drug loading. The steps and time of preparation and application of drug loading will be reduced
to minimum.

Trajkovski B, Petersen A, Duda GN

New approach
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Common approach
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In addition, through accurate and validated models of the mechanics
of the human lower limb we aim to quantify subject specific loading
conditions to better assess the individual risk of overload of musculoskeletal structures. By combining these two areas of expertise, our
vision is to identify key factors that result in musculoskeletal overload
and to ensure that effective solutions to restore patient function are
translated into daily clincial practice.
Dr. biol. hum. Markus O. Heller
Dr.-Ing. William R. Taylor
Team Leaders
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Musculoskeletal
Biomechanics

The team “Musculoskeletal Biomechanics” has two core competencies
that are essential to understanding subject specific movement and
internal loading patterns. By quantifying a patient’s kinematics in the
gait labs of the newly founded Center for Sports Science and Sports
Medicine Berlin (CSSB), we aim to identify and understand deficits
in a subject’s motion in order to target improved treatment outcome.
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Medial-lateral distribution of joint contact forces

Animal models have become an essential modality
for developing, simulating and assessing surgical
therapies that are known to be dependent upon the
internal mechanical conditions. Sheep in particular
have become a predominant animal model for better understanding the interaction of mechanics and
biology in humans. However, little is known about the
mechanical conditions in the sheep stifle (tibio-femoral) joint due to the complex skeletal kinematics and
activation patterns of the musculature crossing the
joint. The result is that the relationship between the
external forces, internal kinematics and joint contact
forces, together with the stresses and strains that act
at the level of the tissue, are only partially understood.
The aim of this study was therefore to determine the
medial-lateral distribution of joint contact forces that
occur in the sheep knee during walking with respect
to their local anatomical characteristics.
Gait analyses were performed on three merino mix
sheep that had bone pins inserted into each of the
pelvis, femur, patella, tibia and metatarsus for attachment of reflective markers to allow 3D assessment of each segment using an optical measurement
system. Inverse dynamics and quasi-static optimisation techniques were used to calculate the muscle
and intersegmental joint forces for a normalised gait
cycle. Due to the prominent inclination of the sheep
tibial plateau, the joint contact force was calculated
in a coordinate system with the axial component perpendicular to the tibial plateau and M-L / A-P shear
in the plane of the plateau. After determination of
the stifle joint contact forces, the axial component
was dissected into two distinct forces that acted on
the medial or lateral compartments of the tibial plateau using a 2D system of determinate equations.
Calculation of the knee joint contact forces at the
angle of 16° inclination of the tibial slope resulted
102

in average peak tibio-femoral forces of 2.21 BW
[↗Fig. 1]. The shear forces had a maximum magnitude of 0.13 BW throughout the entire cycle, even
during the stance phase of gait, when the axial forces
were at a maximum. The medial and lateral distribution of the joint contact force was then assessed,
yielding an average maximum medial load of 1.71 BW
and an average maximum lateral load of 0.57 BW.
An almost constant medial-lateral contact force ratio
was seen throughout the loading phase of the gait
cycle in almost all repetitions of the three sheep,
with the exception of only the very early phase of
loading, immediately after heel-strike. Here, the
loading appeared to be predominantly on the medial
condyle of the joint for the short transition period
from low to high joint loading. At the instant of time
that corresponded with the maximum joint contact
loading, the contact ratio was 75 % of the total load
on the medial condyle.
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Study on the medial-lateral force distribution in the sheep stifle joint
during gait

Taking the anatomical characteristics of the tibial
plateau into account has demonstrated that knee
joint loading in the sheep is almost exclusively
composed of axial forces throughout the gait cycle,
acting mainly on the medial side of the plateau. Further investigations are required to develop an understanding of the tissue straining that results from
this complex pattern of force distribution across the
condyles of the knee.

Taylor WR, Pöpplau BM, König C, Ehrig RM, Duda GN, Heller MO

[Fig. 1] Knee joint contact forces determined for 9 repetitions of the sheep
gait cycle (light blue) are shown both parallel (A-P) and perpendicular to
the tibial plateau (top), as well as the loading components over the medial
(centre) and lateral (bottom) plateaus for complete gait cycles starting from
hoof strike. The average forces are displayed as thick dark curves. Considerably higher loading was carried by the medial compartment.
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Tissue level mechanical environment of sheep
and human

Long bones in sheep have been used extensively for
investigating the interaction between biological processes and the mechanical environment during musculoskeletal regeneration. Whilst it is widely accepted
that load induced mechanical strains play a key modulating role for the biological processes of healing,
little is known about how the strain magnitudes and
strain distribution in the long bones of the quadrupedal sheep compares to the conditions in man.
The aim of this study was to determine the tissue
level mechanical environment of ovine and human
femora under physiological loading conditions and
to identify regions of peak strains.
The femora of three mature female Merino-mix sheep
(2 years, weights 55, 59, and 63 kg) and the femora
of four female elderly women (84, 62, 64, and 58
years, weights 54, 73, 66, and 79 kg) were examined
in this study approved by the local regulatory bodies.
The joint contact and muscle forces were calculated
using validated subject specific musculoskeletal
models for both the sheep and human at midstance.
Bone surfaces were reconstructed from qCT data using AMIRA (Visage Imaging GmbH, Berlin, Germany).
Isoparametric quadratic tetrahedral 10 node element meshes were created in PATRAN (MSC, Santa
Ana, CA, USA).
Material properties were assumed to be isotropic
with Young’s moduli being assigned according to
the Hounsfield units of the qCT data, and a Poisson
number of ν = 0.3. Finite Element Analyses were
then performed using physiological like boundary
conditions in ABAQUS 6.8 (SIMULIA, Providence, RI,
USA) to calculate the tissue level strain distribution
throughout the diaphysis of the bones. MATLAB (The
MathWorks, Natick, MA) was used for mapping the
surface strain data onto a uniform 2D grid.
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The strain distribution on the ovine diaphyses of all
femora was characteristic of a superposition of axial compression with caudal bending [↗Fig. 1, top]:
The peak minimum principal (compressive) strains
were located on the caudal aspect of the diaphysis
and with a median of -1400µε, suggesting primarily
bending in the sagittal plane, around a medio-lateral
axis. The human femora experienced peak compressive principal strains of -1600µε on the medial aspect of the diaphysis. The strain distribution was
characteristic of axial compression superimposed
with medial bending in the frontal plane, around an
anterior-posterior axis [↗Fig. 1, bottom].
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Study revealed tissue level straining in sheep and human differs in pattern,
but not magnitude

This study has investigated the physiological strain
distribution pattern on the diaphyses of the ovine
and human femur during habitual behavior for both
species. It was shown that the quality, i.e. the orientation of the plane of bending differs significantly
between sheep and human: The sheep femora
experience bending primarily around a medio-lateral
axis in the sagittal plane, whereas the human femora
were bent around an anterior-posterior axis in the
frontal plane.
Although external loads acting on the ovine hind
limb were up to 50 % lower than in those in man, the
strains acting on a tissue level were of the same order
of magnitude in both species, suggesting a similar
mechanical environment. However, the difference in
the quality of tissue level straining between the human and quadrupedal animal emphasizes the need
to carefully evaluate the local mechanical conditions
when considering the transfer of results obtained
from animal models to the clinical situation.

[Fig. 1] Median of the compressive principal surface strain distribution on the ovine femoral diaphysis (top) during mid stance for
n=3 sheep and a total of nine walking trials each and for n=4 humans during walking (bottom). The right plots show inter-subject
variability (range & median) for transverse cuts at 75 %, 50 % and 25 % of the diaphyseal length (DL).

Pöpplau BM, Szwedowski TD, Taylor WR, Duda GN, Heller MO
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In vivo gait analysis

The accurate determination of joint centres from
marker positions is essential for quantifying skeletal
motion during clinical gait analysis. However, the accuracy of assessing segment motion is limited by soft
tissue artefact (STA) [1]. Several approaches have
been proposed to reduce the STA [1,2], but an assessment of their performance is not practical in routine
gait analysis. Furthermore, no method is available
to then quantify the accuracy of the estimated joint
centre.
The Symmetrical Centre of Rotation Estimation
(SCoRE) [3], in combination with the Optimal Common Shape Technique (OCST) [2] for reducing STA,
have been shown to produce an accurate centre of
rotation (CoR) from skin marker data [3]. By examining the residual of the SCoRE optimisation, we aimed
to obtain a reliable measure of accuracy for the functional estimation of joint locations.

using a model of spherical joint motion, overlaid
with Gaussian noise to simulate both individual and
collective STAs, based on an estimation of in vivo
marker artefact magnitudes [2]. To verify the theoretical relationships between the residual, the magnitude of STA and the accuracy of the CoR, multiple
simulations were run to quantify the influence of different STAs and ranges of joint motion (RoM).
Evaluation in in vivo gait analysis: Six healthy male
subjects (age 30±4.5, BMI 22.8±0.4) were measured
(VICON) performing 100 trials each of a star-arc motion, in which all markers were newly attached by
alternating observers for each trial (4 days, 5 observers, 5 repetitions). All subjects provided their written informed consent to participate in this study. The
hip joint centre (HJC) position was then determined
using SCoRE, both with and without the OCST, and
the SCoRE residuals compared.

nation. The combination of OCST and SCoRE allowed
the HJC to be determined to within and accuracy of
between 2.5 and 5 mm.
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A quantification of accuracy in estimating joint centers

By establishing the relationship between the SCoRE
residual and the CoR error, a rapid assessment of the
quality of joint centre estimates from skin marker
based measurements has become available. This
functional approach to gait analysis enables the
early detection of measurement errors, as well as a
quantitative comparison of different marker placement strategies for the optimization of gait analysis.

Kratzenstein S, Heller MO, Ehrig RM, Duda GN , Taylor WR
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Mathematical derivation: SCoRE is a symmetrical
approach to determine the CoR of spherical joints
[3]. The result is a representation of the joint centre in both segment’s local coordinate systems. After
transformation into global coordinates, the distance
of the two global joint centre representations c1,i,
c2,i decreases with improved sphericity of the motion of the segments around a common centre. Thus
the SCoRE residual should be a useful measure of the
error of the estimated CoR. Indeed, r is mathematically exactly the so-called residual of the underlying
linear least squares problem. Using a theoretical statistical model, it was possible to derive relationships
between the standard deviation of the collective STA,
the residual (r) and the mean error of the estimated
CoR.
Evaluation in numerical simulations: The residual
was firstly evaluated within computer simulations
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Numerical simulations: The accuracy of the CoR and
the residual were dependent upon the magnitude of
the STAs and the RoM of the joint. Application of the
OCST resulted in a significant reduction of the residual and thus the error of the CoR estimation can be
reduced by the factor of approximately 0.5.

[1] Stagni et al., Clin. Biomech, 2005
[2] Taylor et al., JOR, 2005
[3] Ehrig et al., J. Biomech, 2006

In vivo: Application of the OCST produced a considerable reduction of the residual for all data sets. Further application of the derived relationships between
the residual and the mean error of the estimated CoR
thus confirmed that the mean global error of the HJC
position was between 2.5 and 5 mm.
This study has demonstrated that the SCoRE residual
is a robust measure of the error in joint centre estimation. Furthermore, application of the OCST to reduce STAs results in an improvement in accuracy of
the SCoRE residuals and therefore the HJC determi107

Determination of the hip joint centre in vivo

Marker based motion analysis has become an essential tool for differentiating healthy from pathological
movement patterns, but its accuracy is limited by
soft tissue artefacts (STAs). The Optimal Common
Shape Technique (OCST) [1] minimises single marker
deviations from the movement of the entire cluster
on each limb segment. However, this method considers all markers equally and independently of the
magnitude of their individual STAs.
The Symmetrical Centre of Rotation Estimation
(SCoRE) [2] is an approach to determine the centre
of rotation (CoR) of spherical joints. The residual of
the SCoRE approach has been identified as a reliable
measure of the accuracy of the determined joint position, with the CoR error equal to approximately half
its value [3]. Using such a measure of joint determination error, it would appear possible to correct the
individual marker STA in order to optimise the joint
centre estimation. By introducing marker weights to
minimise the SCoRE residual, we aimed to demonstrate that accounting for non-uniform distributions
of STAs can significantly improve the estimation of
hip joint centres (HJCs) in vivo.
Weighted OCST: The OCST [1] constructs a marker
configuration for each limb segment that fits optimally to all marker positions over all time frames.
In this study, individual weights have been assigned
to each marker of the motion data and optimised to
minimise the SCoRE residual (r), in order to obtain
the best possible joint position. In this application
of the so-called “weighted OCST” (wOCST), markers
that are shown to contribute little to determining
the joint centre, such as those close to the joint or
those that are more affected by STAs, are assigned a
low weight and thus have only a low impact on the
final marker configuration. Markers that most closely
represent the motion of the underlying bones, how108

ever, are weighted highly and therefore play a more
important role in the definition of the marker configuration.
In vivo application: 24 THA patients (aged 67.5±5.4;
BMI 27.0±3.2) provided their written, informed consent to participate in this study, which was approved
by the local ethics committee. Each subject was measured (Vicon, 100Hz) performing 3 repetitions of a
star-arc motion. HJC positions were estimated from
raw motion data, as well as after the application
of either the OCST or the wOCST. A comparison of
the HJC estimations was finally performed using the
SCoRE residuals.
In each of the 24 subjects, the largest SCoRE
residuals (avg. r=11.2 mm SD 2.3) occurred when
determining the HJC from the raw data directly.
Application of the OCST reduced these residuals
(avg. r=6.0 mm SD 2.0). Although the configuration of the marker set was very similar between
the OCST and the wOCST, the lowest residuals and
thus HJC errors were achieved when analysed using the wOCST (avg. r=3.5 mm SD 1.2) due to the
individual weights applied to the markers. This
allowed the HJC to be estimated [3] to within approximately 2 mm.
Application of the wOCST in the functional identification of HJCs in 24 THA patients has resulted in
an average error of only ~2 mm, based on a previously determined relationship that links the SCoRE
residual with the CoR error [3]. This represents a
significant improvement in accuracy of HJC determination, an order of magnitude over the current literature [4]. This study has further demonstrated that the
consideration of marker weights in the wOCST leads
to a large improvement in CoR accuracy over those
achieved using the OCST alone.

While in vivo determination of the HJC is difficult in
typical THA patients due to generally larger levels of
STAs, this study has successfully demonstrated their
accurate estimation using a non-invasive approach.
Since the wOCST is capable of differentiating between markers that contribute towards a better or
worse joint motion, this method is less susceptible
to both STA associated marker motion and observer
dependent variations in marker placement.
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An in vivo analysis in 24 THA patients determined the hip joint centre
within 2 mm

Accurate determination of the HJC is essential for the
non-invasive assessment of skeletal motion, as well
as the determination of internal loading conditions.
For the first time, this study has demonstrated an approach that is capable of estimating the HJC with errors in the range of mm rather than cm. The results
of this study therefore demonstrate that estimations
of the HJC in vivo can be effectively improved by accounting for the non-uniform distributions of STAs,
even in THA patients with larger amounts of soft
tissue coverage and considerable levels of STA.
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Assessing the kinematics of the lower limb

Gait analysis of the lower limb has traditionally
been performed by assessing the motion of markers attached to strategic anatomical locations, generally associated with underlying, easily accessible
bone landmarks. Assessment of skeletal kinematics,
however, is often based on generic assumptions of
anatomical morphology to determine joint centres,
approaches also susceptible to skin marker artefact.
This study tested whether the application of a recently developed functional approach to gait analysis,
based on techniques to reduce skin marker artefact
and identify joint centres and axes of rotation, can
determine skeletal kinematics more reproducibly
than traditional approaches.
After approval from the local ethics commitee six
healthy male participants (aged 23-37) each performed 5 repetitions of a standardised motion to
functionally determine joint centres on 4 different
days, after markers were attached to their skin in
a standardised manner by 5 different gait analysis
experts (observers), totalling 600 datasets. After
minimising the skin marker artefact using the OCST,
the hip joint centre was identified using the SCoRE,
a functional approach to determine the centre of
rotation from dynamic data. In a similar manner,
the axes of rotation were identified for the knee
and ankle joints using the SARA, centred using additional geometric information from the markers on
either side of the joint. To assess the reproducibility
of the approach across measurement sessions and
for variation in the marker positioning (observers),
the femur and tibia lengths were calculated for each
activity based on the joint centres determined either
using the presented functional approach or using
geometric regression equations. Reproducibility and
repeatability were assessed by calculating the interclass-correlation (ICC(3,4)), the 95 % confidence intervals (CI), and the variation in inter-observer and
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inter-day results by using a paired student’s T-test,
with p<0.05 indicating significance.

[Table 1] Number of paired significant differences between repetitions at different time points (inter-day variation,
repeatability), and between repetitions observed by different gait experts (inter-observer variation, reproducibility).
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Study on reproducibility of a functional approach to assessing the
kinematics of the lower limb

Number of paired significant differences between repetitions
Functional Approach

[Fig. 1] Bar plots showing the average femur and tibia lengths
as calculated in different days and between observers by the
functional and the regression approach.

Regression Approach
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Tibia

Femur

Tibia

Inter-day (max 6)

0

0

0

1

0

Inter-observer (max 10)

0

1

1

6

2

Based on techniques to reduce skin marker artefacts,
as well as determine the skeletal joints from dynamic data, this new functional approach demonstrates
high repeatability but also improved reproducibility over regression techniques in marker based gait
analysis. This robust functional methodology does
promise improvements for clinical gait analysis and
therefore the quantification of therapy outcomes.
Furthermore, by reducing inter-observer and interday variation, the improved reproducibility of the
approach now provides confidence in the assessment
of longitudinal studies of disease progression.

Taylor WR, Kornaropoulos EI, Duda GN, Ehrig RM, Heller MO

In the comparison of segment lengths [↗Fig. 1],
reduced reproducibility was seen when assessed
using the regression approach, especially between
observers [↗Table 1]. The inter-day variation results
indicated that both the functional and the regression
approaches were able to repeatably quantify segment lengths. However, the inter-observer analysis
suggests that the functional approach is less influenced by the observer performing the analysis, and
was therefore more reproducible than the regression
methods, despite possible variation in the placement
of the markers.
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The accuracy of single-plane fluoroscopic analysis:

The use of pulsed fluoroscopy sequences offers high
image clarity with minimal radiation exposure. The
high sampling rate of this procedure additionally offers the ability to assess dynamic activities in vivo in
a quasi-static manner. Furthermore, the high quality
of the images allows the registration of 3D surfaces
to the 2D fluoroscopy images, providing access to e.g
tibio-femoral kinematics during functional activities.
Whilst this process has long been established for the
assessment of implanted components using model
based fluoroscopy, the investigation of native bone
kinematics is still limited due to the requirement for
accurate bone surfaces for image registration.
The reconstruction of 3D bone surfaces can be
achieved using images from CT and MRI scans. CT
images allow a high quality reconstruction of bone
surfaces but subjects are exposed to ionizing radiation. On the other hand, MRI sequences offer reconstruction of the surfaces in a non-invasive manner,
but the low contrast of bone can result in a low quality reconstruction, possibly reducing the accuracy of
any fluoroscopic registration.
In this study, it was hypothesised that reconstruction of the native tibio-femoral joint kinematics from
single-plane fluoroscopic projections is more accurate using registration of 3D bone surfaces that are
constructed from CT rather than from MRI. The aim
of this study was therefore to assess the relative accuracy of image registration from bone surfaces reconstructed from MRI compared to CT slice data.
Five cadaveric knees (femur, tibia, patella bones and
soft tissue) were positioned using a micromanipulator that allowed both in-plane and out of plane translations. Fluoroscopic images were taken for each
position. 3D Bone surfaces of each knee were reconstructed from previously accrued CT or MRI scans.
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Model-based fluororoscopy software was used to
register the 3D bone surfaces to the 2D fluoroscopic
images [↗Fig. 1], and the accuracy of the registration
of the MRI and CT reconstructed surfaces was compared against the known locations of the bones in
spaces from the micromanipulator measurements.

[Fig. 1] Fluoroscopic image and
registration of the 3D bone surfaces
(from CT) of the same knee.
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Can MRI derived bone surfaces replace those derived from CT to reduce
radiation exposure?

Initial results indicate that differences of up to 3 mm
can be observed between the actual MRI and CT surface reconstructions, mainly in the tibial and femoral
shaft regions [↗Fig. 2].
In order to determine the accuracy of the fluoroscopic registration process, the micromanipulator
translations were reconstructed using model-based
fluoroscopic fitting. Differences were quantified in
terms of RMS errors (√ (bias2 + var iance ) ). Results
of this registration are as follows: for CT derived 3D
femur and tibia models, the in-plane error was 1.2
mm, out of plane error 2.8 mm. For MRI derived bone
surfaces, the in-plane error was 4.1 mm, and out of
plane error 6.5 mm.
Although the application of MRI based surface
reconstruction to fluoroscopic registration offers
a non-invasive and minimal radiation solution, the
results suggest that a more accurate fluoroscopic
analysis can be performed using CT based bone
surfaces. The large variation associated with MRI
surface registration indicates that reconstruction
may be unreliable. CT based surface reconstruction
seems to be more appropriate than MRI based surfaces for the 3D registration of model based fluoroscopy, particularly when high quality registration
is required.

[Fig. 2] Differences between CT
and MRI derived bone surfaces (left).
Registration accuracy by CT and
MRI derived surfaces (right).

Moewis P, Wolterbeek N, Asbach P, Wassilew G, Valstar E,
Heller MO, Duda GN, Taylor WR
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Determination of the mechanical femoro-tibial angle

Lower limb mal-alignment is thought to contribute to
the onset and progression of osteoarthritis by changing the loading conditions at the knee joint, elevating the tibio-femoral contact forces and increasing
varus-valgus joint moments. Quantification of the degree of mal-alignment is important to allow effective
planning of therapeutic interventions and to enable
long-term assessment of disease progression. Standard imaging methods for determining alignment
such as X-rays or CTs expose patients to ionizing radiation, particularly if multiple follow-ups are required.
Furthermore, X-rays have been previously shown to
be prone to scaling and distortion errors. The goal of
this study was to develop, test, and evaluate a novel,
imageless, and non-invasive method for quantifying
frontal plane alignment through direct comparison
against CT-based determination of alignment.
The position of reflective markers, attached to the
lower extremity of 13 individuals (15 limbs), was tracked using an optical motion capture system (Vicon,
Oxford, UK) as the hip and knee joint were consecutively moved through their entire range of motion.
Additionally, the marker positions were captured for
each subject in a static standing posture, where limb
loading was monitored using a 4 degrees of freedom
force plate (AMTI). The positions of the hip joint centre, knee axis, and knee center, were computed from
the captured data using previously published methods for the reduction of soft-tissue artifacts (OCST)
and for the functional identification of joint centres
(SCORE) and axes (SARA). The ankle centre was geometrically defined after identification of the malleoli
with the method of palpation. The functional mechanical femoro-tibial angle (Functional-mFTA), hence
the frontal plane angle between the mechanical axes
of the femur and the tibia, was calculated from the
3D positions of each of the three joint centres in the
standing pose as a measure of frontal limb alignment
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and compared against the mFTA determined from
three-joint CT scans of the hip, knee and ankle joints
(CT-mFTA). The performance of the functional method was also compared against a previously suggested approach where the hip and knee centres were
approximated using regression methods (Regression-mFTA).

[Fig. 1] Scatterplot showing correlation of tested methods
against CT-mFTA

Whilst the average Functional-mFTA (1.3°±2.3°) did
not significantly differ (p>0.25) from the CT-mFTA
(1.5°±2.1°), the Regression-mFTA (4.7°±5.6°) showed a significant error when compared to the CT-mFTA
[↗Fig. 1]. The Functional-mFTA correlated significantly (R=0.91; p<0.0001) [↗Fig. 1], with only a small
bias (0.3°) and agreed better [↗Fig. 2] with the CTmFTA than the Regression-mFTA (R=0.76; p<0.001)
[↗Fig. 1], which had a bias of 3.4° [↗Fig. 2].

artifacts, especially when considering the hip joint
center, which is associated with larger amounts of
soft tissue coverage.
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An imageless method to determine the mechanical femoro-tibial angle based
on the functional determination of joint centres and joint axes.

The results demonstrate that the mFTA can be quantified accurately using an imageless approach. Key prerequisites were the application of soft-tissue artefact

[Fig. 2] Blant and Altman plots showing bias and agreement of tested methods against CT-determined mFTA

minimizing procedures and precise methods for the
functional determination of joint centres and axes.
This new imageless method could help in reducing
radiation exposure and could therefore become a
valuable instrument for the quantification of frontal plane alignment for planning and monitoring of
therapeutic interventions at the knee.

Kornaropoulos EI, Taylor WR, Duda GN, Ehrig RM, Heller MO

Comparing the two motion capture based methods,
the functional approach offered greater accuracy
over the regression methods. The reason for the latter is that the identification of joint centers and axes
based on regression methods is prone to soft-tissue
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Determing anatomical parameters via software

The accurate and reproducible measurement of human
anatomy provides the foundation for many important
decisions in orthopaedic surgery. Such measurements
are necessary to quantify the degree of bony deformities during preoperative planning, are essential
to intra-operatively monitor the implantation of the
components during joint replacements, and are also
key to assess the outcome of surgical interventions.
Whether a measurement process is reliable would ideally be evaluated by a large number of observers for
a large number of subjects to ensure the assessment
is representative for the variability introduced by e.g.
different skill levels and experience of surgeons and
the anatomy itself. Due to limited resources and time,
an extensive analysis of measurement processes,
which often involve a sequence of intermediate measurement steps, is often not possible.
The ability to identify those steps of a measurement
process which critically influence the target readout
parameter, however, is a crucial prerequisite for not
only assessing but also optimizing a measurement
process. The aim of this study was therefore to develop and verify a software that simulates a measuring
process allowing the systematic variation of measurement parameters to enable a statistical analysis of the measurement procedure and also helps to
identify parameters that are critical for the outcome
of the measurement.
A platform independent software based on Java, the
Visualization Toolkit (VTK) and Swing was developed
that contained 2 major modules: a visualization and
interaction module for displaying and manipulating
3D-anatomy to enable measurement of anatomical
parameters. Through this module, the entire functionality of the VTK is available to enable the user
to perform all required interactive steps of the measurement process. An additional statistical modeling
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module has been developed to allow simulation of
a large number of additional measurements by performing the entire measurement procedure with stochastically disturbing the manual input data to each
step of the measurement process. By performing a
large number of simulated experiments, a robust
evaluation of the measurement process and identification of critical steps becomes possible. In order
to demonstrate the functionality of the software, the
measurement of key parameters of proximal femoral
anatomy, the CCD angle and the length of the femoral
neck (NL), was analyzed. The influence of the femoral
neck axis on the determination of the CCD angle and
NL was assessed as follows. Firstly, the femoral cortex was segmented from 8 CT data sets from which
the proximal shaft axis was defined. Then, 3 observers used the visualization and interaction module to
determine the neck axis using three different published measurement procedures (P1 to P3) [1, 2, 3]
for each of the specimens.
All procedures were based on manually defined serial cross sections through the femoral neck, but differed in the way the cross sections were further processed. CCD angle and NL were then measured using
the predefined femoral shaft axis (manual measurements). Using the simulation module, the orientation
of the cross-sections as well as the spacing between
the cross sections were then systematically varied
to simulate additional measurements of the neck
axis, and the resulting CCD angle and NL determined
(simulated measurements). To compare the 3 procedures, the mean, standard deviation and the range
were calculated for the manual and the simulated
measurements and evaluated using either a Student
t-test or a F-test.
The simulated measurements of CCD angle and NL
with P2 and P3 showed significant lower standard

deviation and range than P1 [↗Table 1] (F-test,
p<=0.01). However, no systematic differences were
detected between the 3 measurement procedures
(Student t-test, p>=0.9). Whilst the ranking between
the 3 procedures was not different between the 24
manual and the over 1000 simulated measurements,
the standard deviation and range determined from
the simulation for P1 were almost 3 times larger than
for the manual measurements. Further analysis of the
simulated measurements showed that primarily the
spacing between cross sections affected CCD and NL
measurements. For P2 and P3 it was possible to limit
the range of measurements below 1° / 1 mm when
using a spacing of no larger than 1.5 mm between
the cross sections.
This study has established a software environment
that enables a thorough evaluation of procedures
for the measurement of anatomical parameters. By

taking input from a limited number of manual measurements, the software was used to simulate a much
larger number of experiments that provided a solid
basis for a statistical analysis of the procedures. The
comparison of three procedures for determining the
femoral neck axis could demonstrate clear differences in the range and standard deviation of the methods. Whilst the ranking of the three procedures was
not different between the manual and the simulated
measurements, only the simulation demonstrated
that P1 is likely to produce unacceptable errors in
clinical use. The simulation further enabled the optimization of parameters within the measurement of
the CCD angle and NL such as the spacing between
cross-sections. The software’s general ability to
model and simulate measurement processes opens
up the perspective to also analyze and optimize intra-operative measurement processes which are an
essential element of computer assisted surgery.

[Table 1] Evaluation of 3 different processes (P1, P2, P3) to measure CCD angle and femoral neck length.

P1

CCD-angle [°]
neck length [mm]

P2

P3

standard
deviation

range

standard
deviation

range

standard
deviation

range

1.14

4.66

0.44

1.60

0.42

1.48

simulation

2.13

13.33

0.79

2.03

0.41

3.01

manual

0.79

3.46

0.27

0.99

0.27

1.06

simulation

1.12

6.44

0.50

1.49

0.25

1.93

manual

König C, Sharenkov A, Tohtz SW, Hasart O, Perka C, Duda GN,
Heller MO
[1] Murphy et al., JBJS[Am], 69:1160, 1987
[2] Weiner et al., Orthopedics, 1:299, 1978
[3] Mahaisavariya et al., Med Eng Phys., 24-9:617-622, 2002
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Development of a software for a comprehensive assessment of procedures
for determining anatomical parameters

Navigated ultrasound provides accurate
cup position

An optimal cup orientation is considered essential to
avoid dislocations after THA [1]. The orientation of
the cup is typically referenced to the anterior pelvic
plane (APP), defined by prominent bony landmarks.
Whilst computer assisted systems aim to provide the
surgeon with accurate intra-operative data on cup
orientation, they are prone to the palpation error associated to the identification of the bony landmarks
defining the APP [2]. As the accuracy in determination of the cup orientation is directly linked to the
amount of soft tissue overlying the landmarks, we
investigated whether a navigated ultrasound (US)
system to identify bony landmarks is capable of
an accurate and reproducible anterior pelvic plane
acquisition.
High resolution CT scans of 2 female cadavers were
used to determine the reference APP. For registration
of the US data to the CT 4 radio-opaque fiducial markers were placed in each pelvis before CT scanning.
Five observers determined the landmarks defining
the APP five times for both cadavers using a newly
developed navigated US system (OrthoPilot, Aesculap AG, Tuttlingen). To this end the observer marked
the location of the anterior superior spines and the
symphysis in the US image displayed by the navigation system [↗Fig. 1]. The deviation of each US derived APP from the reference CT APP was determined
by calculating the rotation and version errors [3]. The
mean error and standard deviation were computed
for all observers and the inter- and intra-observer
reproducibility was analyzed (Student t-test, F-test,
p<0.05). The time required to record the landmarks
was also measured for each APP acquisition.

ation remained below 1.9°. These errors are below
previously reported values: Parrate et al. [3] obtained a mean rotation error of 2.8° and a mean version
error of 6.2°. In our study only 1 observer exhibited
significant inter– and intra-observer differences, limited to 1 cadaver. For this case a small but significantly higher version error of 1.8° was found, together with a significantly lower standard deviation
(0.4°) indicative of a reproducible, but somewhat erroneous acquisition. This underlines the importance
of providing the surgeon with specific guidelines for
the landmark acquisition procedure. The total acquisition time dropped with the number of performed
acquisitions from a maximum of 260 s to about 90 s
which makes this precise method applicable even in
OR conditions where time is limited.
In conclusion, our study confirms the usefulness of
US based acquisition of key anatomical landmarks
for accurate THA navigation. Acquiring the anterior
pelvic plane with ultrasound was very accurate with
mean absolute version and rotation errors of less
than 1.2° and 0.5°, respectively. Navigated US can
thus assist the surgeon to reliably implant the cup
within the safe zone for anteversion and inclination
as proposed by Lewninek [1], minimizing the risk of
dislocation.

König C, Südhoff I*, Mollard B*, Sharenkov A, Hasart O,
Duda GN, Perka C, Heller MO
Reference
[1] Lewinnek, G.E., et al., JBJS Am, 60: 217-20, 1978
[2] Ybinger, T., et al., J Arthroplasty, 22: 812-7, 2007
[3] Parratte, S., et al., JBJS Br, 90: 258-63, 2008

Our results show that the mean rotation error was
less than 0.5°, with a standard deviation of less than
1.2° [↗Table 1]. The absolute mean version error
was smaller than 1.2° and the mean standard devi118

Julius Wolff Institute Research Report

Musculoskeletal Biomechanics

Navigated ultrasound system allows for accurate cup positioning
in total hip arthroplasty

[Fig. 1] Acquisition of the symphysis landmark (crosshair) with a navigated US system.

[Table 1] The mean and the standard deviation of rotation and version errors for all
acquisitions of each observer

Cadaver 1

Cadaver 2

Observer

Rotation [°]

Version [°]

Rotation [°]

Version [°]

1

0.3±1.2

-1.6±0.6

0.5±1.2

1.0±1.4

2

0.1±1.0

-1.8±2.0

-0.4±1.6

-0.2±2.5

3

0.1±1.2

-1.2±2.1

0.6±0.9

1.8±0.4

4

0.5±1.5

-0.8±1.7

1.1±0.5

0.3±1.4

5

0.4±1.4

-0.7±2.6

0.5±0.9

-0.7±2.4

Mean

0.3±1.2

-1.2±1.8

0.5±1.1

0.4±1.9

|* Aesculap AG, Tuttlingen, Germany
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Predicting PTA at high knee flexion angles

The patellofemoral joint plays an important role
for the functionality of the knee, especially at high
flexion angles, by controlling the lever arms of the
knee extensor muscles and therefore the muscule
forces and loading conditions within the knee joint.
The patellofemoral kinematics can be characterized
using the patellar tendon angle (PTA) or the patella
ligament insertion angle, parameters that should
therefore be critically controlled in order to ensure
good functional outcome. Patient specific predictions of the PTA could help improve surgical prognosis and hence affect the clinical outcome towards
retaining knee functionality. Current mechanical
simulations that predict kinematics of the patella
often involve a forward dynamics formulation that
requires a priori knowledge regarding the forces
acting in the muscles, which are unknown when a
subject’s overall limb motion is measured using a
typical gait analysis set-up. The goal of this study
was therefore to develop and validate a method for
predicting the PTA at high knee flexion angles, based
only on the knee morphology and the tibio-femoral
kinematics. The approach was validated against MRI
data of 8 healthy subjects at two different knee flexion angles of 30° and 90°.
Acquisition of subject specific anatomy at 0°, 30°
and 90°: The tibio-femoral joints of 8 healthy subjects were imaged with an open MR system. Sagittal
plane images (slice thickness: 1.875 mm, in-plane
resolution: 0.86 mm) were taken. Using a positioning device to ensure repeatability, the subjects were
placed on their side and the unloaded knee was imaged in the sagittal plane at 0°, 30°, and 90° flexion.
A 10 Nm torque was then applied to the knee and the
imaging sequence was repeated in all positions. Surface reconstructions of the femur, tibia and patella of
each subject at 0°, 30° and 90° flexion angles were
performed using a global thresholding algorithm.
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Prediction of patella kinematics: In order to predict
the quasi-static location of the patella, a two phase
approach was implemented. Firstly, the motion of the
patella was based on the assumption that the length
of the patellar tendon remained constant throughout knee flexion. The path of the patella was then
constrained to wrap around the arc of the trochlear
sulcus. The second phase predicted the medial-lateral tilt and anterior translation of the patella based
on surface alignment between the patella and the
trochlear groove. Here, to account for the thickness
of the soft tissues between the patella and femur, a
minimal distance constraint was imposed on both
surfaces, which allowed the patella to shift and correct its orientation such that the surface of the patella
maintained a certain minimal distance to the femur.
The minimum distance was determined for each subject as the closest patellofemoral distance within the
individual initial (0° flexion) knee geometry.

The patellar tendon angle has been demonstrated to
characterize the kinematics of the tibio-femoral and
patellofemoral joints, and therefore joint function.
This study has demonstrated that accurate predictions of the PTA, particularly at high knee flexion
angles where the patella plays an essential role for
muscular lever arms, can be determined using simple
geometric constraints, as long as the subject specific
knee morphology is known.
In this study, PTA predictions at 90° were more accurate than at 30°. At angles of greater flexion, the
increased region of patellofemoral contact provided
more guidance to the patella location. Although additional soft tissue structures that provide stability to the

patella near extension were not modeled in this study,
the two phase methodology still produced an average
PTA error within 1.4° for all subjects and positions.
Efficient estimation of patellar position and the resulting muscular lever arms, as presented here, additionally allows improved musculoskeletal load predictions directly from gait analysis. Clinically, such
methodologies can be applied to assess and predict
patellofemoral function and could thus contribute to
improving the postoperative outcome.

Trepczynski A, Taylor WR, König C, Matziolis G, Adamson R,
Duda GN, Perka C, Heller MO

Validation of patella kinematics: All bone surfaces
were aligned using the femoral surface at 0° as a reference, using a shape matching algorithm. The relative
transformations of the tibia surfaces at 30° and 90°
were determined relative to the 0° datum, and were
used as an input to the predictions of the patella locations. The predicted locations were then used to calculate the PTA, which was compared to the actual PTA
for each subject, as determined from MRI [↗Fig. 1].
The averaged absolute error of the prediction at 90°
knee flexion was 0.96°, while the averaged signed error was almost zero (0.03°), with 95 % probability
that the error of the prediction was less than 1°. Furthermore, the 3D position of the patella was predicted
with an averaged absolute error of less than 1.5 mm in
each direction. For the 30° knee flexion, the method
underestimates the PTA by an average of 1.4° with a
similar confidence interval as the 90° case.

[Fig. 1] Measurement of the PTA (green) for 0° and 90°. At 90°, the MRI patella is shown transparent, while the predicted patella
location is displayed in red.
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Developing a method for predicting the patellar tendon angle at
high degrees of knee flexion

Patellofemoral joint contact forces

Gait analysis was performed on 2 male TKR patients
(aged 64 & 78y; 19 & 8m post-op), who were implanted with telemetric knee implants, during walking, stair climbing, sit-to-stand and squatting. 3D
kinematics were measured using reflective markers
attached to the skin, tracked at 100 Hz using a 10camera motion capture system (Vicon, Oxford, UK).
The external loads were measured using two 6 DoF
force plates (AMTI, Watertown, MA, USA), while the
TF contact forces were simultaneously measured using the instrumented tibial component. The marker
data was processed to reduce soft tissue artifacts
before the hip, knee and ankle joint positions were
identified using a functional approach. The patient
specific anatomy was then fitted to the joint positions
for the entire motion cycles, including an adaptation
of the muscle lines of actions. The kinematics of the
PF joint were determined using a previously validated
model. Muscle and joint contact forces at the PF and
TF joints were calculated using an inverse dynamics
and optimization approach to minimize the squared
muscle stresses. To validate the model’s predictions,
the calculated TF forces were compared to the in vivo
measured data for all activities of the TKR subjects.

This is the first study to demonstrate in 2 subjects
a good agreement between calculated and in vivo
measured TF forces during the most demanding activities of daily living. Furthermore, this study has
shown that the magnitudes of PF forces are much
more activity-dependent than the TF forces. This
may explain the general experience that many TKR
patients have difficulties to rise from a chair or climb
stairs, although the TF contact forces are lower or in
the same range as during normal walking. By providing access to the loading condition at both the TF
and PF joint, the presented model provides the essential basis for a better understanding of the loading conditions of the knee structures and identifying
potential reasons for poor functional outcome of TKR
procedures.
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[Fig. 1] Exemplary comparisons of resultant contact forces - tibio-femoral (TF) as predicted by the model (solid blue) and
measured in vivo (dashed blue); patellofemoral (PF) predicted by the model (green).
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The predicted resultant TF contact forces of both
subjects showed good agreement with the in vivo
measured data for all activities [↗Fig. 1, 2]. The difference between the predicted peak TF contact force
and the in vivo measured peak TF force in each trial
was approx. 15 % averaged over both subjects and
the four activities. While PF contact forces of only
1BW were determined during walking (20° knee flexion), significantly larger PF forces were found for the
activities requiring active knee extension from a more
flexed position [↗Fig. 1]: 2 BW during stair climbing
(50° flexion), 3.3 BW during sit-to-stand (88° flexion), and 3.6 BW for the squat (87° flexion), averaged
over all trials of both subject for each activity.

BW

The recent literature suggests that TKR is not consistently achieving restoration of function, one of the
procedures primary goals. Limited satisfaction with
the outcome of TKR has specifically been related to
the ability to perform functionally demanding activities. Whilst it is known that the patellofemoral (PF)
joint plays an important role for knee joint function,
knowledge of the in vivo PF joint forces during demanding functional activities remains limited. The
aim of this study was therefore to assess the joint
contact forces at both the tibio-femoral (TF) and the
PF joints during demanding activities using a musculoskeletal model validated against in vivo measured
TF forces.
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Simulations and in vivo measurements revealed large variations
of PF joint contact forces during highly demanding activities

Average peak PF force
Average TF force at the PF peak force
Average knee flexion at the PF peak force

squat

[Fig. 2] Average predicted peak patellofemoral (PF) contact forces compared to the corresponding average
measured in vivo peak tibio-femoral (TF) forces, together with the average knee flexion angles.
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Impact of muscle loading on joint mechanics

Patellofemoral (PF) pain has been associated with
abnormal patellofemoral contact mechanics and
kinematics, specifically excessive PF pressure, lateral patellar compression syndrome, and increased
patellar tilt. Furthermore, the mechanical environment that acts on the PF joint during demanding
physical activities, such as stair climbing, has been
identified as a risk factor for the onset of osteoarthritis. Whilst in vitro testing allows simultaneous measurement of kinematics and forces of the PF joint, it
has typically been performed under simplified uniaxial quadriceps muscle loading. Furthermore, the
force magnitudes applied in in vitro tests have often
been considerably lower than those occurring during
demanding physical activities of daily living, which
can reach multiples of body weight. Whether and
how the muscle forces that occur during demanding
activities influence patellofemoral biomechanics remains to be established. We hypothesized that loading conditions of stair climbing induce a higher PF
pressure, a more lateral force distribution on the trochlea and a more lateral shift and tilt of the patella
compared to walking.
The aim of this study was therefore to investigate the
interaction between the musculoskeletal loading during both walking and stair climbing and the PF contact mechanics and kinematics in the healthy joint at
early knee flexion, before complete patellar engagement in the trochlea occurs, and thus at angles critical for instability and possible PF mal-alignment.
Eight fresh-frozen cadaveric knees were dissected,
ensuring preservation of the joint capsule with the
surrounding retinaculum. The rectus femoris with
the vastus intermedius, the vastus medialis, and the
vastus lateralis, as well as the sartorius with the semitendinosus were instrumented with loading fixtures.
Based upon musculoskeletal analyses [Heller et al.,
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2001; Taylor et al., 2004] a total of six load cases
were derived from gait cycles of walking (W) and
stair climbing (SC) at knee flexion angles near full
extension (12°: W1, W2, W3, SC1) and at higher flexion (30°: W4, SC2). The knees were mounted into a
specially designed set-up that allowed for individual
control of the magnitudes and directions of the four
muscle loads. An optical measurement system (Vicon, Oxford Metrics) was used to obtain six degreesof-freedom patellofemoral kinematics. Contact pressures and areas were determined with a pressure
sensitive foil (K-Scan #4000, TekScan Inc.).

Medial Trochlea

Lateral Trochlea
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Investigation of the interaction between musculoskeletal loading and
the PF contact mechanics and kinematics

Walking loads - 12°

Stair climbing loads -12°

At 12° knee flexion, stair climbing loads resulted in
higher peak pressure (p=0.012) than walking, more
lateral force distribution (p=0.012) and more lateral
tilt (p=0.012), whilst mean pressure (p=0.069) and
contact area (p=0.123) were not significantly different [↗Fig. 1]. At 30° knee flexion, although stair
climbing compared to walking loads resulted in
significantly higher patellofemoral mean (p=0.012)
and peak pressures (p=0.012), as well as contact
area (p=0.012), the medial-lateral force distribution
(p=1.000) and patellar tilt (p=0.069) were not significantly different. No significant differences were
observed in patellar shift between walking and stair
climbing at either 12° (p=0.093) or 30° (p=0.484)
knee flexion.
By applying musculoskeletal loading conditions that
approximate the in vivo mechanical environment of
the PF joint, this study has demonstrated that stair
climbing, as a more demanding activity, results in
more challenging patellofemoral contact mechanics
and kinematics compared to level walking at early
knee flexion, as characterized by significantly higher
patellofemoral pressure, a more lateral force distribution on the trochlea and a more lateral tilt of the
patella. Higher patellofemoral pressure, more lateral

CoF Lateralization
[Fig. 1] Representative data of pressure distribution, contact area and medial-lateral CoF on the trochlea in a comparison of the conditions during the walking and a stair climbing load case at 12° knee flexion showing a lateralized
CoF for stair climbing.

force distribution and higher tilt have all been previously associated with patellofemoral pathologies. Our
findings therefore provide a possible biomechanical
explanation for the association of stair climbing with
patellofemoral pain. It is therefore suggested that the
use of in vitro set-ups that are capable of simulating
physiological-like musculoskeletal loading is of key
importance for assessing surgically induced changes
in patellofemoral joint kinematics and contact mechanics under clinically relevant conditions.

Goudakos I, König C, Schöttle PB, Taylor WR, Singh NB,
Roberts I, Streitparth F, Duda GN, H
 eller MO
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Regulation of patellofemoral contact area:

Whilst the importance of the interaction between patellofemoral contact area and pressure for the physiological function of the joint has been demonstrated
in an animal study [Clark et al., 2002], little is known
about the conditions in humans. Pressure measurements in humans during weight bearing conditions
remain a challenge in vivo, and most in vitro analyses
have used oversimplified and/or considerably lower
loading conditions than those occurring during activities of daily living. The aim of this study was to
determine the effect of load magnitude on the interaction of kinematic and kinetic parameters of the PF
joint over a spectrum of loading conditions from unloaded up to physiological load levels.

cycles - in terms of extreme muscle forces and knee
flexion angles - were applied to the knees, with knee
flexion ranging from 12° to 57°. The set up allowed
for individual muscle load control of three quadriceps components from a passive joint state up to
physiological load levels (max. total of 3509 N) (Fig.
1). Optical markers were attached to the femur, patella and tibia for patellar tilt measurements (Vicon,
Oxford Metrics, UK), and a pressure sensitive film
was inserted into the joint for pressure and contact
area measurements (K-Scan #4000, TekScan Inc.,
South Boston, MA). For data analysis, a curve fit was
performed on the mean curves of the knees (n=6)
(Matlab, Mathworks Inc., Natick, MA).

ase at lower knee flexion: the rate of pressure increase at 12° of knee flexion was approximately two-fold
higher for the mean and approximately three-fold
higher for the peak pressure compared to the rates
determined at 39° knee flexion [↗Fig. 2]. The peak
patellofemoral pressure at 12° reached 7.7 ± 1.3 MPa
under a comparably low total muscle force of 860
N. With respect to the kinematics of the patella, we
observed that lateral patellar tilt increased with total
muscle force only at 12° knee flexion and had a non
linear character (R² ≥ 0.942), reaching a maximum
of 2.4 ± 1.7°.

We therefore conclude that the regulation of the contact area is an essential mechanism that modulates
the kinetics of the human patellofemoral joint. However, additional compensation mechanisms seem to
be activated in order to limit the pressure experienced by the patellofemoral joint under high muscle
forces, associated with demanding activities.

[Fig. 1] CAD visualisation of the experimental set-up near extension (left) and in flexion (middle). Cadaveric knee with attached
optical markers and pressure sensor (right).

In order to apply muscle loads that were calculated
based on a validated musculoskeletal model [Heller
et al., 2001; Taylor et al., 2004], 4 muscle groups:
the Mm. rectus fem. together with the vastus intermedius, the vastus med., the vastus lat. and the sartorius together with the semitendinosus of six intact
cadaveric knees, were instrumented with extension
hulls [Schöttle et al., 2007]. In a specially designed
set-up, nine load cases (5 for walking and 4 for stair
climbing) that simulated critical instances of the gait
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Patellofemoral contact area increased inverse exponentially (R² ≥ 0.872) with total muscle force and
reached a maximum of 3.9 ± 0.8 cm² at 39° knee flexion (Fig. 1). Patellofemoral pressure increased linearly (R² ≥ 0.983) with total muscle force and reached
a maximum mean pressure of 5.7 ± 0.8 MPa and a
maximum peak pressure of 12.1 ± 0.6 MPa at 30°
knee flexion [↗Fig. 1]. For total muscle forces larger
than 1 BW, no further increase in contact area was
observed. We found a higher rate of pressure incre-

Through an analysis of the contact mechanics and
kinematics of the patellofemoral joint under physiological-like loading conditions during both walking
and stair climbing we found that the dependency
of contact area and tilt on muscle force is clearly
non-linear. Therefore, extrapolation of data acquired under non-physiological loading to the in vivo
situation should be critically considered. The overproportional rate of peak pressure increase at initial knee flexion compared to further flexion, due to
changes in the contact pattern, suggests considerable and potentially adverse pressure levels for the
joint (>7 MPa), even under sub-peak muscle forces.
Whilst the patellofemoral contact area rises with increasing muscle forces to attenuate the pressure increase [Clark et al., 2002], the regulating capacity of
this mechanism in humans is exhausted under high
loads (> 1BW), i.e. conditions often associated with
patellofemoral pain [Dye et al., 2005].

Goudakos I, König C, Schöttle PB, Taylor WR, Pöpplau BM,
Singh NB, Duda GN, Heller MO
[Fig. 2] Exemplary contact area and pressure as a function of
total muscle force: Mean ± 1 SD (dashed lines) and curve fits
(bold lines) for 3 stair climbing load cases with 12°, 30°, and
39° of knee flexion.
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An essential mechanism for maintaining physiological patellofemoral
joint kinetics?

Graft tension determines PF biomechanics

The MPFL has been designated as the main passive
medial patellar stabilizer, and its reconstruction for
treatment of lateral patellar instability has gained
increased popularity. However, it remains unclear to
what extent a reconstruction restores normal joint
biomechanics under physiologically relevant loading
conditions. The long term success of the procedure
depends upon the ability to restore function, not
only in terms of correcting the instability, but also
depends upon whether an adverse redistribution of
joint loads that could progressively lead to osteoarthritis can be avoided.
This study aimed to examine whether the contact
mechanics of the patellofemoral (PF) joint during activities of daily living depend upon the graft tensioning during MPFL reconstruction in order to evaluate
the possible risk of medial joint overload.
The quadriceps and hamstrings of 6 intact cadaveric
knees were dissected and assigned to 4 different
muscle groups, which were instrumented with special loading devices. The knees were mounted into a
mechanical setup in different flexion angles (12°-57°)
with the muscles connected to 4 independent actuators that applied 9 different load cases (LCs): 5 that
simulated representative loading conditions of walking and 4 of stair climbing, based on data from a validated musculoskeletal model. A pressure sensitive
sensor (K-Scan #4000, TekScan Inc., South Boston,
MA), which was attached onto the trochlea, recorded
the mean PF pressure, contact area and the medial-lateral position of the center of pressure (CoP)
onto the sensor. The measurement was undertaken
in four different conditions: 1. intact knee, 2. after
transection of the medial PF complex, to imitate a
lateral patellar instability, 3. after anatomical MPFL
reconstruction, with a gracilis graft fixed at 30° knee
flexion, accounting for the relative position of the
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patella to the trochlea and using an isometric MPFL
insertion point and a double-bundle technique, and
4. after a “high tension” (HT) MPFL reconstruction, in
which the graft tension recorded for the anatomical
reconstruction was increased by 10 N. A Wilcoxon
signed-rank test was used for statistical evaluation
(p<0.05).
The mean PF joint pressure did not differ significantly in any load case after transection (p≥0.058), anatomical (p≥0.249) or HT reconstruction (p≥0.116)
from the values in the intact joint. PF contact area
significantly decreased after transection in 6 out of
9 LCs (p≤0.046). Furthermore, a significant lateralisation of the medial-lateral CoP was observed at 12°
flexion (p≤0.046), [↗Fig. 1]. Both the anatomical
(p≥0.225) and HT reconstruction (p≥0.249) normalized PF contact area. The lateralization of the CoP
was also normalized after anatomical MPFL reconstruction, albeit there was a slight overcorrection in 2
LCs (p≤0.046). In the HT conditions, however, there
was a significant medialization of the medial-lateral
CoP in 6 out of the 9 LCs compared to the intact joint
(p=0.028).
For the first time the influence of MPFL graft tensioning has been examined under demanding physiological loading conditions. The high tension MPFL
reconstruction was associated with a considerable
medialization of the CoP compared to the intact
joint, which was evident not only at 12° flexion,
where the transection of the medial patellofemoral
complex had resulted in a lateralization, but also
in further flexion above 39°, where the effect of the
transection on the medial-lateral CoP position had
been indifferent. The CoP medialization after high
tension MPFL reconstruction therefore involves the
danger of medial patellofemoral joint overload during walking and stair climbing, conditions which
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Study on contact mechanics of the patellofemoral joint after
MPFL reconstruction

[Fig. 1] The changes in the medial-lateral position of the CoP at each tested knee flexion angle.
Red: Medial complex transaction; Green: Anatomical MPFL reconstruction; Orange: High Tension (HT) MPFL reconstruction.
A * indicates significance.

could possibly – contrary to the intent of the intervention – either initiate or accelerate OA progression in the patellofemoral joint.
This study highlights the potential risk of surgical
overcorrection and medial PF joint overload if the relative position of the patella to the trochlea and a correct flexion angle at graft fixation are not respected

Goudakos I, Schöttle PB, König C, Taylor WR, Duda GN, Heller MO
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Impact of joint line elevation in TKA

An elevation of the joint line (JL) is likely to occur
in TKA, particularly in revision surgery [1, 2]. It has
further been proposed that joint line elevation (JLE)
can cause joint instability in midflexion, a significant
complication after TKA [3]. So far the effect of JLE on
collateral ligament function, specifically in midflexion, remains unclear.
In this study a virtual TKA (Columbus ultracongruent fixed bearing, Aesculap AG, Tuttlingen, Germany)
was performed on musculoskeletal models which included the medial and lateral collateral ligaments for
4 subjects [↗Fig. 1]. In the anatomically reconstructed knee, the distances between tibial and femoral attachments were calculated in the anterior and posterior regions of the medial (MCL) and lateral (LCL)
collateral ligaments for a knee flexion cycle from full

location to 5 and 10 mm elevation and the calculations were repeated for each JL level. If the ligament
was tensed in the anatomically reconstructed condition, a distance reduction with JLE was indicative for
a less tight and a distance increase indicated a more
tensed ligament.
Our results show that in midflexion JLE reduced the
distance between the attachment sites in both ligaments compared to the anatomical reconstructed
joint (max: -4.2 ± 0.5 % at 10 mm JLE, 45° flexion,
Figure 2). Despite this distance decrease, the anterior MCL which is known to be tensed throughout
flexion, still exhibited a distance increase, displaying
the characteristics of a tensed ligament, even for a
10 mm JLE. The ligament would therefore still seem
to be capable of stabilizing the joint in a similar man-

regions slackened with increasing flexion angles
in the anatomically reconstructed TKA knee. Even
though in midflexion this effect was intensified by
JLE, it is rather unlikely that this would contribute
to midflexion instability. While JLE did not seem to
be a major contributor to midflexion instability, the
observed distance decrease in cases of JLE has the
effect that the more posterior areas of the ligament
will pass the slack / taut transition earlier at lower
flexion angles. As these portions of the ligaments can
therefore no longer contribute to the load sharing,
the loads in the remaining soft tissue stabilizers will
increase, bearing the risk of overloading these structures. In addition, the distance increase in the ante-

rior LCL at higher flexion angles caused by JLE further
contributes to increased loading of the anterior LCL.
While midflexion instability is a major problem in
TKA, our results did not support the idea that it is
caused by JLE. However, JLE could compromise joint
stability in the long term as specifically the anterior
ligament portions might be exposed to overloading.
Careful restoration of the joint line and meticulous
soft tissue balancing are therefore essential to optimally restore joint function after TKA.

König C, Sharenkov A, Matziolis G, Perka C, Duda GN, Heller MO

[1] Laskin, R.S., CORR, 169-71, 2002; [2] Porteous, A.J., et al., JBJS Br, 90: 879-84, 2008; [3] Parratte, S., et al., JBJS Am, 90: 184-94, 2008

[Fig. 1] Definition of the bundles of the medial (left) and the lateral (middle) collateral ligament. Virtual TKA with anatomical
reconstruction of the joint line (right).

extension to 90° flexion. Any change in distance was
expressed as a percentage of the distance at full extension, with positive and negative changes representing an increase or reduction in distance between
attachments respectively. An elevated JL caused for
example by excessive femoral resection or loss of
femoral bone stock was then simulated by downsizing and cranialising the femoral component and using a thicker inlay. JL was altered from its anatomical
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ner to the anatomically reconstructed joint. The normally taut anterior LCL also experienced a distance
decrease in midflexion, but in contrast to the MCL the
distance decreased below the level of the extended
knee. However, even when neglecting the ligament’s
pre-tension in extension, this 2.1 % distance decrease
would result in a varus / valgus laxity of less than 1.5°
assuming an average ligament length of 60 mm and a
knee width of 55 mm. The MCL’s and LCL’s posterior

[Fig. 2] Change in attachment site distances of the anterior (left) and posterior (right) regions of the MCL (top) and
LCL (bottom) from extension to 90° flexion. Green curves: anatomical JL, yellow: 5mm, red: 10 mm JL elevation.
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Can midflexion instability after TKA be a consequence of joint line elevation?

Influence of femoral antetorsion on hip contact
forces

Short-stemmed hip implants have been established
in total hip arthroplasty during the last years. In consequence, also patients suffering from secondary osteoarthritis of the hip and pathological antetorsion of
the femoral neck are increasingly treated using such
implants. The mechanical conditions in the proximal
femur after the implanataion of short-stemmed implant are, however, not fully understood. This study
therefore analyzed the influence of increased femoral antetorsion on the hip contact forces and the load
transfer from the implant to the proximal femur after
implantation of a short-stemmed prosthesis.
Musculoskeletal load analyses and finite element
analyses were performed to analyze the muscle and
hip contact forces as well as the cortical strains after
implantation of the Nanos stem. Two different situations of femoral component antetorsion were simulated. Increasing the antetorsion by 7° resulted in both
increased hip contact forces [↗Fig. 1] and increased
medial and lateral cortical strains [↗Fig. 2] compared to the reference implantation.

This study has shown that increased antetorsion of
the femoral component, which is more likely to occur
in patients with degenerative osteoarthritis of the
hip combined with rotational disorders of the proximal femur, can result in an considerable increase
in hip contact forces. Whilst also the cortical strains
were increased after increased component antetorsion, the changes were rather small. The increased hip
contact forces resulting from increased antetorsion
suggest, however, that the use of short-stemmed implants might not be not uncritical in patients with
pathological antetorsion of the femoral neck. In these patients, the selection of the tribological pairing
should be carefully considered with respect to the
wear behavior of the pairing.

Tohtz SW, Heller MO, Taylor WR, Perka C, Duda GN

[Fig. 1] Increase in hip contact force (%) in the medial, anterior and superior direction due to increased antetorsion of
the femoral component (reference implantation: 100%).
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Significance of femoral antetorsion for hip contact forces and load transfer
after THR using a short-stemmed prosthesis

[Fig. 2] Cortical bone strains during normal walking (top) and stair climbing (bottom) in the intact femur (grey lines), in the reference implantation (black lines) and in the implantation with increased antetorsion (light geey lines). Whilst the bone strains are
increased after implantation with a higher femoral antetorsion, the bone strains in the implanted femur remain below or close to
the level of the strains in the native femur.
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Joint anatomy, contact forces and muscle volume

The mechanical loading conditions in a joint critically depend upon its specific geometrical configuration. Whilst computer-based musculo-skeletal
analyses offer the potential to determine the forces
transmitted through the hip joint on a subject specific basis, little is known about the detailed status of
the major muscles at the hip joint after THR, and the
degree of muscle adaptation to the forces created
at the joint. The aim of this study was therefore to
determine the volume of the gluteus medius and to
investigate the relationship between these volumes
and the functional requirements during activities
of daily living arising from the subject specific joint
geometry after THR.

[Fig. 1] Larger hip contact forces after THR are linked to a
larger gluteus medius muscle volume.

A total of 42 THR patients treated with an uncemented Zweymüller system were included in this IRB approved retrospective study. The average age of the
patients at the time of the operation was 57.2 years,
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and the mean follow-up period was 10.5 years. Patient function was assessed using the Merle d’Aubigné
score. CT scans (5.0x0.84x0.84 mm) were taken to
determine the 3D reconstruction of the hip and to assess the 3D anatomy of the gluteus medius (GM). By
tracing its outline in each CT slice, the volume of the
GM was determined for both joints (AMIRA, www.
amiravis.com). For the replaced joint, the location of
the hip center was determined, together with the femoral neck length (FNL), CCD and femoral anteversion angle. Based on each individual joint configuration, hip contact forces during walking were estimated
using a database that was developed using a previously validated musculoskeletal model [Heller et al.,
2007]. Student’s T-test and the Pearson correlation
coefficient were used for statistical analyses (SPSS
v15, SPSS Inc., Chicago, Illinois).
All patients had good functional results as evident
from an average Merle d’Aubigné score of 17.0±1.4
points, and no signs of loosening, or excessive wear
were observed. Whilst the average volume of the
GM muscle on the side of the native joint (NJ) was
288.7±70cm³, a significantly lower volume of the GM
was determined for the operated side with an average value of only 248.7±58.4cm³ (p<0.0001). On
average, the volume on the THR side was 40.0cm³
less than the volume on the side with the native joint. For the replaced joint, an average FNL of
54.2±4.1mm and an average joint contact force of
2.60±0.14BW were determined. Examination of the
relationship between femoral anatomy and the volume of the GM muscle by regression analysis revealed
only a minor relationship between FNL and muscle
volume (Pearson correlation coeff.: 0.127, p=0.424).
In contrast to this, a major correlation between the
hip contact forces and GM volume was determined
for the replaced joint (Pearson correlation coeff.:
0.672, p<0.01) [↗Fig. 1].

In this study, we could clearly demonstrate that the
hip contact force, a measure that includes not only
key anatomical parameters of both the femur and
pelvis but also relates them to the demands during
functional activities, was a far better predictor of GM
volume than femoral neck length, a single parameter
describing femoral anatomy, alone. It has also been
shown that these internal forces can be efficiently
determined and provided at interactive rates during
pre-operative planning of THRs. By contrasting the
pre-operatively available muscle function against
the mechanical demand imposed on the soft tissues by a specific reconstruction, it may be possible to
better identify patients whose window of geometrical reconstruction for optimal functional outcome is
small, and where restoration may therefore require
specific attention.
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Study on the relation between joint anatomy, contact forces and muscle
volume 10 years post unilateral THR

Heller MO, Schröder JH, Hartwig T, Sharenkov S, Taylor WR,
Perka C, Duda GN
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Localised muscle fatigue on force fluctuation

Force fluctuations increase with age, injury and fatigue. The magnitude of these fluctuations is a measure of steadiness. Localized muscle fatigue (LMF)
affects the force-generating capacity of the muscle,
and is a fall risk factor. However, except for reports
on fatigue during sustained contractions, unsteadiness in the lower extremity after fatigue remains
un-investigated. In addition, as there is a relationship between force fluctuation and peak power of
the force signal, it is likely that a shift in the force
power spectrum towards higher frequencies would
exist post-fatigue, but this has not been investigated.
An understanding of these changes in both the time
and frequency domains could explain the decreased
steadiness after fatigue. We hypothesized that an
increase in fluctuations of the knee extensor force
production is accompanied by a shift in power spectral profile of force signals towards high frequency
components occurs post-fatigue.

This study therefore aimed to quantify the effects
of fatigue on force fluctuation in both the time and
frequency domains in order to determine whether
a reduction in steadiness is associated with a shift
towards higher frequency components of the force
signal.
Sixteen young adults (8 males, 8 females) were tested on a dynamometer (Biodex, 2000Hz) to assess
their ability to produce target extensor torques (TETs)
set at 15% and 20% of their maximum voluntary
isometric contraction (MVIC), both before and after
fatiguing exercises of the knee extensors [↗Fig. 1].
Normalized mean (NMAE) and standard-deviation of
the absolute error (NSAE) were used to quantify the
accuracy and steadiness of the torque trials. Mean
power frequencies (MnPF) and normalized peak power (NPkP) were used to assess spectral measures of
the torque signals. Significance was set at p<0.05.

NMAE and NSAE increased significantly (p<0.001)
post-fatigue (> 42%), together with a shift towards
higher frequency components, with increased MnPF
and decreased NPkP [↗Fig. 1]. This indicated that
not only did fatigue lead to decreased force accuracy
and steadiness of the musculature but that these
losses in steadiness occurred at higher frequencies.
The results of this study have demonstrated a reduction in the levels of accuracy and steadiness of
torque production post-fatigue. A simultaneous shift

towards higher mean power frequency and decreased
normalized peak power of the torque signal was observed, indicating a broadening of the spectral profile during force production after physical exertion.
These findings indicate that this broadening of the
spectral components, together with the unsteadiness
of force control, could play a role in understanding
force control mechanisms after fatigue.

Singh NB, Arampatzis A, Duda GN, Heller MO, Taylor WR

[Fig. 1] Setup
for MVIC and
force fluctuation tests to
assess subjects’ ability
to produce
target torques
with real time
visual feedback

[Fig. 2] Effects of fatigue on measures of force fluctuation. Top panel: 2a NMAE, 2b NSA Bottom panel: 2c. MnPF 2d. NPkP.
|* indicates p < 0.05.
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A study into the effect of localised muscle fatigue on force fluctuation
in knee extensors in young adults

Periprosthetic bone remodelling after THA

The reduction of bone mineral density that can result from periprosthetic bone remodelling is thought
to increase fracture risk, contribute to loosening
and complicate revision procedures in total hip arthroplasty. Minimally-invasive THA surgery aims to
preserve soft tissues, and therefore muscle function,
and lead to a more balanced mechanical environment that should be expressed as a greater retention of bone mass. Periprosthetic bone adaptation is
thought not only to be influenced by biological and
mechanical attributes associated with age and gender, but also the level of soft tissue trauma incurred
during more invasive surgical approaches.
A randomized clinical trial prospectively followed
93 THA patients at post-operation and a 12 month
follow-up period using DEXA BMD measurement. All
patients received an elective, cement-less arthroplasty employing the Zweymüller Alloclassic total hip
endoprosthesis via either a transgluteal (n=46) or a
minimally-invasive anterolateral (n=47) surgical approach from a pool of 10 surgeons. Patients were also
grouped for age, based on a threshold age of retirement (65), for a three factorial design consisting of:
age (45 young; 48 old), gender (25 male; 68 female),
and surgical approach. MANOVA with repeated measures was used to analyze all Gruen zones simultaneously and a partial η2 analysis was performed to
estimate the effect size for each factor.
The estimates of effect on bone adaptation 12
months after joint replacement were: combination of
age and gender (η2=0.21), gender alone (η2=0.17),
age alone (η2=0.12), with all other interactions playing less of a role than surgical approach (η2=0.10)
[↗Table 1]. Gender (p<0.03), as well as the interaction of age and gender (p<0.01) were shown to significantly affect the rate of remodelling (percentage
of the initial postoperative BMD remaining after 12
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months), whereas age, surgical approach and all other interactions between the three factors were not.
Older women lost the most bone mineral in zones II
and VII, whereas young men lost the most in I, III, IV,
V and VI. Older men retained the most in all zones
[↗Fig. 1].
Age and gender were found to play an important role
in influencing the course of a patient’s periprosthetic
bone remodelling. Furthermore, the results suggest
that surgical approach is as important to the remodelling outcome as the patient’s age alone. This suggests that older women and especially younger men
are potential beneficiaries of clinical decisions that
mitigate bone loss through muscle sparing implantations. However, the role that age and gender play
in internal loading must be better understood before
preventative measures can be developed.

[Table 1] Summary of the results from a MANOVA for repeated BMD measurements of 93 THA patients.
Significance, estimate of effect size and power are shown for all factors and combinations.

Factors

Between Subject Effect
Sig.

η

2
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The influence of surgical trauma, age and gender on periprosthetic
bone remodelling after THA

Within Subject Effect

Power

Sig.

η2

Power

Approach

0.21

0.11

0.57

0.28

0.10

0.51

Age

0.03

0.17

0.82

0.16

0.12

0.61

Gender

0.001

0.36

0.99

0.03

0.17

.082

Approach*Age

0.45

0.08

0.40

0.54

0.07

0.35

Approach*Gender

0.44

0.08

0.40

0.73

0.05

0.28

Age*Gender

0.22

0.11

0.56

0.008

0.21

0.92

Approach*Age*Gender

0.35

0.09

0.46

0.74

0.05

0.25

Szwedowski TD, Taylor WR, Matziolis G, Heller MO, Müller M,
Janshen L, Duda GN, Perka C

[Fig. 1] Relative BMD outcomes for the individual Gruen zones according to age and gender patient subgroupings. In proximal Gruen zones II and VII, old women consistently lost more bone mass than all others,
while younger men lost more bone in Gruen zones I, III, V and VI. Older men consistently retained the
most bone mineral than all other subgroups.
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Remodeling behavior of free tendon
autografts

The influence of recovery and training phases on body composition, peripheral
vascular function and immune system of professional soccer players

Analysis of the remodeling behavior of free tendon autografts over
10 years after anterior cruciate ligament (ACL) reconstruction

Professional soccer players have a lengthy playing
season, throughout which high levels of physical
stress are maintained. The following recuperation
period, before starting the next pre-season training
phase, is generally considered short but sufficient to
allow a decrease in these stress levels and therefore
a reduction in the propensity for injury or musculoskeletal tissue damage. We hypothesise that these
physical extremes influence the body composition,
blood flow, and endothelial/immune function, and
that the recuperation period allowed to professional
soccer players may be insufficient to allow a recovery
of these physiological parameters, and therefore any
reduction of tissue stress.
Ten professional football players were examined
at the end of the playing season, at the end of the
season intermission, and after the next pre-season
endurance training. Peripheral blood flow and body
composition were assessed using venous occlusion
plethysmography and DEXA scanning respectively. In
addition, selected inflammatory and immune parameters were analysed from blood samples.
Following the recuperation period a significant decrease of lean body mass from 74.4 ± 4.2 kg to 72.2 ± 3.9
kg was observed, but an increase of fat mass from 10.3
± 5.6 kg to 11.1 ± 5.4 kg, almost completely reversed
the changes seen in the pre-season training phase.
Remarkably, both resting and post-ischemic blood
flow (7.3 ± 3.4 and 26.0 ± 6.3 ml/100ml/min) were
strongly reduced during the playing and training
stress phases, but both parameters increased to
normal levels (9.0±2.7 and 33.9±7.6 ml/100ml/min)
during the season intermission. Recovery was also
characterized by rising levels of serum creatinine,
granulocytes count, total IL-8, serum nitrate, ferritin, and bilirubin.
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These data suggest a compensated hypo-perfusion
of muscle during the playing season, followed by an
intramuscular ischemia/reperfusion syndrome in
the recovery phase that is associated with muscle
protein turnover and inflammatory endothelial reaction, as demonstrated by iNOS and HO-1 activation,
as well as IL-8 release. The data provided from this
study suggest that the immune system is not able to
function fully during periods of high physical stress.
The implications of this study are that recuperation should be carefully monitored in athletes who
undergo intensive training over extended periods,
but that these parameters may also prove useful for
determining an individual’s risk of tissue stress and
possibly their susceptibility to progressive tissue
damage or injury.

Reinke S, Taylor WR, Karhausen T, Doehner W, Duda GN,
Reinke P, Volk HD, Anker SD

After reconstruction of the cruciate ligaments, grafts
have to undergo several phases of healing also described as the ligamentization process. Current
knowledge about the ligamentization process originates almost exclusively from different animal models, with little information available on the processes
in humans. The limited number of studies on human
ACL remodeling found differences in the duration of
the remodeling process, but were often limited in
their conclusions due to the very small number of
patients and observation time points.
We aimed to describe the remodeling process in human hamstring tendon autografts over a period of
ten years after ACL reconstruction. For this purpose,
we analysed 62 human hamstring biopsies, which
where harvested 5 to129 months after cruciate
ligament replacement during second look operations
by the senior author of the study. All samples underwent histological analysis, stained with Haematoxylin Eosin and Masson Goldner Trichrom for descriptive analysis and countering total cell number. Factor
VIII and alpha smooth muscle actin antibody staining was performed for quantitative vessel and myofibroblast detection. The samples were assigned to
three groups according to their timepoint after ACL
replacement (group 1= 5-12 month, group 2= 12-24
month, group 3= over 24 month). Native hamstring
tendon samples served as controls. Statistical comparisons were performed using Man-Whitney- U-Test.
A p value of 0.05 or less was taken as a significant
difference. Total cell number increased significantly over the first 12 month compared to the control
group (354.38/mm² vs. 816.16/mm²,) followed by a
decrease until 129 month (638.32/mm²), but maintaining a significantly higher cellularity than in native hamstring tendons (p= 0.049). Vessel density
showed similar results but no statistical significant
differences were detected (7.60/mm² vs. 18.15/mm²,

5.5/mm²). Myofibroblast density increased over the
first 24 month with significant more cells compared
to the native hamstring tendons (p= 0.001) and a
significant increase from group 1 to group 2 (native
3.6/mm² vs. group 1= 24.21/mm² vs. group 2=217.90/
mm², p= 0.006). After 24 month number of myofibroblast decreased (206.44/mm²) but stayed significant
higher compared to the native tendons (p< 0.05).
Descriptive analysis of the early timepoints showed
an irregular collagen fiber orientation that rearranged
with the ensuing time. Cell appearance changed from
mostly ovoid in group 1 to spindle- shaped in group 2
and at the late timepoint most of the cells appeared
elongated. The results showed that human autografts
underwent a remodeling process after transplantation
as described in the literature. In contrast to animal
studies that found completion of the remodeling process after one year, in this study, examining human
tissue, the remodeling process was not completed at
one year postoperatively, but continued even beyond
2 years after transplantation. Especially the increasing number of myofibroblasts from 1 to 2 years shows
that intensive remodeling is continuing.
The understanding of the spatial and time-dependent changes during graft healing are of significant
importance to develop strategies of improved treatment options in cruciate ligament surgery, to achieve
full restoration of function and mechanical strength
of the intact cruciate ligaments and to prevent graft
failures. Therefore, this study adds important information to design appropriate postoperative rehabilitation protocols and recommend time points of
return to full activity without compromising graft
integrity and knee stability.

Scheffler S, Fiedler A, Schmidt T, van der Wijk J, Janssen R
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Biology of Bone Healing
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The spine is an important part of the human supporting apparatus
and locomotor system, and thus has mainly mechanical functions.
The lumbar part of the spine is most loaded and next to the
cervical spine subject to the most frequent surgeries at the spine.
There are quite a lot of surgical procedures and implant types but
not all of them guarantee the same benefit for the patient. Often
this is due to a lack of information on the spinal biomechanics.
The main research areas of the spine team are the determination
of loads acting on the spinal implants and the simulation of
mechanical situations after surgical procedures with the aim to
improve procedures and spinal implants. Instrumented implants
were developed to measure the loads, and validated computer
models (finite element models) allow the mechanical analysis of
the intact spine as well as the situation after surgery.
Dr.-Ing. Antonius Rohlmann
Team Leader
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Loads on a vertebral body replacement

After treatment of a vertebral body fracture with a
vertebral body replacement (VBR) patients want to
know whether they are allowed to put an object in
or take it out of a shelf. The aim of the study was to
measure the force increase on a VBR when holding a
weight with one or two 90° elevated straight arms.
These data may also be useful for the validation of
biomechanical models for predicting spinal loads.
A clinically proven VBR was modified. Six load sensors, a telemetry unit, and a coil for inductive power
supply were inserted inside the hermetically sealed
implant. Telemeterized VBRs allow the measurement
of six load components and were implanted in three
patients. Two of them (WP1 and WP2) were able to

elevate one outstretched arm while holding a weight
up to 50 N in the hand and both arms with up to 92
N in the hands [↗Fig. 1]. Body heights were 168 cm
(WP1) and 169 cm (WP2). The arm length was 60 cm
in both patients. The patients are videotaped during
the measurements, and the signals of the telemetry
are stored on the same videotape. Implant loads
were measured during several sessions.
The force on the VBR normally decreases when fusion
occurs. The force increase related to standing when
holding a weight with elevated arms, however, was
nearly constant. Therefore, the force increase and
not the absolute maximum force will be preseted.

For standing relaxed, the resultant force on the VBR
decreased in patient WP1 from about 270 N at 0.9
months postoperatively to about 100 N at 6 months
postoperatively. In patient WP2 it remained nearly
constant at a level of about 350 N.
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Holding a weight with elevated arms strongly increases the loads
on a spinal implant

Holding a weight of 50 N with one 90° elevated arm
increased the resultant force on the VBR compared
to standing on average by 374 N in patient WP1 and
by 556 N in patient WP2 [↗Fig. 1]. Holding a weight
of 92 N in both hands increased the resultant force
by 610 N in WP1 and 957 N in WP2. Related to standing, holding 50 N in one hand increased implant
force on average by 237 % in WP1 and by 161 % in
WP2. The corresponding values for holding 92 N in
both hands were 355 % (WP1) and 281 % (WP2).
The absolute maximum resultant force was about
960 N when WP2 elevated his arm with 50 N in his
hand and 1380 N when he was holding a weight of
92 N in both hands.
High loads were measured when a weight was hold
horizontally with an outstretched arm. There was
nearly a linear relationship between the carried
weight and the force increase on a VBR.

Rohlmann A, Kunze M, Graichen F, Bender A, Weber U,
Dymke J, Bergmann G
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[Fig. 1] Load components and force vectors for elevation of both arms with a weight of 50 N in the hands.
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Dynamic stabilization of the spine

Effect of an artificial disc on lumbar spine biomechanics

Comparison of the effects of posterior dynamic and rigid fixation devices
on the loads in the lumbar spine

The effects of different parameters on the mechanical behavior of the lumbar spine were in most cases
determined deterministically with only one uncertain parameter varied at a time while the others
were kept fixed. Thus most parameter combinations were disregarded. The aim of the study was
to determine in a probabilistic finite element study
how intervertebral rotation, intradiscal pressure,
and contact force in the facet joints are affected by
the input parameters implant position, implant ball
radius, presence of scar tissue, and gap size in the
facet joints.
An osseoligamentous finite element model of the
lumbar spine ranging from L3 vertebra to L5/S1 intervertebral disc was used. An artificial disc with a
fixed center of rotation was inserted at level L4/L5.
The model was loaded with pure moments of 7.5 Nm
to simulate flexion, extension, lateral bending, and
axial torsion. In a probabilistic study the implant
position in anterior-posterior (ap) and in lateral direction, the radius of the implant ball, and the gap
size of the facet joint were varied. After implanting
an artificial disc, scar tissue may develop, replacing
the anterior longitudinal ligament. Thus presence
and absence of scar tissue were also simulated. For
each loading case studied, intervertebral rotations,
intradiscal pressures, and contact forces in the facet
joints were calculated for 1,000 randomized input
parameter combinations in order to determine the
probable range of these output parameters.
Intervertebral rotation at implant level varies
strongly for different combinations of the input
parameters. It is mainly affected by gap size, apposition and implant ball radius for flexion, by scar
tissue and implant ball radius for extension and
lateral bending, and by gap size and implant ball
radius for axial torsion. For extension, interverte148

bral rotation at implant level varied between 1.4°
and 7.5°. Intradiscal pressure in the adjacent discs
is only slightly affected by all input parameters.
Contact forces in the facet joints at implant level
vary strongly for the different combinations of the
input parameters. For flexion, forces are 0 in 63 %
of the cases, but for small gap sizes and large implant ball radii they reach values of up to 533 N.
Similar results are found for extension with a maximum predicted force of 560 N. Here the forces are
mainly influenced by gap size, implant ball radius
and scar tissue. The forces vary between 0 and 300
N for lateral bending and between 0 and 200 N for
axial torsion. The parameters that have the greatest
effect in both loading cases are the same as those
for extension.
Intervertebral rotation and contact force in the facet joints depend strongly on the input parameters
studied. The probabilistic study shows a large variation of the results and likelihood of certain values.
Clinical studies will be required to show whether or
not there is a strong correlation of parameter combinations that cause high facet joint forces and low
back pain after total disc replacement.

Rohlmann A, Mann A, Zander T, Bergmann G
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A bilateral dynamic stabilization device is assumed
to alter favorable the movement and load transmission of a spinal segment without the intention of
fusion of that segment. Little is known about the
effect of a posterior dynamic fixation device on the
mechanical behavior of the lumbar spine. Muscle
forces were disregarded in the few biomechanical
studies published.
The aim of this study was to determine how the spinal loads are affected by a bilateral posterior dynamic implant compared to a rigid fixator which does not
claim to maintain mobility.
A paired monosegmental posterior dynamic implant
was inserted at level L3/L4 in a validated finite element model of the lumbar spine. Both a healthy and
a slightly degenerated disc were assumed at implant
level. Distraction of the bridged segment was also
simulated. For comparison, a monosegmental rigid
fixation device as well as the effect of implant stiffness on intersegmental rotation were studied. The
model was loaded with the upper body weight and
muscle forces to simulate the four loading cases
standing, 30° flexion, 20° extension, and 10° axial
rotation. Intersegmental rotations, intradiscal pressure, and facet joint forces were calculated at implant level and at the adjacent level above the implant. Implant forces were also determined.

After distraction, intradiscal pressure values are
markedly reduced only for the rigid implant. At the
adjacent level L2/L3, a posterior implant has only
a minor effect on intradiscal pressure. However, it
increases facet joint forces at this level for axial rotation and extension. Posterior implants are mostly
loaded in compression. Forces in the implant are
generally higher in a rigid fixator than in a dynamic
implant. Distraction strongly increases both axial
and shear forces in the implant. A stiffness of the
implant greater than 1,000 N/mm has only a minor
effect on intersegmental rotation.
The mechanical effects of a dynamic implant are
similar to those of a rigid fixation device, except after
distraction, when intradiscal pressure is considerably lower for rigid than for dynamic implants. Thus
the results of this study demonstrate that a dynamic
implant does not necessarily reduce axial spinal
loads compared to an un-instrumented spine.

Zander T, Rohlmann A, Burra NK, Bergmann G
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Compared to an intact spine, a dynamic implant reduces intersegmental rotation at implant level, decreases intradiscal pressure in a healthy disc for extension and standing, and decreases facet joint forces
at implant level. With a rigid implant, these effects are
more pronounced. With a slightly degenerated disc
intersegmental rotation at implant level is mildly increased for extension and axial rotation, and intradiscal pressure is strongly reduced for extension.
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Probabilistic finite element study

Scoliosis correction system orthobiomTM

The orthobiomTM non-fusion scoliosis correction
system consists of two longitudinal rods, polyaxial
pedicle screws, mobile and fixed connectors, and a
cross-connector. The mobile connectors can move
along and around the rod, thus allowing length adaptation during growth. The aim of this study was
to determine the effects of different features of this
novel implant on intervertebral rotations, to calculate the movement of the mobile connectors along
the rods for different loading cases and to compare
the results with those of a rigid implant construct.
A finite element analysis was performed using six
versions (M1 – M6) of a three-dimensional, nonlinear model of a spine ranging from T3 to L2. The models were loaded with pure moments of 7.5 Nm in the
three main anatomical planes. First, the validated intact model (M1) was studied. Then, the orthobiomTM
implant system was inserted, bridging the segments
between T4 and L1 (M2). The effect of pedicle screws
only in every second vertebrae was investigated
(M3). For comparison, three connection variations
of screws and rods were investigated: (1) an implant
with rigid screws and mobile connectors (M4), (2) an
implant with non-locking polyaxial screws and fixed
connectors (M5) and (3) a completely rigid implant
construct (M6).
For flexion, extension and lateral bending, intervertebral rotation was reduced at all implant levels due
to the implants. A rigid implant construct (M6) and
an implant with non-locking polyaxial screws and
fixed connectors (M5) led to the strongest reduction
of intervertebral rotation. The orthobiomTM nonfusion implant system (M2, M3) allowed much more
intervertebral rotation than a rigid implant (M6).
Differences in intervertebral rotations were small
when polyaxial screws were placed at every second
level only (M3) instead of at every level (M2). For
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axial rotation, intervertebral rotation was strongly
reduced by a rigid implant construct (M6) and by
an implant with rigid screws and mobile connectors (M4). For rotation, an implant with non-locking
polyaxial screws (M2, M3, M5) led to nearly the same
intervertebral rotations as in an intact spine without
an implant (M1). The predicted maximum translation
of the mobile connectors along the rod was 4.2 mm
for extension, 3.1 mm for lateral bending, 1.6 mm for
flexion, and 0.8 mm for axial rotation. The movement
of the connectors was highest for those closest to the
ends of the rods. With rigid screws, the maximum
translation was significantly reduced.
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A finite element analysis of different features of a flexible non-fusion
correction system

This study, conducted under a load-controlled loading protocol, showed that intervertebral rotation
was reduced much less by the non-fusion orthobiomTM system than by a rigid implant. The mobile
connectors moved considerably along the rod when
the spine was bent. It can be expected that the connectors also move along the rod as the adolescent
grows, possibly leaving the discs intact until the patient is fully grown.

Rohlmann A, Zander T, Burra NK, Bergmann G
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[Fig. 1] Drawings of implant components (left) and finite element model (version M2) ranging from T3 to L2 with non-fusion
orthobiomTM scoliosis correction system running from T4 to L1 and corresponding finite element mesh (right).
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Spinal loads during driving a car

Biomechanical consequences of variations in artificial disc positioning:
A finite element study on the lumbar spine

Loads on a spinal implant measured in vivo during whole-body vibration

Modular artificial disc implants are becoming more
and more attractive for the treatment of degenerative disc diseases using non-fusion techniques. While
the debate about which disc implant provides the
highest benefit for the patient is still ongoing, the
influence of intra-surgical parameters has scarcely
been investigated. Depending on the level and the
implant a ventrolateral or a ventral approach is possible (1). Especially in the case of the ventrolateral
approach lateral centering may be difficult (2). The
core of implants allowing for an anterior-posterior
movement can have different initial positions within
the disc plates (3). The rotational orientation of the
implant may have some deviation (4).

the complete lumbar spine as well as for one motion
segment with different degrees of ligament resections served for validation. Loads consisting of muscle forces and the upper body weight were applied to
simulate extension, standing, and flexion.
1. The ideal implant position leads for all studied
load cases to increased intervertebral rotations,
both, for the ventrolateral as well as for the ventral
approach. The increase is more pronounced for the
ventral approach due to the resection of the anterior
longitudinal ligament.
2. Lateral offcentering leads to increased facet joint
contact forces in the contralateral joint during standing and extension. Additionally a relatively high
moment for compensating coupled lateral bending
indicates that unphysiological muscle activation is
likely to occur.
3. Although the calculated core translations are
small, an initial core position different from the manufacturers recommendation can lead to strongly
increased facet joint forces during extension.
4. The influence of rotational deviations from the
ideal implant orientation is marginal with respect to
facet joint contact forces on intervertebral rotations.

[Fig. 1] Finite element model of the lumbar spine (left) used to
investigate total disc replacement. The remainder of the annulus for the ventrolateral (upper right) and the ventral approach
(lower right) are also shown.

A validated finite element model of the lumbar spine
[↗Fig. 1] was used to investigate these non-ideal
situations exemplarily for the Activ L (Aesculap, Tuttlingen). Experimental displacement measurements
for loads in the main anatomical directions, both for
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After spinal surgery, patients often want to know
whether driving a car or using public transportation
can be dangerous for their spine. In order to answer
this question, a clinically proven vertebral body replacement (VBR) has been modified. Six load sensors
and a telemetry unit were integrated into the inductively powered implant. The modified implant allows
the measurement of six load components. Telemeterized devices were implanted in five patients, four of
them agreed to exposure themselves to whole-body
vibration. During the measurements the patients sat
on a driver seat fixed to a hexapod. They were exposed to random single-axis vibrations in X, Y, and Z directions as well as in multi-axis XYZ directions with
frequencies between 0.3 and 30 Hz. Three intensity
levels (unweighted root mean square (rms) values of
0.25 m/s2; 0.5 m/s2 and 1.0 m/s2) were applied. Three
postures were studied: sitting freely, using a vertical
backrest, and a 25°-inclined backrest. The patients
held their hands on their thighs.
As expected, the maximum force on the VBR increased
with increasing intensity and the number of axes. For
the highest intensity level and multi-axis vibration, the
maximum forces increased by 89 % compared to sitting relaxed. Leaning at the backrest as well as lower
intensity levels markedly decreased the implant loads.

Although not all individual circumstances (e. g. scar
formation) are known and can therefore not be part
of a computer model, the general statement of this
study is unaffected: Great care should be taken in
placing the implant in an optimal position.

Driving a car or using public transportation systems
– when the patient leans towards the backrest –
leads to lower implant loads than walking, and can
therefore be allowed already shortly after surgery.

Zander T, Rohmann A, Bock B, Bergmann G

Rohlmann A, Hinz B, Büthner R, Graichen F, Bender A,
Dymke J, Bergmann G
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Artificial disc positioning

[Fig. 1] Patient sitting on a driver seat fixed to a hexapod.
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Spinal loads during sitting and standing

Large implants do not reduce the contact pressure on adjacent
vertebral bodies per se

Different arm positions and the shape of the thoracic spine can
explain contradictory results in the literature

Large implants for vertebral body replacement (VBR)
have a large footprint, and are normally supported
by stronger bone at the rim of the vertebral body.
But they also necessitate a greater corpectomy defect in the vertebral body concerned. In order to
study the effect of implant size on contact pressure
on the adjacent vertebral bodies and thus the risk
of implant subsidence, an osseoligamentous finite
element model of the lumbar spine was employed.
The VBR was inserted at the level of L4 and additionally stabilized by posterior spinal instrumentation
[↗Fig. 1]. Flat and curved vertebral endplates, small
and large corpectomy defects, different implant positions and axial preloads as well as normal and
osteoporotic vertebral bodies were simulated. Contact pressures in the vertebral body are increased
for a curved vertebral endplate in comparison with
a flat one, they are increased when an additional
implant preload was assumed, and they are usually
decreased for an osteoporotic vertebra when compared to a non-osteoporotic one. In some cases the
average contact pressures were higher for the smallsized VBR, in others for the large-sized one. Our results reveal that from the mechanical point of view, a
small-sized VBR is not generally disadvantageous.

Zander T, Rohlmann A, Bergmann G
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Foundation DFG RO581/17-2.
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Vertebral body replacement

[Fig. 1] Finite element model of the lumbar spine with
vertebral body replacement at level L4.

[Fig. 1] Comparison of median sit-to-stand load ratios (left scale) and the total kyphosis and lordosis angles for standing and
sitting (right scale). The patients P1 to P5 are sorted in an ascending manner according to their median value of the sit-to-stand
load ratio. The same trend for this load ratio and the total kyphosis angles indicates that there is a strong relationship between
the sit-to-stand load ratio of the VBR and the spinal shape.

After spinal surgery, patients often want to know
whether driving a car or using public transportation
can be dangerous for their spine. In order to answer
this question, a clinically proven vertebral body replacement (VBR) has been modified. Six load sensors and a telemetry unit were integrated into the
inductively powered implant. The modified implant
allows the measurement of six load components.
Telemeterized devices were implanted in five patients, four of them agreed to exposure themselves to
whole-body vibration. During the measurements the
patients sat on a driver seat fixed to a hexapod. They
were exposed to random single-axis vibrations in X,
Y, and Z directions as well as in multi-axis XYZ directions with frequencies between 0.3 and 30 Hz. Three
intensity levels (unweighted root mean square (rms)
values of 0.25 m/s2; 0.5 m/s2 and 1.0 m/s2) were
applied. Three postures were studied: sitting freely,
using a vertical backrest, and a 25°-inclined back-

rest. The patients held their hands on their thighs.
As expected, the maximum force on the VBR increased
with increasing intensity and the number of axes. For
the highest intensity level and multi-axis vibration, the
maximum forces increased by 89 % compared to sitting relaxed. Leaning at the backrest as well as lower
intensity levels markedly decreased the implant loads.
Driving a car or using public transportation systems
– when the patient leans towards the backrest –
leads to lower implant loads than walking, and can
therefore be allowed already shortly after surgery.

Rohlmann A, Dreischarf M, Wilke HJ, Bergmann G
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Spinal loads I

The exact loads acting on the lumbar spine during
standing remain hitherto unknown. It is for this reason that different loads are applied in experimental
and numerical studies. The aim of this study was to
compare intersegmental rotations, intradiscal pressures and facet joint forces for different loading
modes simulating standing in order to ascertain, the
results for which loading modes are closest to data
measured in vivo.

Applying a follower load of 500 N is the only loading
mode simulating standing for which the calculated
values for intervertebral rotations and intradiscal
pressures agreed well with in vivo data from literature.

Julius Wolff Institute Research Report

Spine

Applying a follower load delivers realistic results for simulating standing

Rohlmann A, Zander T, Rao M, Bergmann G
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A validated osseoligamentous finite element model
of the lumbar spine ranging from L1 to the disc L5-S1,
was used. Six load application modes were investigated as to how they could simulate standing. This
posture was simulated by applying a vertical force
of 500 N at the centre of the L1 vertebral endplate
with different boundary conditions, by applying a
follower load, and by applying upper body weight
and muscle forces. The calculated intersegmental
rotations and intradiscal pressures were compared
to in vivo values.
Intersegmental rotations at one level vary by up to
8° for the different loading modes simulating standing. The overall rotation in the lumbar spine varies
between 2.2° and 19.5°. With a follower load, the difference to the value measured in vivo is 3.3°. For all
other loading cases studied, the difference is greater
than 6.6°. Intradiscal pressures vary slightly with the
loading mode. Calculated forces in the facet joints
vary between 0 and nearly 80 N.

[Fig. 1] Schematic sketch of the different loading modes studied. F = axial force; FL = follower load; BW = upper body weight;
M = force in m. erector spinae. Only the two most cranial vertebrae of the lumbar spine are shown.
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Spinal loads II

Different modes of load applications are used to
simulate flexion and extension of the upper body. It
is not clear which loading modes deliver realistic results and allow the comparison of different studies.
In a numerical study, a validated finite element model
of the lumbar spine, ranging from the vertebra L1 to
the disc L5-S1 was employed. Six different loading
modes were each studied for simulating flexion and
extension, including pure moments, an eccentric axial force, using a wedged fixture, and applying upper
body weight plus follower load plus muscle forces. Intersegmental rotations, intradiscal pressures and facet
joint contact forces were calculated. Where possible,
results were compared to data measured in vivo.

Choosing an adequate loading mode is important
in spine biomechanics when realistic results are required for intersegmental rotations, intradiscal pressure and facet joint contact forces. Only then will
results of different studies be comparable.
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Realistic loading conditions for upper body bending

Rohlmann A, Zander T, Rao M, Bergmann G
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The results of the loading modes studied show a
large variance for some values. Outcome measures
such as flexion angle and intradiscal pressure differed at a segment by up to 44 % and 88 %, respectively, related to their maximum values. Intradiscal
pressure is mainly determined by the magnitude of
the applied compressive force. For flexion maximum
contact forces between 0 N and 69 N are predicted
in each facet joint for different loading modes. For
both flexion and extension, applying upper body
weight plus follower load plus muscle forces as well
as a follower load together with a bending moment
delivers results which agreed well with in vivo data
from the literature.

[Fig. 2] Schematic sketch of the loading modes simulating flexion. M and M’ = bending moments, F = axial force, FL = follower load;
BW = upper body weight; ES = force in m. erector spinae.
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Biology of Bone Healing
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The main focus of the team is the development of new strategies to
reduce the risk of bone healing failure and to stimulate bone healing
and defect regeneration. We have developed a drug delivery system
(DDS) that functionalize the osteosynthesis to serve also as a drug
carrier. Using this DDS several growth factors and other drugs with
a positive effect on bone metabolism have been tested in vitro and
in vivo. In addition to the biological stimulation the investigation of
materials used for defect filling is in our research focus.
Therefore we study various bony materials regarding their osteoinductivity and potential to function as a grafting material. Besides
bone healing the optimization of tendon healing and improvement
of tendon grafts is an important aspect of our group. The knowledge
from the biological stimulation and the graft analyses will be used to
optimize treatment strategies in orthopaedics and trauma surgery.

Univ.-Prof. Dr. rer. nat. Britt Wildemann
Prof. Dr. med. Gerhard Schmidmaier
Team Leaders
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Mechanical stimulation on cells

[Fig. 1] Device for the three-point bending. Loading devices with Dentine disc (asterisk) on which human cells will be seeded.

Mechanical stress influences osteoblast and osteoclast like cells. Both cell types interact with each
other; osteoclast differentiation and activation is
induced by cytokines synthesized by osteoblasts
(MCSF, RANKL, and OPG). We hypothesize that the
biological interaction of both cell types influences
the reaction of the cells to mechanical stimulation.
Osteoblast and osteoclast like cells were co-cultured
on a bone-like substrate (dentine-chips) and stimulated by three-point bending with 1100 µstrain, 0.1
and 0.3 Hz for 1 to 5 minutes per day over 5 days
[↗Fig. 1].
The differentiation and resorption activity of the
osteoclast like cells were analyzed and also the synthesis of RANKL, OPG, Collagen type 1 and osteocalcin by osteoblast like cells.

In the resorption assay the stimulation for 3 minutes with 0.3 Hz significantly increased the resorption activity of osteoclast like cells as measured by
the pit formation and the collagen resorption (NTX).
The same mechanical stimulation resulted in an increased collagen type 1 production of the osteoblast
like cells.
This study demonstrates that small changes in the
mechanical stimulation parameters lead to significant effects on the behavior of osteoblast and osteoclast like cells as well as their interactions.

Schmidmaier G, Kadow-Romacker A, Hoffmann JE, Duda GN,
Wildemann B
Acknowledgement

In the differentiation assay the mechanical stimulation resulted in a significant decrease of collagen
type 1 and osteocalcin produced by osteoblast like
cells. The amount of RANKL and OPG was not different between the stimulated groups. No effect on the
fusion behavior of monocytes to osteoclast like cells
was detectable [↗Fig. 2].
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[Fig. 2] Resorption assay, Resorption pits after co-cultivation of osteoclasts and osteoblasts. a) Resorption pits of the control-group
(no stimulation) b) after stimulation for 1 min with 0.1Hz and c) represented the stimulation group for 3 min with 0.3 Hz, in this
group, resorptionactivity was significant increased.

This study was supported by a grant of the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation, KFO 102, TP11).

[Fig. 2] Results of the differentiation assay, a) Collagen-1 synthesis by osteoblasts in co culture with osteoclasts was in all
stimulated groups significant decreased compared to unstimulated group (control = 100 %) b) The osteocalcin synthesis by
osteoblasts was also significant decreased in all stimulated
groups compared to unstimulated group c) The box plot shows
the TRAP-iso5b quantification. Mechanical   stimulation for 3
min with 0.1 Hz significantly increased the TRAP-iso5b compared to the unstimulated group (control = 100 %)
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Effect of mechanical stimulation on osteoblast and osteoclast
like cells in co-culture

Effect of locally applied plasmids on implant
ingrowth

These findings were in contrast to the common
understanding of the osteoinductive potential of
BMP-2 seen for bone healing. The inhibitory effect on
implant integration, however, was also seen in other
studies (Jeppsson et al. Acta Orthop Scand 1996,
Acta Orthop Scand 1999, Elmengaard et al. ORS
2006, 2007). These effects may be based upon the
different mechanisms of bony implant incorporation
where bone is formed directly without formation of
cartilage and fracture healing where bone develops
secondary from cartilage tissue. Further investigation
will be necessary to identify the exact mechanisms.
The positive testing for Luciferase in organs outside
the local application demand further investigation.
We hypothesized that fibrin glue carrying the vector
entered the blood vessels due to the increased intramedullary pressure during application of the nail.

Recombinant growth factors are frequently used in
research and clinical application for regeneration
of tissues and cells. Since the genetic code of most
growth factors is known, the possibility of genetic
manipulation of cells in order to express a certain
growth factor, appears attractive. Not only for economic reasons but also to maintain a constant level
of an effective dosis of the protein over a longer time
period by only one application. We studied the effect
of locally applied plasmids encoding for Bone Morphogenetic Protein-2 (BMP-2) on implant ingrowth.
A non-viral vector and fibrin glue as carrier was used
in a non weight bearing model.
48 New Zealand White Rabbits were divided in 3
groups: I: control, II: Fibrin, III: fibrin plus BMP-2
COPROGs. Animals were sacrificed after 28 days
(A) and 56 days (B). The tibiae were reamed in
anterograde direction with ascending diameters
from 2.0 mm to 2.8 mm. After filling the tibia in
accordance to the group-treatment a titanium nail
(Synthes, Switzerland) of 2.5 mm diameter was
inserted in anterograde direction and the position
was controlled radiographically.
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Impaired implant fixation under the influence of locally applied BMP-2
specific plasmids

Faensen B, Wildemann B, Hain C, Höhne J, Funk Y, Planck C*,
Stemberger A*, Schmidmaier G
[Fig. 1] Comparison of the shear stress (push-out test). Shear
stress was highest in the control group, the fibrin/BMP-2
plasmid group showed significantly less.

|* Institute of Experimental Oncology, TU Munich, Germany
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12 rabbits received fibrin glue carrying COPROG and
the Luciferase marker-gene and were sacrificed after
4, 7 and 28 days. The histological analysis of the fibrin/BMP-2-plasmid group showed less bone-implant
contact than both other groups.
The biomechanical tests supported the histological
findings. The results revealed significantly lower
shear strength in the fibrin/BMP-2-plasmid group at
both timepoints. The difference between control and
fibrin group was not significant in either of the timepoints [↗Fig. 1].

166

We found positive tests for Luciferase in 22/24 tibiae
at all timepoints. 15/72 specimens of ectopic organs
were also positive with preference of lung and testicles, whereas muscle tissue was affected least.

Forschungsgemeinschaft DFG

In our investigation we could prove that a gene
transfer using the non-viral gene vector COPROG and
fibrin glue as a carrier works. Anyway the biomechanical and histological results showed signifigantly
less implant incorporation when a BMP-2 plasmid
was used compared to the two control groups.
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Zoledronic acid accelerates fracture healing

Zoledronic acid (ZOL), a nitrogen containing bisphosphonate, has been shown in vitro and in vivo to
inhibit osteoclastic activity and to regulate cell proliferation, differentiation and gene expression in osteoblasts (Teitelbaum 2000; Reinholz et al. 2000).
Because of its impact on bone cells there might be
a possible benefit in treatment of fractures by local
application of this potent substance. A local application from a biodegradable Poly(D,L-Lactide) (PDLLA)
coating of osteosynthetic implants might lead to a
stimulating effect on fracture healing.
Standardized midshaft fractures of the tibia of rats
were stabilized either with uncoated, PDLLA-coated
or ZOL-coated implants. To evaluate systemic side effects throughout the investigation blood serum analysis, body weight and body temperature were taken.
X-ray examinations were taken regularly. Tibiae were
dissected 42 and 84 days after fracture for biomechanical torsional testing.
X-rays demonstrated 42 days after fracture at
least unilateral fracture consolidation in all groups
[↗Fig. 1]. Biomechanical testing revealed a significantly higher maximum load and torsional stiffness
in the group treated with ZOL in comparison to the
controls [↗Fig. 2]. The torsional stiffness 84 days
after fracture of the ZOL treated group remained significantly higher than the controls whereas the maximum load of the control groups reached the results
of the ZOL coated group. There were no measurable
systemic side effects of the locally applied ZOL (data
not shown).
After 42 days the maximum load and torsional stiffness in the group treated with ZOL were significantly
higher in comparison to the PDLLA group and the uncoated group. There were no significant differences
in maximum load and torsional stiffness between the
168

uncoated and the PDLLA group. 84 days after fracture, the torsional stiffness of the ZOL-treated group
remained higher than that of the uncoated group
whereas the maximum load for the control groups reached the results for the ZOL-coated group [↗Fig. 2].
The present study demonstrates the influence of ZOL
incorporated in an osteosynthetic implant coating on
achievement of biomechanical stability in fracture
healing in rats. There were no measurable systemic
side effects of the locally applied ZOL. Especially
parameters for renal function and serum electrolytes showed no changes at investigated time points.
Moreover the radiographic evaluation showed significantly improved bridging of the ZOL coated group
already after 42 days in comparison to the controls.
Biomechanical testing showed significantly increased stability of mid-tibial fractures after treatment
with ZOL incorporated in the PDLLA coating. However, there are still numerous questions about bone
remodelling and the influence of bisphosphonates in
fracture healing to be answered. Analysis of release
kinetics and histomorphological evaluation of the
callus should be done further on.
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Local application of zoledronic acid accelerates fracture healing in rats

[Fig. 1] (a-c): lateral radiographs of right tibiae of Sprague – Dawley rats 42 days after intramedullary
stabilization with uncoated (a), PDLLA coated (b) and ZOL coated (c) implants. The fracture was in 50 % of
cases incompletely bridged in the uncoated group with a detectable fracture gap (arrow, a).

Greiner S, Wildemann B, Back D, Alidoust M, Schwabe P,
Haas NP, Schmidmaier G

[Fig. 2] Biomechanical testing 42 and 84 days after fracture in comparison contralateral side in percent.
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Effect of zoledronic acid on osteoblasts and
osteoclasts

Traumata or diseases in bone metabolism causes
bone fractures or large bony defects. For the healing
processes, cells need routing structures to bridge
the gap. Today, such bone defects can be filled with
bone grafts, which are –in the ideal case- resorbable
with an osteoinductive surface to promote new bone
formation. Important for the efficacy of the grafting
material is the balance between resorption and new
bone formation. To reduce the resorption and stimulate bone formation the combination with bisphosphonates might be advantageously. Bisphosphonates are clinically used to prevent bone loss, induced
by osteoclast.
Previous studies indicated that NO2 containing bisphosphonates, such as zoledronic acid (ZOL), prevent
osteoclast formation, decreases their resorption activity and stimulates bone formation. Local application might increase their local efficiency and thereby
reduce systemic side effects. In the present study we
analyzed the effect of zoledronic acid coated bone
graft ChronOS®, a resorbable synthetic β- tricalcium
phosphate (β-TCP), on osteoblasts and osteoclasts
in vitro. Three different concentrations of zoledronic acid were used: 0.2 %, 1.2 % and 2 % (w/w) of
Poly(D,L-lactide) (PDLLA). PDLLA served as carrier
substance. The cell viability, osteogenic properties
of osteoblasts, osteoclastic differentiation (fusion
assay) and activity (activity assay) were determined.
Before and after coating of β-TCP with in PDLLA solved ZOL, the mechanical properties were measured.
No differences in the biomechanical stability were
detected due to the coating or the zoledronic acid.
The cell count of osteoblasts, the production of Alkaline Phosphatase and BMP-2 was unchanged in all
concentrations of ZOL. The quantity of collagen-1 and
osteocalcin was significantly increased after cultivation with the PDLLA-coated ChronOS® [↗Fig. 1 a-b].
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Osteocalcin was significantly increased with higher
ZOL concentrations (1.2 % and 2 %) [↗Fig. 1 b].
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Study on the behaviour of osteoblasts and osteoclasts during cultivation
on zoledronic acid coated ß-TCP

A significant inhibition of osteoclasts viability and
amount of TRAPiso-5b was detected in the fusion assay by all ZOL concentrations compared to uncoated
control [↗Fig. 1 c-d]. In the activity assay, only the
higher bisphosphonate concentrations (1.2 %, 2 %)
inhibited the vitality and amount of TRAP iso5b
[↗Fig. 1 e-f]. The resorption activity, represented
with the Chatepsin-K ELISA, was similarly not affected. The results of the present study showed, the
coating of ChronOS® with bisphosphonates is possible without inhibiting effects on osteoblast like
cells but inhibition of osteoclast like cells. Animal
studies will be performed to test the efficacy on bone
defect healing.

Kadow-Romacker A, Greiner S, Kronbach Z, Schmidmaier G,
Wildemann B
Acknowledgement
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[Fig. 1] Effect of ZOL-coated TCP on osteoblast (a-b) and osteoclast like cells (c-f)
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Influence of statins on fracture healing

Many retrospective clinical and experimental investigations address the influence of statins on fracture
healing. Simvastatin was shown to increase the expression of bone morphogenetic protein (BMP-2),
which is one of the most potent growth factors targeting bone formation in vivo. We therefore hypothesized a beneficial effect on fracture healing under
local application of statins.
A closed fracture of the right tibia of rats (n=100) was
applied. Intramedullary stabilization was achieved
with uncoated vs. coated titanium Kirschner wires.
Simvastatin in two different concentrations was incorporated into a biodegradable layer of poly(D,Llactide). In addition, BMP-2 was also incorporated in
the PDLLA coating. Tibiae were harvested after 28 or
42 days, respectively for evaluation of radiographic,
histomorphometric and biomechanical properties
(torsional stiffness and maximum load) using a material testing machine (Zwick® 1455, Ulm, Germany).
The radioraphic results demonstrated progressed
callus consolidation in the BMP-2- and Simvastatintreated groups compared with the uncoated group at
both timepoints.
Biomechanical testing revealed significantly elevated maximum load and torsional stiffness in the
Simvastatin-high-dosed group compared with controls at both timepoints. Simvastatin-low-dosed
group failed to improve biomechanical properties.
BMP-2-treated animals showed elevated maximum
load and stiffness at the early timepoint but only
elevated maximum load after 42 days, while torsional stiffness was then inferior to Simvastatin-highdosed group [↗Fig. 1].

control group (BMP-2: 67.78 % vs. 58.58 % uncoated) at day 28. The cartilage-percentage of the periosteal callus was decreased among experimental
groups (4.43 % for Simva-high vs. 7.07 % uncoated),
but significant levels were found only in the BMP-2
group (1.82 % vs. 7.07 % uncoated vs. 5.55 % PDLLA
vs. 6.09 % Simva-low). The mineralized area of the
corticalis was significantly decreased for Simva-high
when compared to uncoated controls at 28 days.
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Study about the influences of statins on fracture healing under
local application from osteosynthetic implants

At six weeks postfracture, non-significant increases
were observed in the mineralized periosteal callus
area among the experimental groups, especially
for Simva-high (80.92 %) and BMP-2 (81.55 %) vs.
72.89 % in uncoated controls. The cartilage-area in
percent of periosteal callus was decreased among
experimental groups (4.91 % control vs. 1.87 % PDLLA vs. 0.85 % BMP-2). However, in contrast to the
earlier timepoint, a significant reduction was observed among Simva-high coated implants (0.16 % vs.
4.91 % uncoated controls).
The present study revealed significantly improved
fracture healing under local application of simvastatin comparable to or superior than BMP-2-coating in
terms of biomechanical properties.
Compared to other growth factors targeting fracture
healing, simvastatin is a well-proven drug with only
poor side effects. Local application is considered advantageous as systemic side effects and doses can
be reduced.

[Fig. 1] Results of biomechanical testing at 28 days (a, b) and 42 days (c, d) postfracture, normalized to nonfractured contralateral tibiae, respectively (in percent). Simva-l: simvastatin low dosage, simva-h: simvastatin high dosage
| * p< 0.05 (Kruskal-Wallis, Mann-Whitney, controlled by Bonferroni-Holm-correction)

Pauly S, Luttosch F, Morawski M, Lepre M, Schmidmaier G,
Wildemann B

The histology revealed a slight increase of mineralized periosteal callus area was observed among
the experimental groups and especially for positive
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Analysis of grafting materials

Different grafting materials for the filling of large
bony defects are used in clinic. Aim of the present
study was the comparative analyses of different bony
grafting materials concerning their growth factor
composition and osteoinductivity in vitro.
Different allograft preparations from the tissue bank
of the Charité and commercial demineralized bone
matrices were analyzed. The protein was extracted
with the Guanidine HCl method. Using ELISA-kits
following growth factors were quantified: VEGF,
IGF-I, FGFa/b, TGF-ß1, BMP-2/4, PDGF. Osteoinductivity was investigated by the induction of alkaline
phosphatase activity in C2C12-cells.

BMP-2 had the highest quantity within the different
materials without differences between the materials.
Differences in the quantity of the other growth factors were found between the investigated materials
but also a high variability between the different batches was observable [↗Fig. 1].
The investigated materials showed individual differences which are donor related concerning their osteoinductive potential. A significant enhancement of
osteogenic differentiation messured by Alkaline Posphatase activity (AP) was seen for the two commercial
DBM-products. For PES processed spongiosa from the
tissue bank, 2 of the 5 materials had a negative effect

on the AP-activity in the first incubation period but no
effect in the second incubation period [↗Fig. 2].
The results of the present study revealed, that the
different investigated grafting materials contain
growth factors important for bone regeneration and
an osteoinductive potential of the DBMs. Eventhough
the BMP-2 quantity was comparable between the
Allograft and the DBMs, the Allograft showed no osteoinductivity. A high batch/donor related variability, however, was detectable in both analyses. Important for the use in vivo is beside the osteoinductivity
also the osteoconductivity and further comparative
studies are necessary.

Wildemann B, Burkhardt N, Pruss A*, Haas NP, Schmidmaier G
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[Fig. 2] AP stain of myoblasts 6 days after
incubation with a) control, b) BMP-2, c)
cortical allograft, d) cancellouse allograft,
e) fresh frozen allograft, f) DBM (Charité),
g) AMP, and h) DBX putty; A & B) quatification of AP activity at day 6 (A), or day 12 (B)

[Fig. 1] Quantity of different growth factors in different grafting materials. DBXputty, Grafton and AMP
(AllomatrixPutty) are demineralised bone matrices. The allograft was peressig acide sterilized bone.
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Modifying the coating of tibia nails

The development of novel therapeutic strategies for
the local stimulation of impaired bone regeneration
is currently the subject of intensive translational research. For optimal stimulation of the healing process, a temporally controlled application of different
growth factors, such as IGF-I, BMP-2 or PDGF, incorporated in an implant coating for local treatment
might be beneficial. Also, to prevent implant associated infections a combination with an additional
incorporated antibiotic might be advantageous. The
goal of the present project is to ensure an initial
burst release of an antibiotic, followed by a delayed
release of growth factors from implants to induce
and support bone healing.
The release system is based on a carrier of Poly(D,LLactid) (PDLLA). The polymer degrades within several months and the release of incorporated substances, such as growth factors and antibiotics occurs by
diffusion and erosion.

The antibiotic Gentamicin was added as both a constant ratio (10%w/w) and decreasing ratio (5%w/w,
3.3%w/w, 2.5%w/w) of the polymer concentration. In
a second experiment wires were coated with Gentamicin in combination with BMP-2. Clear differences
concerning the coating thickness and the amount of
polymer and substance on the wires were measured
for the different modifications [↗Fig. 2].

[a]

release level over 8 to 9 weeks [↗Fig. 3a]. On the contrary the wires with lower concentrations of Gentamicin (3.3%w/w, 2.5%w/w) showed a clear delayed release, due to the higher amount of PDLLA [↗Fig. 3].
For the combined release of Gentamicin and a growth
factor, a 3fold concentrated PDLLA with 3%w/w incorporated BMP-2 and a 1fold concentration of PDLLA with 10%w/w Gentamicin was chosen. For controls, the same coatings were also used individually.
Gentamicin showed a burst release out of the coating
in both groups, but the release from the combined
wires was slightly weaker than from control (Gentamicin only). BMP-2 showed a delayed (starting after
1 day) but sustained release with a continuous increase within 6 weeks. The BMP-2 release from the combined wires was also slightly weaker compared to the
control wire coated only with BMP-2 [↗Fig. 4].
Both, the concentration of PDLLA and of the incor-

porated substances influence the release kinetics of
the substances from coated titanium Kirschner wires.
A higher PDLLA concentration was used with small
amounts of BMP-2 as a first layer. For the second layer, lower concentrated PDLLA was used with a higher
amount of Gentamicin. This led to a burst release of
Gentamicin followed by a delayed release of BMP-2.
In future, it could be possible to realize functionalized
coatings on implants with more substances, such as
IGF-I or VEGF for an additional protracted release after the first delayed release of BMP-2. This could be
used as a long-term therapy for delayed healing.

Strobel C, Schmidmaier G, Wildemann B
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[a]

[b]

[a]
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[Fig. 3] Gentamicin
Elution, cumulative
a) 1-4fold PDLLA each
with 10%w/w
Gentamicin
b) 1-4fold PDLLA with
decreasing amounts
of Gentamicin
(10%w/w - 2.5% w/w).

[b]

[Fig. 2] a) amount of PDLLA and Gentamicin per wire b) coating
thickness on wires

[Fig. 1] SEM pictures showing transversal section of a 1mm
titanium k-wire coated with PDLLA

To modify the release profile, the ratio between polymer and solvent was varied (1 to 4 fold), with the polymer increasing and the solvent remaining constant.
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Increasing the amount of PDLLA (1 to 4 fold ratio),
dissolved in ethylacetate resulted in an increased
viscosity. The Gentamicin release was the highest
in the 2-4fold PDLLA and the lowest with the 1fold
PDLLA (the amount of Gentamicin was 10%w/w in all
coatings). All modifications revealed an initial burst
release within 1 to 3 days, followed by a decreased

[Fig. 4] Gentamicin
and BMP-2 Elution
from combined coated
wires, cumulative
a) released Gentamicin from combined
wires and controls
b) released BMP-2
from combined wires
and controls
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Impaired bone healing

To investigate new treatment options for delayed
union or non-union the use of adequate animal
model is important. Several animal models for the
investigation of bone healing are described and differ in the surgical approach (open, vs. close, fracture
vs. osteomtomy) and the healing outcome. Clinically
relevant animal models of impaired bone healing
–without further manipulation- are rare. Moreover,
specific descriptions are limited although understanding of the biological course of pathogenesis of
fracture non-union is essential for therapeutic approaches. Aim of the study was to establish, characterize and compare the time course of two different
models varying in the healing outcome.
The right tibia of rats was osteotomized in an open
approach using a diamond disk (Horico). The fibula
was fractured manually. Osteotomy was stabilized
intramedullary with a titanium Kirschner wire coated
with PDLLA [Schmidmaier JBiomedMaterRes 2001].
The closed fracture of the tibia and fibula was pro-

duced in a standardized manner as published previously [Schmidmaier EJT 2004]. Except of the fracture/
osteotomy both models were identical. Radiology,
biomechanical torsional Testing and histology were
performed. In contrast to the fracture model radiological screening of osteotomized animals revealed
neither complete consolidation nor original remodelling of cortices until 84 d after surgery. The majority
of animals showed hypertrophic bone fragments. In
a minority of animals osteolytic zones could be observed. The biomechnical testing revealed a significantly lower torsional stiffness and maximum load in
the osteotomy group compared to the fracture group
at all investigated time points [↗Fig.1]. After 84
days the osteotomied tibia showed stiffness below
50 % compared to the intact contralateral tibia.

A larger persiosteal callus with a higher vascularization was detectable in the osteotomy group at day
10. The described two healing models are identical
for the used animals (breed, age, gender), the stabilization method (intramedullary nail, 1 mm), the used
methods to investigate the healing but differ in two
aspects: open approach with osteotomy vs. closed
approach with fracture.

Histological examination at 28, 42 and 84 d post surgery revealed microscopically a non-union of osteotomized tibiae except in 3 out of 6 examined animals
at 84 d. These bone samples revealed incomplete

Comparing both models clear differences in the healing process could be observed. The osteotomized
tibiae showed significant lower values for maximum
torque and torsional stiffness after 42 and 84 days as

[Fig. 1] Biomechanical testing 28, 42, and 84 days after fracture or osteotomy. Data are shown in percentage to intact contralateral tibia
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union. Histological slices of fractured tibiae revealed
bony bridging and status of remodelling until 84 d.
Investigating the early healing phase differences
were also detectable. At day 10 after surgery, the
osteotomized animals revealed a larger periosteal
callus with a higher vascularization compared to the
fractured animals [↗Fig. 2].

compared to the fractured tibiae. Even though sample
preparation for biomechanical testing at an earlier
time point (28 d) was not possible for all osteotomized bone samples, mainly due to the very instable
callus, the results were in accordance with those in
a study from Shefelbine et al. [Shefelbine JOR 2005]
demonstrating also very low biomechanical data 21 d
after rat tibial osteotomy. The biomechanical results
are supported by the histological examination showing a delayed healing and less bridging in the osteotomy model. These results clearly demonstrates that
the open osteotomy by itself results in an impaired
healing process without further manipulation and
might therefore serve as a clinically relevant model
for the investigation of delayed healing.

Wildemann B, Kratzel C, Bergmann C, Duda GN, Schmidmaier G
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[Fig. 2] Histological examination of the healing at days 5 and 10 after fracture/osteotomy.
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Stimulation of delayed healing through BMP-2

Delayed healing of a bone defect occurs in up to
30 % of cases depending on the trauma, the defect
size, the condition of the soft tissue, and the treatment. For stimulation of bone healing two factors
are in clinical use, BMP-2 and BMP-7. The aim of the
present study was to investigate the effect of locally
delivered BMP-2 incorporated in a poly(D,L-lactide)
(PDLLA) implant coating in a model for delayed tibial
healing. The healing delay in this model is not caused
by mechanical instability and presents therefore the
challenging clinical situation of impaired healing.
After tibial osteotomy and intramedullary stabilization with PDLLA coated nails with or without BMP-2
the healing was monitored radiologically. Histological evaluations were performed at days 5, 10, 28, 42,
and 84 after osteotomy. The biomechanical stability
was tested after 28, 42, and 84 days.
The control group showed a delayed healing without
complete bridging and without reaching the biome-

chanical stability of the contralateral tibiae after 84
days. The maximum load and the torsional stiffness
of the BMP-treated tibiae showed a significant increase at days 28 and 42 compared to the control exceeding the stability of the unfractured contralateral
tibiae [↗Fig.1].
At day 84 the differences were not significant, but
the BMP treated tibiae had still a higher stability.
Less cartilage was detected at day 28 and the mineralization was significantly enhanced at day 42 due
to the local BMP application. Looking at the early
healing phase a reduced vascularisation was seen in
the BMP group [↗Fig.2].
This reflects the situation seen during normal rat
fractutre healing, whereas the delayed healing in the
present model had an increased vascularisation. The
present study clearly demonstrates that local BMP-2
application can stimulate delayed healing in a clinically relevant animal model.

The local application of BMP-2 using PDLLA-coated
nails has been shown previously to stimulate uneventful tibial fracture healing [Schmidmaier 2002]
and in the current study to rescue impaired tibial osteotomy healing within 84 days in the rat. The next
step will be the development of an atrophic nonunion model to investigate the stimulating activity
of factors.

Wildemann B, Lange K, Strobel C, Fassbender M, Willie B,
Schmidmaier G
Acknowledgement
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[b]

[b]

[Fig. 1] Torsional testing 28, 42, and 84 days after osteotomy. Data are shown in percentage to intact contralateral tibia. A significantly higher maximum load (a) and torsional stiffness (b) was measured for the BMP-2 treated tibiae at days 28 and 42 after
osteotomy compared to controls. P-values: *1, 2= 0.039; *3=0.01; *4=0.004
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[Fig. 2] a) Amount of immunohistochemically stained vessels per mm2 periosteal callus. At day 10 after osteotomy, significantly
more vessels were counted in the control group. b) Mineralized area of the periosteal callus at days 28, 42 and 84 after osteotomy. The mineralized area in the calluses of the BMP-2 treated animals increased over time and was significantly higher at day 42
compared to the control group. P-value for a) p=0.025; for b) p=0.004
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Growth factors on human rotator cuff tendon cells

[a]

[b]

[c]

[Fig. 1] Characterization of RC tendon cells (n=13), Chondrocytes (n=3) and Osteoblasts (n=3) by Real-Time PCR for a) COL-I
expression b) COL-II expression c) Osteocalcin expression showed significant differences. | *) ANOVA with Bonferroni p<0.05

Ruptures of rotator cuff (RC) tendons often result in
substantial pain and disability. After surgical repair
the mechanical properties of the formed scar tissue
are inferior to those of normal tissue: often leading
to tendon reruptures. The complex process of tendonbone healing is amongst others influenced by the interactions of the matrix producing tendon cells and
different growth factors. In order to explore biological aspects of tendon-bone healing of human RC, it
was the aim of the present study to first establish and
characterize a primary human RC tendon cell culture.
Subsequently, the influence of the growth factors
BMP-2 and BMP-7 on RC tendon cell activity, matrix
expression and production was determined in vitro.
Since their effect on bone cells is well described, a beneficial effect of these factors on tendon cells would
be promising to improve RC tendon-bone healing.
The RC tendon cells were enzymatically isolated from
human supraspinatus and long head biceps tendon
biopsies and precisely characterized by analysing
the expression of different extracellular matrix proteins compared to other cell types of musculoskeletal
tissues. The RC tendon cells showed an expression
profile that differed significantly from chondrocytes
182

in terms of lower Collagen type II (COL-II) and Decorin expression and from osteoblasts in terms of
lower Collagen type I (COL-I), Osteocalcin, Biglycan
and Tenascin C expression. Furthermore expression
of Collagen type III (COL-III), Aggrecan and Scleraxis could be detected without significant differences
between the cell types.
For analysing the influence of growth factors the RC
tendon cells were incubated with different concentrations of BMP-2 (100, 500, 1000ng/ml) and BMP-7
(100, 500, 1000, 2000ng/ml) and in combination
(100, 500, 1000ng/ml BMP-2 + 1000ng/ml BMP-7).
The application of higher dosages of BMP-2 resulted
in significantly decreased cell activity (Alamar Blue)
at day 3 and increased COL-I production (ELISA) of
the RC tendon cells compared to non-treated control
[↗Fig. 2a].

[a]

[b]

[c]

[Fig. 2] COL-I expression (Real-Time PCR, day 6, n=6) and production (ELISA of supernatant (day 6) relative to total protein, n=9) after a) BMP-2 application (100, 500, 1000ng/ml) b) BMP-7 application (100, 500, 1000, 2000ng/ml) and c) BMP-2 and BMP-7 application (100, 500, 1000ng/ml BMP-2 + 1000ng/ml BMP-7) in percent to non-treated control (100%). | *) ANOVA with Dunnett-T-Test

The combination of both factors resulted in a dosedependant significant decrease of cell activity at
day 3. COL-I production and expression was significantly increased but generally the combination
caused decreased parameters with higher BMP-2
concentration compared to the 1000ng/ml BMP-7
application alone [↗Fig. 2c].
Expression of Scleraxis and COL-III in the RC tendon
cells was slightly increased by application of BMP-2
and BMP-7. The investigation of the COL-II and Osteocalcin expression showed no tendon cell differentiation towards a chondrogenic or osteoblastic
phenotype.

The current data suggest further investigations especially of local application of BMP-7 to the site of RC
tendon-bone repair in order to biologically stimulate
their solid reintegration.

Pauly S, Klatte F, Greiner S, Strobel C, Scheibel M, Wildemann B,
Schmidmaier G
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BMP-7 induced RC tendon cells showed a dose-dependent significant increase of cell activity at day 6
as well as significantly increased COL-I expression
(Real-Time PCR) and production when compared to
non-treated controls [↗Fig. 2b].
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Effects of electron beam sterilization on
tendon grafts

In ACL reconstruction surgery the use of allografts has
increased especially in the USA because of several
advantages, such as the lack of donor side morbidity,
reduced operation time and costs, better availability
and good clinical results. The biggest problem with the
use of allografts is the risk of disease transmission. At
the moment gamma irradiation is the most common
second sterilisation technique for ACL grafts. Many
studies showed dose dependent detrimental effects
on mechanical properties of tendon grafts with dosages > 30 kGy dosages leading to significant impaired
mechanical function. For total virus elimination dosages over 30 kGy are necessary. Tissue bancs in the
USA combine low dose gamma irradiation with donor
screening when preparing allografts, but there still
exists a risk of disease transmission.

beam irradiated allograft, 6 received a fresh frozen
non irradiated allograft. After 6 and 12 weeks half
of the animals were sacrified and biomechanical testing was performed. Furthermore, graft samples for
histological, electron microscopy and biochemical
analysis were taken. Statistical comparisons were
performed using Man-Whitney- U test. A p value of
0.05 or less was taken as a significant difference.

In Europe especially in Germany law restrictions require high dose irradiation to assure full elimination
of viral and spore infections, which has prevented
wide use of allografts.

Biomechanical and histological results were compared to the results of a previous study comparing the
remodeling from fresh frozen allografts and autografts
in the same model and with identical methods.

Electron Beam irradiation which is normally used for
sterilisation of avital materials has shown significant
less detrimental effects on the biomechanical properties of human patellar tendons in an in vitro study our
group but it has also led to significant reduction of the
biomechnical properties of soft-tissue grafts at high
dose irradiation. This study aimed to analyze whether the electron beam irradiation process influences
the early remodeling and biomechanical outcome of
free tendon allografts used for ACL reconstruction.
We hypothesized that during graft remodeling the
grafts biomechanical properties would recover to
comparable function of non sterilized grafts.

Electron microscopy served for evaluation of fiber
thickness number and orientation. Biochemical analysis included semiquantitativ collagen crosslink
analysis of pyridinolin and desoxypyridinolin with
HPLC technique and collagen I and III detection
using an ELISA.

For this purpose 24 sheeps received ACL replacement with a free tendon allograft of the M. digitorum
superficialis. 18 animals received a 34 kGy electron
184

Biomechanical testing included stiffness and load to
failure evaluation. Histological analysis included descriptive analysis with standard histological Haematoxylin-Eosin and Masson Goldner Trichrom staining
and semiquantitative detection of vessels and myofibroblasts using immuhistochemical anti factor VIII
and alpha smooth muscle actin antibodies.

The results show that high dose Ebeam irradiation
reduces significant the biomechanical properties of
soft tendon allografts in the first 12 weeks after replacement of the ACL. We found no improvement of
the biomechanical properties from 6 to 12 weeks like
in autografts or non sterilised allografts. We hope to
find a reason for the different results with the evalu-

ation of the other methods planned with our samples but the biomechanical results show that 34 kGy
Ebeam irradiation is not eligible for sterilisation of
free tendon allografts for ACL replacement.

Hoburg A, Schmidt T, Scheffler S
[Fig. 1]

[Fig. 2]

Biomechanical results [↗Fig. 1 and 2] showed significant reduced stiffness and failure load in the Ebeam
group compared to the autologous group at both time
points (P= 0.048; 0.03). Compared to non sterilized
fresh frozen allografts failure load was significant
lower at 6 and 12 weeks (p= 0.037; 0.004) and stiffness showed significant lower values at 12 weeks (p=
0.004). Compared to native acl´s stiffness and load
to failure was significant lower at all time points in
the ebeam group (p=0.001).
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Fractionation of ebeam irradiation dosage

Ebeam irradiation process shows less detrimental effects on human tendon
grafts compared to conventional gamma irradiation of same dosage

Study on fractionation of ebeam irradiation dosage and its impact on
mechanical properties of acl tendon

Terminal sterilization of allografts for anterior cruciate ligament (ACL) reconstruction could ensure a
higher safety of provided grafts in term of disease
transmission. However it is important, that sterilization is not detrimental to the biomechanical properties of grafts. Electron beam (E-beam) sterilization
may be an appropriate alternative to gamma sterilization since dose and other process parameters can
be more accurately controlled in an E-beam process
than it is economically feasible with gamma.
In this study we compared the influence of ebeam
and gamma irradiation technique for sterilization of
ACL tendon grafts. For this aspect 20 human patellar
tendons (1 cm wide) were used and split into 2 groups
of n=10. Group one received soft tissue processing
with 34 kGy ebeam, group 2 received 34 kGy gamma
irradiation. Non irradiated human patellar tendons
served as controls. Ebeam irradiation was confirmed
under CO2 and at -70°C. After irradiation grafts were
stored at -70°C for at least 10 days and then mechanical testing was performed.
The biomechanical testing procedure included: preconditioning (10 cycles, 0 – 20 N); cyclic loading
(200 cycles, 20 - 200 N) and a load-to-failure (LTF)
test. The strain rate was 150 mm/min. Graft motion
during cyclic loading was tracked with an infrared
motion analysis system (MacReflex, Qualisys Inc.)
Stiffness of non-irradiated controls (199.6 ± 59.1
N/mm) and Ebeam sterilized grafts (192.8 ± 58.0
N/mm) did not significantly differ, while Gammairradiated grafts had significantly lower stiffness
(170.6 ± 58.2 N/mm) than controls (p<0.05). Failure
loads were significantly lower in both study groups
(Ebeam: 1139 ± 445 N, Gamma: 1073 ± 617 N) than
in the controls (1741 ± 304 N) (p<0.05). Creep was
significantly larger in the gamma irradiated (1.06 ±
186

0.58 mm) than in the Ebeam (0.26 ± 0.24 mm) and
control (0.20 ± 0.17 mm) group that did not differ
significantly.
[Table 1]

Mechanical Properties
Stiffness
(N/mm)

Max. force
(N)

Creep
(mm)

Controls

199.6 ± 59.1

1741 ± 304 N

0.20 ± 0.17

Gamma
(34 kGy)

170.6 ± 58.2

1073 ± 617 N

1.06 ± 0.58

Ebeam
(34 kGy)

192.8 ± 58.0

1139 ± 445 N

0.26 ± 0.24

This study shows that the impairment of biomechanical properties of soft-tissue allografts at high irradiation doses of 34 kGy is substantially reduced with
the Ebeam procedure compared to standard gamma
treatment. Considering the results of this study and
the improved control of irradiation application with
electronic beam, this technique might be a promising alternative in soft-tissue sterilization.

Scheffler SU, Keshlaf S, Gohs U, Pruss A

Although many studies have shown dose dependent
detrimental effects of gamma irradiation on the mechanical properties of tendon grafts, it is the most
common second sterilisation technique for acl allografts because of the lack of alternatives.
Electron beam irradiation has been widely used in
the sterilization of avital materials.
Compared to gamma irradiation there is a less dosage variance with ebeam treatment. In our previous
in vitro studies we have found better mechanical properties after ebeam irradiation treatment than after
gamma irradiation but for higher dosages then 30 kGy
we also found significant reduced mechanical properties compared to non irradiated tendons. Because it
is well known that for full virus inactivation dosages
of 34 kGy are essential, we wanted to optimize the
ebeam irradiation to reduce these influences.
In this study we wanted to analyse if fractionation of
ebeam irradiation dosage would improve the mechanical results after high dose treatment compared to
one time high dosage treatment.
For this purpose 20 human patellar tendons from 10
donors were used. All patellar tendons were split into
two samples each 1 cm wide to get 4 samples from
each donor. These tendons were attached to the 4
groups. Group one received no irradiation treatment,
group 2 received 34 kGy ebeam treatment fractiona-

ted in dosages 3,4 kGy each with 10 cycles, group
3 received 34 kGy ebeam treatment and group 4 received 34 kGy gamma treatment. Ebeam treatment
was performed under CO2 addition and under -70°C.
After storage of 10 days at -70°C biomechanical testing was performed.
The biomechanical testing procedure included: preconditioning (10 cycles, 0 – 20 N); cyclic loading
(200 cycles, 20 - 200 N) and a load-to-failure (LTF)
test. The strain rate was 150 mm/min. Graft motion
during cyclic loading was tracked with an infrared
motion analysis system (MacReflex, Qualisys Inc.)
The results of stiffness and load to failure test showed no significant differences between the 4 groups
but tendencies to better values in the ebeam fractionated group compared to the ebeam and gamma
treatment group [↗Table 1]. The ebeam fractionated
group showed comparable results with the non irradiated group. The results showed that fractionation
of the whole dosage lead to improved biomechanical
properties from fractionated compared to one dosage irradiated grafts. Failure load and stiffness were
comparable in non irradiated and 34 kGy fractionated
dosage irradiated grafts. This shows that treatment
with fractionated 34 kGy ebeam could be a possible
alternative for second sterilization of ACL allografts.

Scheffler S, Keshlaf S, Pruss A

[Table 1]

Group 1

Group 2

Group 3

Group 4

LTF (N)

1256.80±447.94

1230.72±489.42

972.54±357.02

1060.71±440.74

Stiffness (N/mm)

155.68±32.34

155.53±26.33

141.99±44.82

133.81±22.34
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Since May 2009, the team “Ultrasound Spectroscopy & Acoustic
Microscopy” complements the Julius Wolff Institute and the
Berlin-Brandenburg School for Regenerative Therapies. The team
is working on the interaction of ultrasound with musculoskeletal
tissues (bone, cartilage and muscle) and cells in order to enhance
the diagnosis of tissue de- and regeneration and to stimulate
tissue healing.
The team focuses on the development of quantitative multimodal
and multiscale imaging concepts dedicated to the functional
assessment of bone tissue regeneration from the subcellular up to
the macroscopic scale. By linking experimental in vitro and in vivo
data from animal models and human patients with numerical
simulation tools, we aim to establish generalized tissue specific
models and gain new insights into self assembly mechanisms,
construction rules and physiological and mechanical boundary
conditions of tissue regeneration.
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Team Leader
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Multiscale modeling of bone

Development of methods for assessing structural
and material properties of cortical bone

Investigation of self assembly mechanisms, construction
rules and physiological boundary conditions of MMTs

Bone consists of a hierarchically structured heterogeneous tissue with continuously changing properties.
The hierarchical highly ordered structure results in
different anisotropic elastic properties at each structural level. Pathologies, e.g. osteoporosis is characterized by a loss of mechanical function and a higher
risk of fracture. An individual increase of fracture
risk is not only caused by a reduction of bone mass,
but also by multiple compositional and ultrastructural alterations of the mineralized bone matrix.
The aim of this work was the development of novel
methods that are suitable to assess the heterogeneous anisotropic structural and material properties of
cortical bone. High resolution acoustic impedance
imaging has been established for the derivation of
elastic tissue properties at several length scales. The

impact of tissue mineralization on tissue elasticity
has been analyzed by site-matched acoustic measurements in combination with Raman spectroscopy,
nanoindentation and Synchrotron radiation microcomputed tomography. Various models have been
developed, which describe the relation between tissue degree of mineralization, acoustic impedance,
sound velocity and anisotropic elastic coefficients.
The potential of the combined assessment of structural and elastic tissue properties has been demonstrated in several studies. Moreover, the combination
of experimental microelastic data with finite element
models provided the basis for relaistic numerical micromechanical deformation analyses.

Raum K, Lakhsmanan S, Molnar FL

[Fig. 1] Acoustic impedance images of a native human cortical bone cross-section from the femoral mid-diaphysis, measured at 50
MHz (left). The Haversian canals can be distinguished from the mineralized tissue. The indicated rectangular area was measured
again with a 200-MHz transducer (center). Remnants of circumferential tissue in the upper left part of the image can be well
distinguished osteonal and interstitial tissue. The big dark spots are Haversian canals and the small spots corresponds osteocyte
lacunae. The latter are not resolved at this frequency and the size of the spots is larger than the actual size of the lacunae. An
osteon of an embedded human femoral bone cross section, measured at 1223 MHz is shown in (right). The Haversian canal system
is surrounded by several lamellar units exhibiting a characteristic impedance alteration. The osteocyte lacunae appear as small
dark elliptically shaped spots.
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Musculoskeletal mineralized tissues (MMTs) are natural examples of achieving a unique combination and
variability of stiffness and strength. One of the striking features of MMTs is that this diversity of elastic
function is achieved by only one common building
unit, i.e. the mineralized collagen fibril, but variable
structural arrangements at several levels of hierarchical organization. A profound understanding of the
structure-function relations in MMTs requires both
experimental assessment of heterogeneous elastic
and structural parameters and theoretical modeling of the elastic deformation behavior. Multi-scale
and multimodal assessment of MMTs will be used to
probe not only the microarchitecture, but also aniso-

tropic linear elastic properties from the nanoscale
to the macroscale. By combining experimental data
obtained from MMTs at various length scales with
numerical homogenization approaches in continuum
mechanics, we hypothesize to gain new insight into
self assembly mechanisms, construction rules and
physiological boundary conditions of MMTs.

Raum K, Lakhsmanan S, Molnar FL
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[Fig 1] Typical
impedance alterations in osteonal
tissue lamellae
(lower part: 1.2
GHz image, image
plane perpendicular to the osteonal
long axis, upper
part: line graphs
measured at various frequencies).
A representative
lamellar unit is
highlighted in
red. 2. Lamellar
bone of a 6-layer
lamellar unit. The
color indicate
fibril layer with
parallel alignment
and variable thickness, but distinct
orientations
(0°: parallel to the osteon long axis). 3. From the acoustic image the elastic coefficients c11 and c33 can be directly estimated from the
local minima (green line) and maxima (red line). For the fibrils with 30°- and 60° orientations the measured acoustic impedance values correspond to the respective off-axis stiffness values. 4. The dependence of the measured acoustic impedance (SAM) and indentation modulus (NI) can be used to estimate the 5 independent elastic coefficients of the transverse isotropic stiffness tensor of the fibril.
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Microelastic imaging of bone

Monitoring the progression of tissue synthesis

Tissue engineering (TE) of articular cartilage is a
challenging task in the field of regenerative medicine, because articular cartilage defects do not heal
spontaneously. Up to now, however, the pathway
of the structural re-organization following an injury
remains unclear. Re-organization starts from blood
clot formation through fibrous tissue and hyaline like
cartilage tissues to a highly organized native cartilage structure. Knowledge about mechanical as well
as biological conditions that influence the tissue properties is limited.
Therefore a noninvasive tool that allows the monitoring of the progression of tissue synthesis inside
the culture chamber would be invaluable to control and to optimize the tissue engineering process.
High frequency Ultrasound BioMicroscopy (UBM) is
a potential candidate to fulfill this task, as it (1) can
propagate sound waves though the culture chamber
into the culture medium and the scaffold without
the risk of contamination, (2) can provide sufficient penetration and spatial resolution to visualize
the internal structure of the scaffold, and (3) is in
principle possible to deduce quantitative elastic
and structural information from sound propagation
velocity and spectral analysis of the backscattered
signals, respectively.

from the scaffold and hyaline cartilage from fibrocartilaginous repair tissue. Therefore we hypothesize that
UBM can be used to monitor the progression of cartilaginous matrix synthesis by chondrocytes cultured in
collagen scaffolds in the course of regeneration.
Towards this goal, we use high-frequency spectral
backscatter parameters of cartilage samples from
various stages of regeneration, which will be complemented by numerical sound propagation modeling based on microscopic structural (histology,
immunohistochemistry) as well as microscopic and
macroscopic elastic data (by means of acoustic microscopy and bi-phasic mechanical testing).

[a]

[b]

[c]

[d]
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High frequency ultrasound spectroscopy of cartilage and tissue
engineered scaffolds

Raum K, Männicke N, Schöne M

[Fig. 1] Example of the ultrasound biomicroscopy of cartilage repair tissue.

However, currently the application of ultrasound for
the characterization of articular and TE cartilage is restricted to the quantitative evaluation of tissue thickness and the surface reflection. Recently, it has been
shown that in addition to morphological information
obtained by the ultrasound image spectral analysis
of the backscattered signals reveals additional ultrastructural information that is related to size, shape
and distribution of chondrocytes and to the orientation of collagen fibers. In particular, spectral ultrasound
parameters can be used to distinguish neocartilage
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2009
Innovationspreis der DGU 2009
Deutscher Kongress für Orthopädie und Unfallchirurgie
Winkler T
„Dose-response relationship of mesenchymal stem cell transplantation and functional regeneration after severe skeletal
muscle injury in rats”

COPP-Award 2009
Science Award of the Deutschen Gesellschaft fuer Osteologie
Kasper G; co-authors: Dankert N, Gaber T, Glaeser JD,
Geissler S, Hieft M, Matziolis G, Ode A, Perka C, Thompson M,
Tschirschmann M, Tuischer J, Zander D and Duda GN

2nd DGfB Young Investigator Award 2009
DGfB Jahreskongress in Münster of the German Biophysics Society
Dreischarf M, Rohlmann A, Bergman G
„Wird die Wirbelsäule im Sitzen oder im Stehen mechanisch stärker
belastet?“ (Does sitting or standing cause higher spinal loads?)
3rd DGfB Young Investigator Award 2009
DGfB Jahreskongress in Münster
German Biophysics Society
Goudakos I, Schöttle P, König C, Taylor WR, Duda GN,
Heller MO
„Bedeutung der Transplantatvorspannung für die Biomechanik
des Patellofemoralen Gelenkes nach Rekonstruktion des medialen
patellofemoralen Ligaments (MPFL)“ (The significance of graft
tension in medial patellofemoral ligament (MPFL) reconstruction
for patellofemoral biomechanics)

2008
Young Investigator Award 2008
International Society for Fracture Repair (ISFR)
Lienau J, Schell H, Schmidt-Bleek K, Perka C, Bail HJ, Duda GN
„Downregulation of osteogenic BMP and cartilage matrix
degrading MMP gene expression in delayed compared to
standard bone healing“
3rd Poster Award 2008
German Spine Society
Rohlmann A, Zander T, Krishnakanth P, Bergmann G
„Einfluss der Höhenänderung einer Bandscheibe im Laufe
des Tages auf die Kräfte im Facettengelenk“ (Effect of diurnal
disc height changes on the forces in the facet joints)
Herbert Lauterbach Award 2008
Vereinigung Berufsgenossenschaftlicher Kliniken
Greiner S, Kadow-Romacker A, Lübberstedt M,
Schmidmaier G, Wildemann B
“The effect of zoledronic acid incorporated in a poly
(D,L-lactide) implant coating on osteoblasts in vitro.”

IFMBE Young Investigator Diploma 2009
World Congress 2009 “Medical Physics and Biomedical
Engineering” in Munich
Rohrbach D, Lakshmanan S, Peyrin F, Raum K,
“Spatial distribution of tissue mineralization and anisotropic
tissue elastic constants in human femoral cortical bone”
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50 Best Abstracts Award
TERMIS-EU 2008 Annual Meeting
Ode A, Kurtz A, Lehnigk U, Geissler S, Schmidt-Bleek K,
Kolar P, Duda GN, Kasper G
„Cyclic-compressive stimulation does not alter stem cell
character of mesenchymal stem cells but their functional
behaviour“

50 Best Abstracts Award
TERMIS-EU 2008 Annual Meeting
Lienau J, Schell H, Schmidt-Bleek K, Perka C, Bail HJ, Duda GN
„Downregulation of osteogenic BMP and cartilage matrix degrading MMP gene expression in delayed compared to standard
bone healing“

ESB Clinical Biomechanics Award 2008
European Society of Biomechanics
Heinlein B, Kutzner I, Graichen F, Rohlmann A, Bender A,
Bergmann G
„Normative data of TKR loading for level walking and stair
climbing - measured in vivo.“

Themistocles-Gluck-Award for Endoprosthetics 2008
German Society of Orthopedic Surgery (DGOOC)
Westerhoff P, Graichen F, Bender A, Halder A, Beier A,
Rohlmann A, Bergmann G
„In vivo Messung der Schultergelenkbelastung bei Aktivitäten
des täglichen Lebens“ (In vivo load measurement of activities
of daily living)

ESB Student Award Runner Up 2008
European Society of Biomechanics
Nikooyan AA, Veeger HEJ, van der Helm FCT, Westerhoff P,
Graichen F, Bergmann G
„Comparing model-predicted GH-joint contact forces by in vivo
measured forces.“

Poster Award for basic research 2008
Westerhoff P, Rohlmann A, Bender A, Graichen F, Bergmann G
„In vivo Messung der Schultergelenkbelastung bei 4 Patienten
während Alltagsbewegungen“ (In vivo load measurement at the
shoulder joint in 4 patients during activities of daily living)
3rd GOTS Young Investigator Award 2008
GOTS-Congress in Munich, Germany
Society for Orthopaedic Traumatologic Sports Medicine
Goudakos I, König C, Schöttle P, Taylor WR, Singh NB, Pöpplau BM, Duda GN, Heller MO
„Die Regulation der patellofemoralen Kontaktfläche ist ein essentieller Mechanismus um die physiologische in vivo Biomechanik
aufrecht zu erhalten“ (Regulation of the patellofemoral contact
area: an essential mechanism in physiological patellofemoral
joint mechanics?)

2007
1. Lecture Award 2007
German Spine Society
Rohlmann A, Graichen F, Kayser R, Bender A, Bergmann G
„In vivo Belastung eines Wirbelkörperersatzes bei verschiedenen
Körperpositionen“ (In vivo loads on a vertebral body replacement
for different body positions)
Poster Award 2007
German Society for Biomechanics
Rohlmann A, Gabel U, Graichen F, Bender A, Bergmann G
„In vivo Belastung eines Implantats zum Ersatz eines Wirbelkörpers“ (In vivo loads on a vertebral body replacement)
3rd Poster Award 2007
First International Congress of Innovations in Musculoskeletal
Surgery
Rohlmann A, Zander T, Burra NK, Bergmann G
„Effect of a posterior dynamic implant on the mechanical behavior of the lumbar spine“
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Awards 2007 / 2008 / 2009

Events 2007 / 2008 / 2009

2009
BSRT Nikolaus Lecture
Prof. Dr. David Mooney,
Wyss Institute,
Harvard School of Engineering
and Applied Sciences,
Harvard, University DEAS, USA
04. December 2009, Berlin
SFB 760 – Retreat
20. November 2009, Berlin
International Symposium
„Biomechanics and Biology of Bone
Regeneration“
Prof. Dr. Patrick Prendergast,
Trinity College Dublin, Irland
Prof. Dr. Paul Roschger,
Unfallkrankenhaus Wien
Meidling, Austria
Prof. Dr. Ivan Martin,
Universitätsspital Basel,
Switzerland
Prof. Dr. Molly Stevens,
Imperial College London,
United Kingdom
Prof. Dr. Alicia El-Haj,
Keele University, USA
Prof. Dr. Janet Rubin,
University of North Carolina,
USA
Prof. Dr. David Marsh,
University College London,
United Kingdom
19. – 20. November 2009, Berlin
Laying of the foundation stone for
the CSSB Sports Hall
28. October 2009, Berlin

3rd European Symposium on
Ultrasonic Characterization of Bone
17. – 18. Sept. 2009, Bydgoszcz, Poland
BSRT Summer Block Courses
10. August – 25. Sept. 2009, Berlin
International Summer School on
Innovative Approaches in
Regenerative Therapies
18. July – 02. August 2009, Berlin

Research Retreat 2009
23. – 24. January 2009, Reichenow
Regular PhD colloquia during the terms

2008

Prof. Dr. Peter Giannoudis,
St James‘s University Hospital,
United Kingdom
Prof. Dr. David Little,
University of Sydney, Australia
Prof. Dr. Joachim Kohn,
Rutgers University, USA
Prof. Dr. Per Aspenberg,
Linköping University, Sweden
Prof. Dr. Thomas A. Einhorn,
Boston University, USA
4. – 6. September 2008, Berlin
BSRT Summer Block Courses
18. August – 26. Sept. 2008, Berlin

SFB 760 – Retreat
12. December 2008, Potsdam
SFB 760 – Retreat
10. July 2009, Teltow
SFB 760 – Guest Lecture
Prof. Dr. Jacques P. Tremblay,
Laval University, Quebec, Canada
08. July 2009, Berlin
Round Table on Top-Level Sport with
the Senate of Berlin and the CSSB
07. July 2009, Berlin
SFB 760 – Guest Lecture
Prof. Dr. Dick Heinegård,
Department of Experimental Medical
Science, Lund University, Sweden
24. June 2009, Berlin
BSRT PhD Student Retreat
08. – 10. May 2009, Letschin
SFB 760 – Guest Lecture
Prof. Dr. Paolo Bianco,
Anatomic Pathology, Sapienza
University of Rome, Italy
29. April 2009, Berlin
SFB 760 – Retreat
20. April 2009, Berlin
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Scientific Guest
Prof. Dr. Attila Aszodi,
Max Planck Institute of Biochemistry,
Martinsried, Germany
01. April 2009, Berlin

DAAD Science Tour and
BSRT Nikolaus Lecture
Prof. Dr. Thomas Skutella,
Eberhard-Karls-University Tübingen
Prof. Dr. Daniel Graf,
The University of Alabama, USA
11. December 2008, Berlin
Scientific Guest
Prof. Dr. Hans van Oosterwyck,
Division of Biomechanics and Engineering Design, K.U.Leuven, Belgium
17. November 2008, Berlin
BCRT - Retreat 2008
6. – 8. November 2008, Berlin
SFB 760 – Guest Lecture
Prof. Dr. Achim Göpferich
Pharmaceutical Technology,
University of Regensburg, Germany
29. October 2008, Berlin
SFB 760 – Retreat
01. October 2008, Berlin
BBC - Bone Biology Congress 2008
5th European Clinical Symposium on
Bone and Tissue Regeneration

Scientific Guest
Prof. Dr. Josef Doornink,
Exercise Science Graduate Group,
University of California, USA
28. July 2008, Berlin
First Meeting of the Young
Investigators – SFB 760
17. July 2008, Berlin
57th Annual Conference of the Northern German Orthopaedic Association
12. – 14. June 2008, Hamburg

Prof. Dr. Franz Jakob,
Würzburg University
Prof. Dr. David Grainger,
University of Utah, USA
Prof. Dr. Rui Luís Reis,
University of Minho, Portugal
Prof. Dr. Ito Keito,
Eindhoven University of
Technology, Netherlands
Prof. Dr. F.C.T. van der Helm,
Delft University of Technology,
Netherlands
Prof. Dr. Paolo A. Netti,
University of Naples Federico II,
Italy
Prof. Dr. Christopher Evans,
Havard University,
USA
Prof. Dr. Michael Hadjiargyrou,
State University of New York
at Stony Brook, USA
16. – 17. May 2008, Berlin
SFB 760 – Guest Lecture
Prof. Dr. Mathias Bostrom,
Weill Medical College of Cornell
University, New York, USA
29. April 2008, Berlin

International Symposium 2008
“Biomechanics and Biology of
Bone Healing”
Prof. Dr. Michael Amling, University
Medical Center Hamburg-Eppendorf

SFB 760 – Guest Lecture
Prof. Dr. Per Aspenberg,
Department of Neuroscience
and Locomotion, Faculty of Health
Sciences, Linköping University, Sweden
29. August 2007, Berlin
SFB 760 – Guest Lecture
Prof. Dr. Jürgen Stampfl,
Institut für Werkstoffwissenschaft
und Werkstofftechnologie, Vienna
University of Technology, Austria
25. July 2007, Berlin
SFB 760 – Guest Lecture
Prof. Dr. Walter Sebald,
Theodor-Boveri-Institut für
Biowissenschaften,
Würzburg University, Germany
30. May 2007, Berlin

Research Retreat 2008
8. February 2008, Reichenow
Endoprothetic Congress
31. January – 2. February 2008, Berlin
Regular PhD colloquia during the terms

Scientific Guest
Prof. Dr. Dietmar Hutmacher,
Queensland University of Technology,
Brisbane, Australia
01. – 13. June 2008, Berlin

SFB 760 – Guest Lecture
Prof. Dr. Christof Niehrs,
German Cancer Research Center,
Heidelberg, Germany
10. October 2007, Berlin

2007
SFB 760 – Guest Lecture
Prof. Dr. Brigitte Vollmar,
Institut für Experimentelle Chirurgie,
University of Rostock,
Germany
28. November 2007, Berlin

SFB 760 – Guest Lecture
Prof. Dr. Hans-Georg Simon,
Children‘s Memorial Research
Center (CMRC), Chicago, Illinois, USA
03. May 2007, Berlin
SFB 760 – Guest Lecture
Prof. Dr. Slobodan Vukicevic,
School of Medicine, University
of Zagreb, Croatia
04. April 2007, Berlin
Regular PhD colloquia during the terms
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PD Dr. med. Klaus-Dieter Schaser
Prof. Dr. med. Gerhard Schmidmaier
PD Dr. med. Georg Matziolis
Dr. med. Sven Scheffler
Dr. med. Stephan Tohtz

Research teams
Biology of Bone Healing
Dr. med. vet. Jasmin Lienau
Dr. med. vet. Hanna Schell
Camilla Bergmann
Dr. med. vet. Agnes Ellinghaus
Gabriele Hardung
M.Sc. Thaqif El Khassawna
Gabriela Korus
Dr. med. vet. Anja Peters
Dr. med. vet. Angela Polleichtner
Marzena Princ
Dr. rer. nat. Katharina Schmidt-Bleek
Norma Schulz
Dipl.-Biol. Ireen Schröder
Dipl.-Biol. Carolin Schwarz
Dr.-Ing. Bettina Willie
Dr. med. Daniel Toben (GEROK)
PhD Amaia Cipitria (Visiting scientist)
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Directors
Univ.-Prof. Dr.-Ing. Georg N. Duda
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International Scientific
Advisory Board SFB
Prof. Dr. Walter Sebald, (University of
Wuerzburg, Wuerzburg, Germany)
Prof. Dr. David Grainger, (University of
Utah, Salt Lake City, USA)
Prof. Dr. Robert Guldberg, (Georgia
Institute of Technology, Atlanta, USA)
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Braga, Portugal)
Scientific Advisory Board BCRT
Dr. Werner Wolf, (TVM Capital GmbH,
Munich, Germany)
Werner Felder, (AOK Berlin, Berlin, Germany)

Cell Therapy
Dr.-Ing. Grit Kasper
Dr. rer. nat. Juliane D. Gläser
Dr.-Ing. Joshua O. Eniwumide
Dipl.-Ing., M.Sc. Sven Geißler
Dipl.-Ing. Aline Groothuis
Dipl.-Ing., M.Eng. Andrea Ode
Dipl.-Ing. Liliya Schumann
Dipl.-Ing. (FH) Martin Textor
Dr.-Ing. Cameron J. Wilson
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Secretary
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Edwin M. Horwitz, MD, PhD,
(The Children‘s Hospital of Philadelphia,
Philadelphia, USA)
Prof. Dr. James Kirkpatrick, (JohannesGutenberg-Universität, Mainz, Germany)
Prof. Dr. Cliona Rooney, (Baylor College of
Medicine, Houston, USA)
Prof. Dr. Gustav Steinhoff, (Klinik und Poliklinik für Herzchirugie, Rostock, Germany)
Prof. Dr. Klaus von der Mark, (Universität
Erlangen-Nürnberg, Erlangen, Germany)
Dr. Ulf Landmesser, (University Hospital
Zurich, Zurich, Switzerland)
Prof. Dr. Achim Göpferich, (University of
Regensburg, Regensburg, Germany)

Dipl.-Ing. (FH) Ines Kutzner
Dipl.-Ing. Peter Westerhoff
Mechanobiology
Univ.-Prof. Dr.-Ing. Georg N. Duda
Dr. rer. nat. Ansgar Petersen
Dipl.-Ing. (FH), MSc Friederike H. Bieler
PhD Sara Checa Esteban
M.Eng. Manav Mehta
M.Sc. Tomasz D. Szwedowski
M.Sc. Branko Trajkovski
Dipl.-Ing. Florian Witt
Dipl.-Ing. Dag Wulsten

Dipl.-Ing. Philippe Moewis
Dipl.-Ing. Berry M. Pöpplau
Dipl.-Sportwiss. Simon Reinke
Dr.-Ing. Alexey Sharenkov
M.Sc. Navrag B. Singh
Dipl.-Inform. Adam Trepczynski
Georgi Wassilew (GEROK)
Spine
Dr.-Ing. Antonius Rohlmann
Hadi Nabil Boustani

Administration, service,
students & alumni scientists
Administration
Dipl.-Volksw. Sybille-Andrea Lorenz
Dipl.-Medienwirt., M.A. Stephanie Benusch
Johanna Kramer
Bianca Kühn
Dr. Sabine Bartosch (BSRT)
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Lars Rudolf (BSRT)
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Biomechanic Testing Laboratory,
QM and IT-Service
Dipl.-Ing. Jan-Erik Hoffmann
Dipl.-Ing. Alexander Schill
Mario Thiele
Steffen Wellsandt

PhD Kap-Soo Han
Dr. rer. medic. Thomas Zander
Rui Zhu (Clinical Scholarship China)
Ultrasound Spectroscopy &
Acoustic Microscopy
Univ.-Prof. Dr. rer. nat. Kay Raum
Nahid Hakiy
Dipl.-Phys. Ferenc Lajos Molnar
M. S. Phys. Sannachi Lakshmanan

Students
Omar Abouezzeddine, Tobias Consmüller,
Niklas König, Delia Könnig, Marcel Gätjen,
Sebastian Hahn, Mark Heyland,
Thomas Hildebrandt, Robert Kamitz,
Steffen Küther, Nils Männicke,
Philipp Mittmann, Tobias Oberst,
Piotr Radojewski, Daniel Rohrbach,
Katrein Sauer, Claudia Schaar,
Johannes Schleusener, Thomas Schneider,
Martin Schöne, Verena Schwachmeyer,
Ilya Sharenkov, Thomas Sips,
Marcel Steinmetz, Tobias Thiele,
Susann Thomanek, Alexander Wurl
Alumni Scientists
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Dr. Devakara R. Epari,

Stimulation of Healing
Univ.-Prof. Dr. rer. nat. Britt Wildemann
Prof. Dr. med. Gerhard Schmidmaier
Dipl.-Ing. Biotech. Nicole Bormann
Dr. med. vet. Mirja Faßbender
Dipl.-Ing. Biotech. Anke Kadow-Romacker
Dipl.-Ing. (FH) Biotech. Franka Klatte
Zienab Kronbach
Dr. med. vet. Tanja Schmidt
Dipl.-Ing. Biotech. Catrin Strobel

Adam Douglas Henderson MS,
Dr. Kathrin Heyder, Dr. Sandra Höfer,
Dr. Anja Ihle, Dr. Katharina Kaspar,
Dr. Ralf Kleemann, Dr. Christine Kratzel,
Dr. Katja Laun, Dr. Ulrike Lehnigk,
Dr. Nicola Ott, Dr. Anne-Marie Pobloth,
Prof. Dr. Thorsten Pöschel,
Dr. Karin Schlichting,
Prof. Dr. Thomas Schwager,
Dr. Petra Seebeck, Dr. Robin Seidel,
Prof. Dr. Mark Thompson
Alumni DAAD Students
Brian Boyle, Lauren Ehardt,
Claudia Kim, Kirsten Ross
Student exchange
from Georgia Institute of Technology
Pierre Watson, Morgan Hunter

Musculoskeletal Biomechanics
Dr. biol. hum. Markus O. Heller
Dr.-Ing. William R. Taylor
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