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Welcome

Univ.-Prof. Dr.-Ing.

Prof. Dr.-Ing.

Georg N. Duda

Georg Bergmann

The Julius Wolff Institute is looking back on two exciting and – in some regards – moving
years! We are proud that we have become further established as an acknowledged
international research institute. Although not all our goals could be achieved, we
have witnessed a small increase in staff and expanded our budget and the number
of research projects. Of particular importance is our outstanding achievement in
successfully creating an innovative research environment for all colleagues that has
modern laboratories, offices and excellent up-to-date equipment in the newly renovated Institutsgebäude Süd in Berlin Wedding and the newly built Sports Research
Hall of the Humboldt-Universität zu Berlin in Berlin Mitte.
Our comprehensive research activities and their structural and technical requirements are made possible through the financial support of the Charité – Universitätsmedizin Berlin, the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation), the Federal Ministry of Education and Research (BMBF), the Senate for
Education, Science and Research of Berlin, the European Commission and various
other supporters and sponsors from industry worldwide. We thank everyone who has
been involved in our activities for their interest, support and encouragement during
the last two years and we very much hope that the information in this research report will be of interest and of use to you. We look forward to continuing the excellent
co-operation between members of staff and with our internal and external partners.
Berlin, December 2011

Univ.-Prof. Dr.-Ing.
Georg N. Duda
Director
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Prof. Dr.-Ing.
Georg Bergmann
Vice Director
5

Kapitelbezeichung JWI-Report 2011

Greetings from the Clinical Advisory Board

The challenges in musculoskeletal health for medical experts and the health care
system will grow enormously in the coming years due to an aging population, changes
in lifestyles and the demographic changes in industrialised nations. Musculoskeletal
disorders already account for nearly half of all absences from work and sixty percent
of permanent work incapacity in Europe. Therefore, effective and application-related
research into preventive and regenerative therapies is vital.

Univ.-Prof. Dr. med. Dr. h.c.

Univ.-Prof. Dr. med.

Univ.-Prof. Dr. med.

Norbert P. Haas

Carsten Perka

Klaus-Dieter Schaser

The joint research activities of the Julius Wolff Institute and the Center for Musculoskeletal Surgery have developed significantly in the last two years and are commendable for
their interdisciplinary, sustainable and clinically oriented solutions.
This report demonstrates that optimum clinical understanding of the problem is best
achieved in a network with partners from various disciplines. However, this interdisciplinary cooperation demands new and individual ways of communication and education and these have been successfully established in our network.
The Julius Wolff Institute has maintained a strong scientific research team which is
closely linked with the clinical backbone of the Center for Musculoskeletal Surgery.
Congratulations are due for these combined efforts and achievements which will continue and grow in future years.
Berlin, December 2011

Univ.-Prof. Dr. med. Dr. h.c.
Norbert P. Haas 		
Director of the Center
for Musculoskeletal Surgery
of the Charité (CMSC)
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Review 2010/2011

Brand-new facilities for highly motivated researchers
After two intensive years of planning, renovating and building, the Julius Wolff Institute
finally moved into new research facilities. In spring 2011 all staff, laboratories, furnishing, fittings and equipment moved across the campus into the newly renovated research
building “Institutsgebäude Süd” at the southern end of the Campus Virchow-Klinikum of
the Charité. This building, a former dental clinic, was core renovated for € 26.4 Million
financed mainly by the Charité – Universitätsmedizin Berlin and the second economic
stimulus package (Konjunkturpaket II) of the German Government and the State of Berlin.
Although it was rather sad to leave our “old” research facilities in the Forschungshaus in
which we started our research some 15 years ago, it was time to consolidate our research
activities with all our research partners under one roof and much closer to the clinic.
For an effective translation of research results into clinical application and especially
for the research on musculoskeletal injuries and diseases, we attracted funding from
the European Regional Development Fund (EFRE) for the infrastructural development
of facilities for our research. The fund “Laboratories for musculoskeletal and biomarker application” of € 4.5 Million was donated by the Senate for Economics, Technology and Women’s Issues (Berliner Senatsverwaltung für Wirtschaft, Technologie und
Frauen) and has been invested in technical equipment, software and work stations as
well as in the development of Good Laboratory Practice and Quality Management systems throughout the whole research facility.
The new setting at the Charité Campus Virchow-Klinikum brings all our activities, including those of Kay Raum, Professor for Engineering Basis of Regeneration and Chair
of the Engineering Track of the Berlin-Brandenburg School for Regenerative Therapies
(BSRT), and Britt Wildemann, Professor for Biological Basis of Musculoskeletal Regeneration and Vice Chair of the Field E of the Berlin-Brandenburg Center for Regenerative
13
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The years 2010 and 2011 have been full of action and movement for the Julius Wolff
Institute and this applies to the structural and technical environment as well as the
research activities of all our teams.

New research projects
The Julius Wolff Institute has been very successful in maintaining and developing
research projects over the last two years while at the same time sharpening its focus
on musculoskeletal issues, especially those of regeneration, biomechanics and material
science. Currently, the Institute is working on 45 projects: eight projects are funded
by the Deutsche Forschungsgemeinschaft (DFG), with the remaining projects being
funded by the German Ministry of Education and Research (BMBF), the Bundesinstitut
für Sportwissenschaft (BISp) and by companies and foundations.
In particular, the Institute coordinates the European project “Enhanced patient safety
by computational modelling from clinically available X-rays to minimise the risk of
overload and instability for optimised function and joint longevity (MXL)”. This project
started at the beginning of 2010; it runs for a period of three years and aims to develop
training and planning tools by using biomechanical knowledge to provide surgeons
with an accurate, patient specific prediction of the outcome of joint surgery. The goal
is to ensure a long term regeneration of the joints’ functionality and the Julius Wolff
Institute provides its well proven expertise in measuring and modelling kinematics
and joint loading. The MXL project is funded by the European Commission’s Seventh
Framework Programme (FP7) and is a joint project of ten partners from Germany, the
United Kingdom, Italy, France and the Netherlands.
14
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In 2011 we completed the Collaborative Research Centre 760 financed by the Deutsche
Forschungsgemeinschaft (DFG). Under the title “Biomechanics and Biology of Musculoskeletal Regeneration – From Functional Assessment to Guided Tissue Formation” scientists from our Institute and ten partner institutions studied the relevant mechanisms
that are responsible for the successful healing of bone and bone defects after an injury.
The research showed that the mechanical conditions have not only an influence on the
healing outcome but also on each element of the healing cascade, especially on the
inflammatory cascade, the BMP signalling and the angiogenesis. A number of cell compartments that play a significant role in the regeneration process reacted specifically
to mechanical stimulation and the influence of mechanical stimulation was also visible
in the formation of mineralized tissue. A number of related projects now continue with
funding from individual grants.
Furthermore, the Institute intensified its cooperation with biotechnical and medical
companies and foundations. The Institute and its related partners initiated new projects with the business community which, amongst others, include Synthes, Milenia
Biotech and Epionics. Together with the Center for Muskuloskeletal Surgery, our Institute also attracted an endowed professorship on “Musculoskeletal Rehabilitation,
Prevention and Health Services Research“ at the Center of Sports Science and Sports
Medicine Berlin. Prof. Dr. Karsten Dreinhöfer was officially appointed to the professorship at the end of 2009 which is funded by Medical Park AG. A second professorship
has been endorsed by Storz and the proposal for a professorship endorsed by Synthes
is under consideration.
In 2010, the Institute received positive feedback from the European Research Council
(ERC). Dr. Jan Laufer, currently research associate at the Department of Medical Physics
and Bioengineering at the University College London, will join the Charité and develop
a research group on Photoacoustic Imaging and Spectroscopy together with the Julius
Wolff Institute, the Berlin-Brandenburg Center for Regenerative Therapies and the BerlinBrandenburg School for Regenerative Therapies. He will receive an ERC start up grant for
his project “Molecular photoacoustic imaging of stem-cell driven tissue regeneration”.
15
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Therapies (BCRT), once again under one roof. We now work at a single location together
with our partners: the Berlin-Brandenburg Center for Regenerative Therapies; the BerlinBrandenburg School for Regenerative Therapies; the Institute for Medical Immunology;
the Institute of Medical and Human Genetics and the Department of Nephrology and
Internal Intensive Care of the Clinic of Nephrology. This mixture of various research
institutions provides an inspiring atmosphere for interdisciplinary cooperation across
different groups and institutes with the focus on regeneration. Moreover, the core renovated research building offers not only an excellent working environment and superior
technical facilities but also a family room for staff members and students with children
that offers support by enabling them to combine family life, education and career.

JWI participation in third party research projects
Project Financers

No. of Projects

European Commission, (Seventh Framework Programme (FP7))

5

Deutsche Forschungsgemeinschaft (DFG)

8

Individual Grants

(6)

Collaborative Research Centres (SFB)
Graduate Schools

(1)
(1)

Government funded

4

Federal Ministry of Education and Research (BMBF)

(2)

Federal Ministry of Economics and Technology (BMWi)
Bundesinstitut für Sportwissenschaft (BISp)

(1)
(1)

Industry

16

Foundations

9

Others

3
45

Structural modification for interdisciplinary research
Currently, the Julius Wolff Institute has 94 research staff, post-docs and PhD students
coming from various disciplines including medicine, biology, chemistry and engineering, along with the related technical and administrative personnel. During the past two
years, the Institute has adapted its structure to reflect its interdisciplinary position
and this mixture of disciplines and research topics is now characteristic of the Julius
Wolff Institute and its work.
The Institute is currently structured into four professorships that coordinate seven main
research groups on the topics of Loading & Movement, Spine, Basic Bone Research,
Bone Healing, Cell Behaviour in Regeneration, Stimulation of Healing, and Imaging,
Simulation & Stimulation. In order to enable junior scientists to assume more responsi16
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bility and have a wider managerial involvement, the position of responsible researchers has been created. Each responsible researcher is assigned to a research group, who
take full responsibility for the projects, the team members, the research and publications. As all researchers and their teams work with financial support of third party
funds, their progress is greatly influenced by the success of their own research work
and their publications.
Besides their own projects, our responsible researchers build teams from across the
Institute to establish interdisciplinary research on biomechanics, mechanobiology,
biomaterials or immune-bone-interactions. This arrangement is complemented by a
basic administrative structure operating under the auspices of the Head of Administration of the Julius Wolff Institute.
Celebrating other highlights
With lead management by the Julius Wolff Institute, the 5. Nachwuchsakademie Med
izintechnik (5th Early Career Academy in Medical Technology, NAMT) was organized
together with the Max Planck Institute of Colloids and Interfaces and the Centre for
Biomaterial Development of the Helmholtz-Zentrum Geesthacht. The workshop, with
seminars and talks, was held in August 2011 and was sponsored by the Deutsche
Forschungsgemeinschaft. Under the theme “Learning from living material, developing
technical materials for tissue regeneration and medical implants” the NAMT provided
motivation for the development of their own research projects to exceptionally gifted
and motivated early-career scientists with an up-to-date overview of this innovative
research field by means of lectures, practical sessions and laboratory visits.
The Julius Wolff Institute also played a leading role in the 2010 Osteology Congress
presented by the Dachverband Osteologie (DVO) that took place in March 2010 in
Berlin. Prof. Georg Duda, in his role as congress president, organised this annual
meeting which is widely regarded as one of the most important conferences for researchers and medical experts in the fields of orthopaedics, trauma surgery and
rheumatology. The 2010 Osteology Congress reviewed and celebrated 25 years of
17
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These examples show only a small cross-section of our current projects. All main
research activities and cooperation arrangements are described in the individual
research project reports.

Board of Directors

Synopsis

Georg Duda, Georg Bergmann

Interdisciplinary Muskuloskeletal Research in Germany and agreed that the health
of the muscular system is one of the biggest medical challenges of the 21st century.
Together with the German Ministry of Research and Education, who’s Parliamentary
State Secretary, Helge Braun, gave the opening speech, Prof. Duda and the Dachverband Osteologie called for more research on effective prevention strategies for
maintaining musculoskeletal health. The conference provided positive press coverage, not only for the Julius Wolff Institute but also for wider research on the musculoskeletal system.
The Dachverband Osteologie published a special edition of the Journal Osteology to
mark the occasion of this annual general meeting which included publicity of the part
played and contribution made by the Julius Wolff Institute. The Julius Wolff Institute
was also visible in the media and peer reviewed publications such as the Journal Clinical Orthopaedics and Related Research (Volume 469, Number 11, 2010), where we
had the opportunity to review and discuss aspects of bone healing research. All the
reviewed papers are referenced at the end of the report and give an overview of the
subject matter that was reviewed.
Julius Wolff, to whom the Institute’s name is dedicated, was a medical doctor in the
19th century who studied the growth and inner structure of bone and who founded
the first clinic for orthopaedics at the Charité. In 1892 he published his most important book, “Das Gesetz der Transformation der Knochen”, in which he scientifically
explained his theory that bone permanently adapts its shape and inner structure
to external loading conditions. The Institute has published a reprint of the original
book which, in addition to the 150 original pages that have been scanned, contains
various biographical documents and reports. Before Wolff died in 1902, he founded
the German Association for Orthopedics and, through his research and work, he is
regarded as the founder of classical orthopaedics. In March 2011 the Institute commemorated Julius Wolff’s 125th anniversary and special reprints of some of these
articles are now available through the Journal Clinical Orthopaedics and Related
Research (Volume 468, Number 4, 2010).
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News from the Research Network

The CSSB, of which the Julius Wolff Institute is part, works mainly on movement and
sports related issues ranging from biomechanics to sport sociology and sports pedagogic. The centre is an inter- and multidisciplinary platform for scientists, researchers
and medical experts in the field of movement and sports.

The Julius
Wolff Institute works
within an extensive
research network which
enables us to carry out
comprehensive scientific
as well as clinical
research

In order to extend its laboratories for gait and motion analyses as well as for performance diagnostics and assessment of the neuromuscular coordination, the CSSB was
planning, for some time, a new sports research hall. These plans came to fruition when
the foundation stone of the hall was laid in October 2009, the roofing ceremony took
place in August 2010 and the building was completed at the beginning of 2011. A great
opening ceremony, combined with a scientific symposium organized by the CSSB and
the JWI on “Science based Prevention”, took place at the end of June 2011 in order to
demonstrate the research activities and future opportunities to partners and guests
from politics, economics, science and sports.
In addition, the CSSB and, in particular, the Institute for Sports Science of the HumboldtUniversität zu Berlin have been successful in filling a number of new professorships in
the last two years that became vacant as a result of retirements.
www.cssb.eu
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Center for Sports Science and Sports Medicine Berlin (CSSB)
The Center for Sports Science and Sports Medicine Berlin has successfully strengthened its infrastructure and research facilities in the past two years. The centre is an
interdisciplinary research institute of the Humboldt-Universität zu Berlin and was developed by the Institute for Sports Science of the Humboldt-Universität zu Berlin, the
Center for Musculoskeletal Surgery and the Julius Wolff Institute of the Charité.

The BCRT is a joint project of the Charité – Universitätsmedizin Berlin and the Helmholtz-Zentrum Geesthacht in the field of regenerative medicine with its focus on the
musculoskeletal, the immune and the cardiovascular systems. The BCRT is located
in the newly renovated Institutsgebäude Süd which promotes a close interaction
between research groups.
www.b-crt.de

Berlin-Brandenburg School for Regenerative Therapies (BSRT)
Recently, the first doctoral students graduated from the Berlin-Brandenburg School for
Regenerative Therapies that was founded in November 2007 and which is funded by the
Deutsche Forschungsgemeinschaft through the German Excellence Initiative. Currently,
the graduate school comprises 87 doctoral candidates, 58% of which are female and
37% are from outside Germany. 49 of them receive BSRT stipends and the remainder are
financed mainly through third-party funding.

Synopsis

This expertise has been further expanded with an Einstein Visiting Fellowship that
has been awarded to David Mooney, Professor for Cell and Tissue Engineering at the
Harvard School of Applied Sciences and Engineering. He has established a satellite
research group at the BSRT and uses the infrastructure and laboratory space of our
Institute.
The BSRT has established and organised a variety of well received regular events and
activities. Of particular note are the PhD Symposiums that took place in December
2010 and 2011 which are organised exclusively by students from the BSRT; the BSRT
Summer School for interested Master’s students and the annual Nikolaus Lecture, at
which an internationally renowned scientist is invited to give a presentation on a ‘hot’
scientific topic of the day. The Nikolaus Lecture and the ceremony for the annual BSRT
student awards is the closing highlight of the academic year. In February 2010 the
PhD and post-doctoral students of the BSRT had a once in a life-time opportunity when
they met the Nobel Prize winner, Sir Martin Evans, who is one of the foremost scientists in the field of stem cell research. He was invited to Berlin to give the prestigious
annual Queen’s Lecture and, over lunch on the following day, the students had the
opportunity to chat exclusively with him.
www.bsrt.de

Since 2010, the school has taken two professors on board: in May 2009 Kay Raum, who
also holds a co-appointment at the JWI, was appointed to the professorship “Engineering
Basis for Regeneration” and the professorship in “Biological Basis of Regeneration” was
offered ad personam to Petra Knaus who accepted the post in July 2010. Both professors
are responsible for the scientific coordination of the Engineering Track and the Biology
Track respectively as well as for the further development of the scientific training concept and the linking to different disciplines in order to further develop and promote the
interdisciplinary nature of the graduate school.
22
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Berlin-Brandenburg Center for Regenerative Therapies (BCRT)
The Berlin-Brandenburg Center for Regenerative Therapies, in which a team from the
Julius Wolff Institute is engaged, has successfully completed its first evaluation. The
research centre was founded in 2007 as a translational project funded by the German
Ministry of Research and Education (BMBF). It was positively evaluated in 2010 and
will now be supported for a second funding period until 2014.

Disorders of the musculoskeletal system impair many patients and cause very

Loading & Movement

high costs. In Germany alone, 400,000 knee and hip endoprostheses are
implanted each year, 20 percent of people above 55 years suffer from arthrosis,
and diseases of the musculoskeletal system are the second most reason for loss
of working years. The researchers of the Julius Wolff Institute feel therefore
committed to investigating the reasons for such diseases, finding ways for their
prevention, and contributing to improved joint replacements.

Prof. Dr.-Ing. Georg Bergmann
Professor for Musculoskeletal Biomechanics

Prof. Dr.-Ing.

Dr.-Ing.

Georg Bergmann

Friedmar Graichen

In order to improve implants, to judge the effects of medical treatments, and to advise
patients during the first weeks after fractures or those with arthrosis on how to avoid
critical loading situations, we need to know the loads acting in orthopaedic implants
and in natural joints. To obtain realistic data, direct measurements in joint implants
are most accurate.

Team: Antonius Rohlmann, Alwina Bender, Andreas Böhme, Barbara Schiller, Philipp Damm, Georg Bergmann,
Peter Westerhoff, Ines Kutzner, Jörn Dymke, (Absent: Friedmar Graichen, Verena Schwachmeyer)

Selected publications
Bergmann G, Graichen F, Bender A, Rohlmann A, Halder A, Beier A, Westerhoff P.

In vivo gleno-humeral joint loads during forward flexion and abduction.
J Biomech. 2011 May 17;44(8):1543-52.
Kutzner I, Heinlein B, Graichen F, Bender A, Rohlmann A, Halder A, Beier A, Bergmann G.

Instrumented implants were developed to measure such loads. The 3D forces and moments are captured by sensors integrated into the implants. The electronics are powered inductively; data are transmitted by radio frequency. Special care was spent on
the patients’ safety.
Currently, clinical studies are performed on the loading of knee, hip and shoulder implants, and vertebral body replacements. For each implant type, data from five to ten
subjects are collected and summarized. Additionally to publishing in scientific journals, much effort has been spent on making such data accessible in the free internet
data base www.OrthoLoad.com where it can serve other researchers, but also patients,
physiotherapists, developers of improved implants and others.

Loading of the knee joint during activities of daily living measured in vivo in five subjects.
J Biomech. 2010 Aug 10;43(11):2164-2173.
Bergmann G, Graichen F, Rohlmann A, Bender A, Heinlein B, Duda GN, Heller M, Morlock MM.

Realistic loads for testing hip implants.
Biomed Mater Eng. 2010;20(2):65-75.
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Loading & Movement

In Vivo Measurement of Joint Loading

Loading of the knee joint

The loading in the knee joint is transferred via the medial and the lateral knee compartment. Presumably
due to its higher loading, osteoarthritis most often affects the medial compartment. To unload the medial
compartment, several conservative methods such as
valgus braces and laterally wedged shoes exist. So
far the effect of these orthopaedic devices on medial
compartment load has been analysed only indirectly
using gait analysis and inverse dynamics.
To measure the tibio-femoral loading (three forces
and three moments) in vivo, instrumented knee implants with telemetric data transmission were developed [↗Fig. 1] [1].

[Fig. 1] Instrumented knee implant

From the total axial force (Fz) and the moment in the
frontal plane, medial and lateral forces (Fmed and Flat)
can be calculated [2].
Valgus braces: To examine the influence of valgus
braces on medial compartment load two different
braces (MOS Genu “MOS”, Bauerfeind and Genu Arthro “GA”, Otto Bock) were investigated [↗Fig. 2].
Both braces are designed to apply an external valgus
moment about the knee via three-point bending. After
28

the braces were adjusted to the subjects’ leg in neutral
position, additional valgus angles of 4° and 8° were
applied. Three male subjects with instrumented knee
implants participated in this study. For each subject
and valgus adjustment 30 gait cycles were evaluated.
Throughout the stance phase of gait, the forces Fz and
Fmed had two force peaks each [↗Fig. 2].

Concerning the use of braces, comfortable wearing is of major importance. Since discomfort was
reported while walking with the MOS brace in 8°
valgus, force reductions of more than 25% can
probably not be expected in clinical practice.
Laterally wedged shoes: To examine the influence
of laterally wedged shoes on medial compartment
load, external wedges of 5 mm and 10 mm as well
as a laterally wedged insole (5 mm) were investigated. Furthermore the effect of an ankle stabilizing orthoses (Malleo Sprint, Otto Bock) in combination with the shoes was investigated [↗Fig. 3].

[Fig. 2] Total axial force (Fz) and medial force (Fmed) during
walking without (w/o) and with braces in 8° valgus (subject
K5R). BW = bodyweight

[Fig. 3] Investigated wedged shoes (from left to right: 0 mm,
5 mm, 5 mm insole, 10 mm, ankle orthosis).

During walking with the MOS brace in 4° and 8°
valgus adjustment, medial forces were on the average reduced by 18% and 23%, respectively at early
stance (peak 1). Walking with the GA brace (8° valgus) led to smaller force reductions of only 7%. At
late stance (peak 2) Fmed was reduced by 24% (4°)
and 30% (8°) with the MOS but only by 7% with the
GA brace (8°).
In the same valgus adjustment the MOS brace led to
higher force reductions than did the GA brace. The
unloading effect of braces depends on the external
valgus moment applied and therefore on the brace
stiffness. In the frontal plane a spring constant of 9.8
N/mm was determined for the MOS brace but only
4.0 N/mm for the GA brace. In the same valgus adjustment about 2.5 higher external valgus moments
and thus higher reductions of Fmed must therefore be
expected for the MOS brace.

Six subjects with instrumented knee implants participated in this study. Shoes were worn bilaterally
in a random order. After a short adaptation to each
shoe, measurements were taken during treadmill
walking (4 km/h). For each subject and shoe, forces
from 25-30 gait cycles were averaged. Peak medial
forces while walking with the wedged shoes were
compared to the condition without a wedge using a
Wilcoxon test (a = 0.05).
In general the load reducing effect of laterally
wedged shoes was small. Peak medial forces at early
stance (peak 1) were not significantly reduced by any
of the wedged shoes [↗Fig. 4].
At late stance (peak 2) a significant force reduction of
5% was observed with the 5 mm wedge in combination with the ankle orthosis (p = 0.046). Even though
not significant, a greater wedge angle showed a trend
towards higher force reductions; ankle stabilization

[Fig. 4] Peak medial forces during walking with different
wedged shoes. BW = bodyweight

improved the unloading effect of wedges slightly.
In the given cohort, lateral wedges did not reduce medial contact forces substantially. The inter-individual
variation was however high. In two subjects, load reductions of more than 10% were observed whereas
in two other subjects no effect was seen at all. These
differences reveal that some patients might benefit
slightly from wedged shoes whereas other do not. Further research is necessary to investigate which factors
cause these inter-individual differences.
In general valgus braces led to higher force reductions
than laterally wedged shoes did. The use of braces is
more inconvenient, though. Further research is necessary to examine the influence of other gait modifications such as lateral trunk sway, reduced walking speed
or the use of crutches on medial compartment load.
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Loading of the hip joint

To measure hip joints loading in vivo, an instrumented
implant was developed. Basis for the modified implant
[↗Fig. 1] is a clinically proven implant (CTWTM Classic
Stem, Merete Medical GmbH, Berlin, Germany).

two ethical committees. Seven patients so far obtained these load measuring implants since April 2010
in the co-operating Helmut Ulrici Klinik in Sommerfeld. The first results are reported here.
Walking with crutches: Patients with osteoarthritis or
total hip joint prostheses are advised to use crutches
to reduce the joint contact forces. Some clinics recommend this up to three months post operatively (pOP).
The real effect of crutches is widely unknown. A
reduction of the contact force up to 30-40% bodyweight (%BW) was calculated when patients load
their crutches with 15-20%BW. The aim of our study
was to measure the effect in vivo when walking in
2-, 3- and 4-point gait. The crutch forces Fcrutch were
measured with integrated load cells synchronously
to the joint forces.

the same reductions as those during 2-point gait.
The inter-individual variation of the force reductions
was high. However, it was shown that all patients
reduced the peak forces significantly during walking
with crutches. The second peak was always reduced
more than the first peak. 3-point gait had a better reducing effect than had 2 or 4-point gait.

[Fig. 3] Fres, Mres and µ - H4L averaged

[Fig. 1] Cut-model of the instrumented total hip joint prosthesis

An inductively powered telemetry is placed inside the
hollow neck with a 14/16 mm cone. The load-dependent elastic deformations of the neck are measured by
three custom-made double strain gauges [1]. The signals are transferred by radio frequency to the external
measurement system [2]. The internal antenna in the
cavity of the ceramic head is protected against body
fluids and mechanical damage. After assembling the
electronics inside the implant and closing it by electron beam welding, the instrumented implant is calibrated [3]. From the six strain gauge signals the complete contact load in the hip joint is accessible, consisting
of three force and three moment components.
All mechanical and biological tests were passed
successfully. The instrumented implants were technically certified and a clinical study was approved by
30

[Fig. 2] Joint and crutch forces during walking versus walking
with crutches - H4L

[Fig. 4] Mres and µ of 5 subjects (mean peak values)

During walking, the resultant joint force Fres always
had a first and second peak value [ ↗Fig. 2]. The
first peak occurs at contralateral toe off (CTO), the
second peak at contralateral heel strike (CHS). The
mean reductions of these force peaks are reported
here in per cent of the forces during free walking.
During free walking, Fres of 245%BW (CTO) and
240%BW (CHS) were determined. During 3-point
gait the reductions of Fres were 17% (CTO) and 28%
(CHS). Smaller reductions of 13% (CTO) and 15%
(CHS) were achieved during 4-point gait. These are

This study is limited by the small number of subjects.
However, it is the first one reporting synchronous
crutch and in vivo hip joint forces. Our data show that
patients load their crutches on the average with 1317%BW when not being advised to load their crutches
very highly. Then a joint load reduction of more than
about 25% cannot be expected.
Friction moments during walking: Friction-induced
moments and subsequent cup loosening is the most
common reason for failures of hip replacements.

Only in vitro studies on the friction in hip implants
have been published to date. The aim of our study
was to determine realistic in vivo joint moments and
friction coefficients during walking.
The load patterns of 20-60 trials were averaged per
subject [4]. Resultant moments Mres and forces Fres
were used to calculate the friction coefficient µ:
where L is the lever arm of Fres
vertical to Mres. Mean peak values of Mres and µ for forces Fres ≥ 50%BW are reported here. In the example of Figure 3 average forces of
250%BW at CTO and 230%BW at CHS were measured in H4L. Mres rose from heel strike (HS) until shortly after CHS (0.33%BWm). Over the whole stance
phase µ increased and always reached its maximum
at TO. Three months pOP the peak moments were
very similar between the patients while the peak
values of µ differed by a factor of 2 [↗Fig. 4]. The
latter observation may indicate individually different
lubricating properties of the synovia. Throughout the
pOP time Mres decreased in four subjects by 10-44%,
but remained constant in subject H3L. This effect is
probably caused by individually different “runningin” effects of the joint surfaces.
Additional investigations will show if the first findings can be generalized.
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In vivo hip joint loading during physiotherapy

Manual traction of joints is a technique often applied
in physiotherapy. By this it is attempted to separate
the articulating surfaces. This can only be achieved
if the femoral head is pulled in a direction perpendicular to the opening plane of the acetabulum. The
effect sought after is to lower the intraarticular pressure, stimulate production of synovial fluid, inhibit
the nociceptors [1], and thus reduce pain [2]. Very
few studies have investigated the kinematics during
traction by X-rays or fluoroscopy [3], but a lack of
knowledge about the effects of manual traction and
its benefits remains.

ase of the resultant force Fres (black). Fz even turned
positive in some cases when pulling at the ankle. This
indicates that the implant head was pulled against the
caudal rim of the acetabular cup. When the values of
four subjects were averaged, the joint contact was 8
± 7%BW during pull. This was a decrease of 14%BW
compared to lying relaxed. The pronounced force decrease in Figure 1 is therefore an extreme example.

many physiotherapists. Pulling at the ankle proved
to be more effective than pulling at the thigh. In the
first case the joint load could at least be slightly reduced; in the latter case, manual pull was often even
contra-productive. Obviously it is difficult to apply a
force in the hip joint which really acts perpendicular
to the opening plane of the cup.
The thickness of the soft tissue layer around the
thigh was detrimental for the unloading effect when
pulling at the thigh. A part of the force applied by the
physiotherapist is transferred by the stretched soft
tissues directly to the pelvis and thus bypasses the
hip joint. Another limiting factor was the disability
of some patients to relax the musculature. While talking, for example, the musculature was unconsciously activated which increased the forces and therefore
inhibited any load reductions.

The aim of this investigation is to assess if and to
what extent manual traction of the hip joint leads
to a reduction of the contact force during that treatment. The in vivo forces were collected in four subjects with instrumented endoprostheses. The resultant joint contact force Fres acts on the implant head.
Its component +Fz acts proximally in direction of the
trunk, component +Fy acts ventrally, and +Fx laterally. These forces are stated here in per cent of the
patients’ body weight (%BW). All treatments were
performed by an experienced physiotherapist. She
controlled the forces in real time on a monitor.
The patients were lying in relaxed supine position
while traction was applied. Two methods were used:
a) pulling at the ankle with the hip joint slightly flexed and abducted [↗Fig. 1] and b) pulling outwards/
upwards at the thigh [↗Fig. 2]. Many physiotherapists assume that distal traction at the ankle is the
least effective of both methods due to “partial force
absorption” within in the knee joint, an opinion without any reasonable biomechanical justification.

[Fig. 1] In vivo contact forces in the hip joint during manual
traction at the ankle. The black vertical line denotes the point
of time from which on the traction was applied.

Traction at the ankle: In the sample trial of Figure
1 the forces during traction at the ankle are charted.
Among the components, only Fz (red curve) was drastically reduced, which also caused a pronounced decre-

Traction at the thigh: In Figure 2 an example of the
forces during traction at the thigh is shown. From all
three force components only Fy (blue curve) was lowered by traction, whereas the much higher compo-
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nent Fz even increased. This led to a resultant force
Fres (black) which also increased during traction. In
this example, Fy even turns slightly negative, indicating that the head was pulled against the anterior
rim of the cup. When the values from 4 subjects were
averaged, the joint contact force during pulling at the
thigh was 45±10%BW. This represents not a decrease but even an average increase of 2%.

Additional measurements must and will be performed to complete this analysis. Furthermore, possible effects of traction on friction in the joint remain
unclear and need to be investigated.

Schwachmeyer V, Damm P, Bergmann G
Acknowledgement
This project is supported by the Deutsche Forschungsgemeinschaft
(SFB 760, subproject C-6) and by the Deutsche Arthrose-Hilfe e.V.
References

[Fig. 2] In vivo contact forces in the hip joint during manual
traction at the thigh.

[1] Zumhasch R, praxis ergotherapie 16:338-340, 2003.
[2] Wright AA et al., J Man Manip Ther. 18(3):166-72, 2010.
[3] Dienst M et al., Arthroscopy 18(8):865-71, 2002.

Despite the given real time force control, the physiotherapist could not achieve a total separation of the
hip joint in any of the patients. This led us to assume
that total unloading of this joint is generally not possible in clinical practice, in contrast to the opinion of
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Loading of the shoulder joint

Shoulder problems frequently occur in people who are
depending on a wheelchair or
walking devices like crutches
[1]. Most probably this is due
to the additional mechanical
load on the shoulder joint
when using these devices in
everyday life. However, mechanical loading could not
be determined reliably so
far with computer models
or measurements in cadaver studies. The results of
both methods are subjected
[Fig. 1] Patients using underarm crutches (right) and forearm crutches
to uncertainties due to the
complexity of the shoulder joint and the unknown Wheelchair: The measurements showed individurecruitment principle of the shoulder muscles [2].
ally, extremely different shoulder contact forces. The
maximum values did not exceed those during preTherefore, in vivo shoulder joint loads were measu- viously investigated activities of daily living (ADL),
red with instrumented implants during wheelchair even under very demanding conditions with inclinariding under controlled conditions with defined in- tions of up to 7% [4]. Expected correlations between
clination and speed values. Furthermore, the use of joint force and speed or inclination were seen in only
different crutch types was analysed during partial some of the subjects. Even the time when the force
and complete unloading of the lower extremities reached its maximum during the loading cycle varied
[↗Fig. 1].
strongly between the subjects. When lifting the body
out of the wheelchair maximum values of 130% of
The instrumented implant used is capable of body weight (%BW) were reached [ ↗Fig. 2].
measuring micro deformations in the implants’
neck and telemetrically transmitting the three- Crutches: When completely unloading the lower
dimensional forces and moments by inductively extremities, shoulder contact forces of more than
powered 9-channel telemetry [3]. This prosthesis 150%BW were observed in some patients. This is in
was implanted in eight patients. Six of them with the upper range observed during ADL.
sufficient rehabilitation time and good functional As already seen during previously investigated ADL,
outcome were able to take part in the measure- the moments measured now also showed very indiviments during wheelchair propulsion and crutch dual magnitudes in both studies. This could indicate
walking. One patient with a very good functional varying friction parameters, an eccentric force applioutcome was also able to lift up the body out of the cation or additional points of load application at the
wheelchair by using only his arms.
implant head, at the acromion for example.
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Measurement of in vivo shoulder joints during wheelchair propulsion
and crutch use

[Fig. 2] In vivo forces during weight relief activity in %BW. Time
point I, II and III indicate phases of the motion

The forces in both studies did not exceed substantially the values measured during ADL. We therefore
conclude that the main reason for frequent shoulder
problems in wheelchair users and people walking
with crutches it is not the load magnitude but rather
the high frequency of loading cycles.
The biggest challenge in shoulder prosthetics is
still the glenoid component. Therefore, combined in
vivo load and movement measurements were taken
under similar conditions, using a wheelchair on a
treadmill. The motion capture data can be used to
transfer the measured gleno-humeral loads. These measurements in cooperation with the research
group of Prof. Frans van der Helm, Delft University
of Technology, Netherlands are currently evaluated.

[Fig. 3] In vivo forces (upper diagram in %BW) and moments (lower
diagram in %BWm) during wheelchair riding on a treadmill at
5% inclination and 3 km/h. Additional illustrations show the
force direction in three body planes during the whole motion.
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Knee joint rotational stability in ACL rupture
patients

One of the most important ligaments for providing
knee joint stability, and yet one of the most frequently ruptured, is the anterior cruciate ligament (ACL).
Through providing the primary restraint to anterior
translation of the tibia relative to the femur, the ACL
also restrains tibial rotation [1], which makes the
restoration of rotational stability under torsion one of
the main goals of ACL reconstruction. Furthermore, a
high correlation between increased tibial rotation after ACL injuries and knee instability has been observed in previous studies and might be one of the primary reasons for the development of osteoarthritis [2].
Although several devices such as the KT-1000 arthrometers have been developed in order to measure
the antero-posterior translation, clinical information
regarding tibio-femoral rotation is generally collected
through subjective tests, such as the pivot shift test,
which is dependent upon the examiner´s skill and
experience [3]. As an alternative objective measurements of the tibiofemoral rotation using electromagnetic sensors placed on the patient´s thigh and shank
have been proposed, but the placement of these sensors on the skin produces undesired motion artifact
and can lead to measurement errors [2].
In this study, a novel device has been developed to
achieve an accurate and objective measure of the
knee joint rotational stability. Here, the patient is
positioned in a chair with their foot fixed using a Vacoped shoe connected to a rotating plate [↗Fig. 1].
A six degree of freedom force transducer connected
to the rotating plate is used to collect the rotational
torque, which is applied manually. Measurements of
both internal and external tibial rotation can be performed over a range of knee flexion angles.
While the torque is applied to the knee, high resolution images of the tibia and femur are acquired using
single plane fluoroscopy (Pulsera BV, Philips). Three
dimensional surfaces models of the femur and tibia
are then reconstructed from CT scans and registered
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The development of a new testing device for measuring tibio-femoral rotation

[Fig. 2] Reliability analysis. Two observers (FE, PM) performed
two measurements demonstrating the high reliability of assessing the torque-rotation curves.

For assessment of the tibio-femoral rotation using the
fluoroscope, CT scans of both the injured and contralateral knees have been collected and 3D bone surfaces reconstructed [↗Fig. 4].

to the high reliability of the developed device, this
objective assessment tool may be used to investigate
tibio-femoral rotation and may provide improved information concerning the rotational instability of the
knee after ACL injury. After verification of the efficacy of this approach, we aim to utilise the device in a
clinical setting to provide further assessment of joint
reconstruction and replacement procedures, as well
as possible monitoring of therapies.

[Fig. 1] Vacoped shoe for fixation of the foot joint and connection on the force transducer. The fluoroscope image intensifier
can be also observed.

to the fluoroscopic images (medis Specials, Medis,
NL) to assess the relative rotation of the joint.
The reliability of the process has been tested, with
the intra-class correlation coefficient used as a measure for the intra- and inter-tester reliability. With
two observers each measuring one subject twice, the
analysis showed an intra- and inter-observer reliability of 0.94 and 0.97 respectively [↗Fig. 2].
A prospective clinical study to assess whether tibiofemoral rotational stability is preferentially altered
between internal and external rotation, and whether
reconstruction of the ligament is able to restore rotational stability is currently being conducted. To date,
eight ACL injured patients have been recruited and
measured preoperatively, with a planned cohort of up
to 60 patients [↗Fig. 3].

[Fig. 4] Single plane fluoroscopic analysis of an ACL ruptured
knee.
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[Fig. 3] A patient undergoing assessment using the knee rotational testing device.

Initial results indicate increased rotational instability
in ACL injured patients, but these remain to be confirmed in the analysis of the larger planned cohort. Due
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Effective marker placement for identification of
the centre of rotation at the hip

Changes in gait after selective dorsal rhizotomy
The assessment of therapy efficacy in CP children

The accuracy and precision of quantifying musculoskeletal kinematics, and particularly determining the
hip joint centre (HJC), using skin marker based motion
analysis is limited by soft tissue artefact. In this study,
we posed the question of whether the contribution of
individual markers towards improving the precision of
the centre of rotation at the hip using functional methods could be assessed, and then applied to allow effective marker placement for determination of the HJC.
Sixty-three retro-reflective skin markers were placed
to encompass the thighs of seven healthy subjects, together with a set of 16 markers on the pelvis. In order
to determine the markers that are least influenced by
skin marker artefact, the weighted optimal common
shape technique (wOCST), an approach that applies
weights to each marker according to its contribution
towards producing a more precise joint centre [1]
was utilised. The approach combines the standard
OCST [2], a technique for reducing soft tissue artefact,
with the Symmetrical Centre of Rotation Estimation (SCoRE), an approach for determining centres of
rotation from the motion data of two simultaneously
moving segments [3]. These techniques are complimented by the SCoRE Residual [4], a measure for
quantifying the precision of joint centres that are determined using a combination of the SCoRE and OCST.
With perfectly spherical joints producing a SCoRE Residual of 0, this parameter is a measure of the quality
of joint determination, and thus provides a target for
optimising the precision of joint centre determination.
In order to produce the minimal SCoRE Residual,
and therefore target the location of the best possible joint centre, each marker was assigned a weighting, which was iteratively optimised according to
its importance for achieving the lowest SCoRE Residual and therefore the most precise joint centre
from the motion capture data.
40

The results of this study indicate that the use of six
markers in selected regions (two anterior, two lateral
and two posterior) allowed the HJC to be determined
with a similar precision to the complete set of 63
markers, with the determined regions predominantly
distant from the hip joint, excluding areas associated
with the bellies of large muscles and therefore large
motion artefact from muscle activity.

[Fig. 1] Distribution of skin markers at the thigh and pelvis for
the functional determination of the HJC. Mean weights over all
subjects and their measurements are presented as green areas
around the specific marker. A high marker weight corresponds
to larger area.

The novel approach presented here now allows an understanding of each marker’s contribution towards a
precise joint determination, and therefore allows the
targeted placement of markers for reliable assessment of musculoskeletal kinematics.
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Selective dorsal rhizotomy (SDR) is a treatment op- to be included in this study is 30, with a total of 20
tion for children with spastic cerebral palsy where patients already recruited.
spasticity is reduced through careful dissection of In addition to early and mid-term changes in kinemalumbosacral sensory nerves. This therapy option has tics and kinetics of the pelvis, hip, knee, and ankle,
been provided in Germany since 2007 via a mono- overall gait scores such as gait profile score (GPS) and
segmental laminectomy. Here, the goal of SDR is to motion analysis profile (MAP) are evaluated. Furtherimprove movement patterns, particularly walking, more, special interest lies in changes of kinematics in
but the clinical indications for surgery, as well as out- the transverse plane. Here, the application of novel
approaches for the assessment of centres of rotation
come parameters, are still discussed controversially.
of the hip and axes at the knee
Gait analysis offers an objective
(Taylor et al., 2010) allows the acmeasure for assessing both the quacurate and robust assessment of
lity of movement, and the treatment
skeletal kinematics – an important
outcome in this multimodal therapy
aspect for minimising inter-obserconcept for children with cerebral
ver variability in this longitudinal
palsy. The aim of this prospective
follow-up study.
cohort study was therefore to evaInitial results show a post-operaluate changes in gait after SDR and
tive reduction of spasticity on gait
compare against more conservative
patterns, but also that changes octreatment options.
cur concerning the development
To be considered for inclusion in this
of typical lever-arm deformities
study, all patients must be able to
(e.g. equinus, crouch gait, excessiwalk and be aged between 3 and 12
ve internal rotation).
years, while subjects with more seThis study will bring improved
vere disease status, including mental
impairments, were excluded. SDR [Fig. 1] Participant undergoing gait insight into the changes and pawas indicated by a multidisciplinary analysis. Repetitions of walking and thologies that affect the musculoskeletal system due to this motor
team consisting of a neurosurgeon, quiet standing tasks are performed.
neuron syndrome. Through a betan orthopaedic surgeon, a paediatriter understanding of the changes
cian, and a physiotherapist.
Gait analysis is performed prior to the operation, as in gait and movement patterns in this patient group,
well as three, six, 12, 24 and 60 months after under- knowledge will be gained concerning spastic cerebral
going SDR. Here, outcome measures including ran- palsy that is a complex but not rare condition, with
ge of motion at each of the joints of the lower limb, the intention to further optimize treatment.
modified Ashworth scale, selectivity index, and gross
motor function measure will all be investigated to
assess changes postoperatively as well as compared Funk J, König N, Heller MO, Taylor WR
to healthy children. Furthermore, Disabkids and Kid- Acknowledgement
screen are applied as tools for measuring health re- We would like to thank all the children for participating as well as the
lated quality of life. The intended number of patients parents for their support and patience.
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Techniques for improving the reliability of gait analysis

Force fluctuations

The human sensori-motor system is not only challenged by
the destabilizing gravitational
and external environment, but
also internally by the complex
interactions between multiple
afferent as well as efferent systems [1]. The result is that variability is observed during task
performance. Since muscles are
the only active component of the
motor system, it seems reasonable that the inherent fluctuations
during force generation [2] could
explain task variability [3]. An [Fig. 1] Participants performed repetitions of walking, force production as well as
understanding of the aetiology quiet standing tasks.
of variation in task performance
could help in the identification of individuals with tions from lower extremity musculature and the varimotor performance deficits [4]. The aim of this stu- ability during functional task performance. Although
dy was to investigate whether force fluctuations in fallers tended to have poorer levels of force control,
the knee-extensors and ankle-plantarflexors could postural sway and gait variability, the relationship
predict postural sway and gait variability in elderly between force fluctuation and postural sway or gait
individuals.
variability was preserved for both cohorts. Thus, the
Fifty-nine elderly women (33 fallers and 26 healthy underlying mechanisms that affect force fluctuations
controls) performed repetitions of standing to evalu- during isometric contractions might also play an imate postural sway and walking to assess gait varia- portant role in determining the quality of both static
bility in separate sessions [↗Fig. 1]. Force fluctu- as well as dynamic task performance [5].
ations were additionally measured during isometric
knee extension and ankle plantarflexion. Non-paired
t-tests revealed that fallers in general showed larger Singh NB, Koenig N, Arampatzis A, Heller MO, Taylor WR.
force fluctuations (~16%, p<0.1), significantly larger
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Investigations into early changes in knee joint function

Osteoarthritis (OA) is one of the most frequent causes of pain, loss of function and disability in the knee
joint [1]. Since diagnosis generally occurs only after
cartilage degeneration is already at an advanced stage, it is often too late for healing to occur without an
additional therapy or intervention. Diagnosis of OA
at an early time point is therefore critical.
The internal loading conditions in the knee joint during activities involving impact [2] or instability [3]
are known to be high, and are likely to play a role
in degeneration of cartilage in the knee joint, especially after injury. The aim of this study is therefore
to investigate whether subjects that have a history
of high impact loading or joint instability in the knee
are susceptible to more rapid progression of OA than
normal healthy subjects.
To this end, limb alignment [4], as well as tibio-femoral knee joint stability, are being evaluated during
passive testing (knee rotational stability testing device – report page 38 and dynamic activities of daily
living (Vicon optical measurement) in both junior as
well as senior elite volleyball players. These cohorts
have been selected since they are or have been exposed to frequent impact loading in the knee joint and
are therefore at high risk of OA degeneration of the
joint. In order to assess the spectrum of functional instability, all measurements are compared against both
patients with ACL rupture and healthy controls.
In order to evaluate relative tibio-femoral motion during the measurements, an advanced application of
knee joint axes [5] has been developed that allows
the determination of absolute values of anterior-posterior translation, internal-external rotation and ab-/
adduction within the joint. Furthermore, changes in
cartilage volume will be obtained using a well defined
MRI protocol [6]. Outcome measures of cartilage thinning and tibio-femoral shear movement during dynamic activities will then be compared with the passive
rotational stability of the joint at 0 and 24 month
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A predictor of postural stability and gait variability among elderly female
fallers and non-fallers

Knee joint instability and cartilage thickness
changes in osteoarthritis

[Fig. 1] AP translation values of a subject during 4 walking
trials shows good repeatability.

time points. Furthermore serum and urine samples
are being collected to allow biomarker investigations
into parameters that are sensitive towards cartilage
degeneration in OA.
Initial investigations into tibio-femoral motion and
knee joint stability indicate good reliability of the test
measurements. This understanding of the relationship
between motion patterns and joint stability may help
in the early identification of subjects that are susceptible to OA degeneration of the knee joint.

Boeth H, Taylor WR, Ehrig R, Heller MO, Duda GN
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Metacarpophalangeal joint stiffness as an assessment of functional status in patients with RA

Rheumatoid arthritis (RA) is characterised as a chronic disease that significantly lowers the health-related
quality of life in affected patients
[1]. RA occurs in 1-3% of the population with a high incidence in elderly
women [2]. The most limiting features
are pain and joint stiffness, which impair the patient’s function, especially
early in the morning [3]. Here, disease-modifying antirheumatic drugs
(DMARDs) such as Methotrexat or
newer biologicals e.g. Retuximab, in
combination with glucocorticoids are
applied in daily clinical routine to reduce prominent inflammation and aid
in preventing the progressing joint
damage [4]. Current concepts to evaluate the patient’s functional status or
to assess a certain therapy are generally based upon the clinician’s qualitative judgment of image data. Apart
from unspecific biochemical factors,
an objective measure for quantifying
joint stiffness as a physical score and
the associated functional limitations
in RA patients has been missing.

On the basis of this promising outcome, the study
now aims to go on and substantiate the impact
of other established pharmaceutical treatments
to combat and control the progression of rheumatoid arthritis. Moreover, we intend to characterise the longer-term changes in function that
occur in individual patients, and compare these
with serological parameters and imaging analysis.
In summary, the development of our MCP joint stiffness measurement device now allows a robust and
reliable quantification of function as well as disease
progression in RA patients.

[Fig. 2] Comparison of MCP joint stiffness over all accomplished
measurement positions (over the range of motion at intervals of
10°), for pre- and post-medication in 10 RA patients.
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Intra-class Correlation Coefficients (ICC) of MCP joint
stiffness in men (0.95, n = 4) and in women (0.89,
n = 4), as well as ICCs of dissipated energy in males
(0.88) and in females (0.93) demonstrate the excellent reliability of the device throughout multiple measurement repetitions (n = 10) in healthy subjects.
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[Fig. 1] MCP joint stiffness measurement device.

The determination of stiffness in the frequently
affected metacarpophalangeal (MCP) joint offers
promise for informing on the status of the disease,
but also for allowing a quantification of the progression of functional limitations. Importantly, this assessment of function represents an approach for
determining the efficacy of pharmaceutical therapies. To this end, our group has developed sensitive
measurement technology for evaluating MCP joint
stiffness by quantifying the passive resistance of the
joint against an externally applied torque [↗Fig. 1].
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By ensuring repeatable hand positioning, as well
as combining sensitive measurement instruments
with advanced algorithms for the analysis of joint
resistance hysteresis, this approach allows the acquisition of the following parameters:
• Individual passive range of motion
• Stiffness and dissipated energy at a range
of specific flexion-extension angles

Initial measurements in a cohort of female RA patients
(n = 10), both pre- and post-medication (patient-specific dose of Prednisolone, measured after approximately 1-3 hours), demonstrate the ability of this testing device to detect an improvement induced by a fast
response anti-inflammatory glucocorticoid in patients
suffering from RA. These analyses indicate considerable differences in MCP joint stiffness depending on
the status of the disease (Pearson Correlation Coefficient 0.887; p < 0.001) [↗Fig. 2], as well as an overall
decrease in MCP joint stiffness after glucocorticoid
medication compared to their pre-medication status.
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Understanding joint stiffness for differentiating between therapy outcomes
in patients with rheumatoid arthritis
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Overloading of the structures of the locomotor apparatus can occur due to bone deformities, injured ligaments or disturbed movement patterns, factors which all contribute
towards degradation and eventual failure of joint function. Whilst many surgical interventions aim to restore normal physiological loading and kinematics, it is not clear
which parameters are most influential, and therefore need to be addressed to restore
joint function. Through accurate and validated computational models of the mechanics of the human lower limb we are able to identify the key parameters that govern the
interactions between the structures of the musculoskeletal system at the patient, limb
and organ levels.
Providing access to the essential biomechanical parameters that critically influence
the success of joint surgery in clinical routine is a central element of our work. Here,
cooperation with strong clinical partners throughout the Charité, but also with scientific and industrial allies around the globe is critical to ensure the impact of our work
towards the benefit of the patients.
markus.heller@charite.de
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Robustness of femoral strain distributions to
variations in loading in humans and sheep

the trabecular and the cortical regions of the bones
were retained and the results normalized to maximum
compressive strain experienced by the bone.

Although it is well accepted that bone adapts to its
local mechanical environment, a quantitative understanding of the interactions of mechanics and biology remains elusive. Recent studies that sought to
unravel the relationships of mechanics and biology
during regeneration have often used the sheep as
a large animal model [1]. Although the mechanical
conditions in man and sheep differ on the limb level [2,3], a finding which can be attributed to the
quadrupedal gait of sheep compared to the bipedal
human gait, earlier investigations have shown that
the peak tissue strains are of the same magnitude
in both species. While the compressive peak strains
in man and sheep were of similar magnitude, the
strain distribution within the femoral diaphyses differed considerably: in the human femoral diaphyses
the functionally equivalent regions of the compressive peak straining are located on the medial side
whilst in sheep they are located caudally (posterior)
[↗Fig. 1].

The strain distribution of the human femora under
the loading conditions of the sheep showed peak
compressive straining on the medial part of the diaphyses. The ovine femora experienced peak straining
ranging from the proximal medial part (trochanter
minor) of the diaphysis to the distal caudal part.

The goal of this study was to investigate whether the
functionally equivalent regions of peak straining of
the human and sheep femoral diaphyses are a result of to the loading regimes acting on the bones
or rather a result of the different morphology of both
species femora.
The femora of three skeletally mature female MerinoMix 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. Gait analysis was performed for normal
walking gait for which the joint contact and muscle
forces were calculated using validated subject specific musculoskeletal models for both human and
sheep. Further analyses then focussed on the conditions at the instances of midstance.
48

[Fig. 2] Relative median compressive strain distribution on the
human (top) and sheep (bottom) femoral diaphyses after interchanging the loading regimes.
[Fig. 1] Median compressive strains on the human (top) and
sheep (bottom) femoral diaphyses during midstance of gait.
Maximum compression is located medially in man and caudally
in sheep.

In order to assess the tissue level loading conditions, the bones’ surfaces were reconstructed from
qCT Data using Amira (Visage Imaging GmbH, Berlin, Germany) and meshes were created with Patran

This study has investigated the tissue strains in human and sheep femora under the loading regime of
the other species. Compared to the strain distributions under physiological loading regimes the functionally equivalent regions of peak straining of the human femora did not change considerably, preserving a
bending towards the medial side. The response of the
sheep femora to simulated upright walking loads was
a slight medial shift of the compressive region.
Both the human and the sheep bones showed a relative robust response to loading that differed from
habitual conditions. The results indicate a robust
adaptation of the bone to its natural loading regime,
as the overall morphology seemed to compensate for
changes in loading such that regions of peak straining
remained largely unchanged. This behaviour results in
a high predictability of the tissue level strain pattern
in a long bone for a variety of loading conditions.

Pöpplau BM, Heller MO, Szwedowski TD, Taylor WR, Duda GN

(MSC, Santa Ana, CA, USA). After each bone was loaded with the forces from the associated species, the
bones were interchanged and scaled such that each
sheep bone experienced the bipedal loading regime
of human walking and likewise each human femur
experienced the quadrupedal loading regime of the
sheep. Relative distribution of the materials between
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Patello-femoral joint contact forces during
activities with high knee flexion

The patello-femoral (PF) joint plays an essential role
for the function of the knee joint, in particular when
considerable activation of the quadriceps is required, such as during stair climbing or sit-to-stand
activities [1]. Computational models of the musculoskeletal system can provide access to the internal
loads at the tibio-femoral (TF) and PF joints based
on external measurements, and can be used to systematically explore the influence of factors deemed
to be relevant to the internal loading conditions.
While telemetric implants have allowed access to
the TF joint contact forces after total knee replacement (TKR) that ranged from 2BW to 4BW for every
day activities[2], in vivo measurements of the PF
forces have not yet been possible.
A more detailed understanding of the interaction
between the PF and the TF contact forces at the
knee could not only improve planning of surgical
interventions, but could further allow rehabilitation
programs to be individually tailored to optimize the
functional outcome. The aim of this study was therefore to assess the joint contact forces at both the
TF and the PF joints during high flexion activities
using a musculoskeletal model validated against in
vivo measured TF forces. We hypothesized that the
PF-forces exceed the level of the TF-forces during
activities involving high knee flexion.
Patient specific musculoskeletal models of each
subject’s lower limb bones and muscles were derived from post-op CT scans that captured the hip,
knee and ankle joints, together with a reference model based on the Visible Human dataset. During at
least three repetitions of each activity, the ground
reaction forces and moments were measured using
two six degrees of freedom force plates while the 3D
kinematics of the lower limbs were measured using
reflective skin markers at 100 Hz.
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The relative motion of the marker clusters from
neighbouring segments during specific reference
motions was used to derive the position of joint centres and joint axes using an extension of a previously
reported functional approach [3]. In addition, each
marker was weighted to both minimise the residual
error of the functional joint estimation, and maintain
the anatomical constraints of segment lengths, determined from CT scan data of the subjects. In order
to ensure that the segment motions were appropriately tracked, the relative position of the functional
joint centres and axes to the segment marker clusters were transferred from the reference motions to
each of the four activities of interest. This method
provided reliable joint centres and axes for activities
with insufficient range of motion to functionally determine these parameters.

[Fig. 1] Percentage error of the predicted peak resultant tibiofemoral (TF) forces compared to those measured in vivo for the
two patients. Interquartile ranges are presented together with
the median error determined for all activities and repetitions,
for each patient.

While generally good agreement between in vivo
and predicted TF forces was achieved [↗Fig. 1], our
model tended to overestimate the TF forces during

stair climbing in particular. Peak in vivo measured
TF forces averaged for each activity and both patients varied little between activities and ranged from
2.9BW during walking up to 3.4BW during stair climbing. PF peak contact forces of less than 1BW were
determined during walking at about 18° knee flexion
[↗Fig. 2]. Considerably larger PF forces were found
for the activities requiring knee extension from a
more flexed position: 2.8BW during stair climbing
(at 53° flexion), 3.1BW during sit-to-stand (at 90° flexion) and 3.2BW during squatting (94° flexion). During walking and stair climbing, the peak PF forces
were thus smaller than the peak TF forces by 74%
and 16%, while for the sit-to-stand and squatting activities, the PF forces were approximately 3% and
5% higher than the TF contact forces respectively.
A T-test showed that the difference between TF and
PF forces was significant for all activities, with the
exception of sit-to-stand. The one-way ANOVA test
further demonstrated that the peak PF forces significantly depended upon activity (p<0.001), while the
peak TF forces did not (p = 0.167).
The results confirmed our hypothesis that the PF
forces reach, or indeed exceed, the level of TF forces.
Together with previous in vivo measurements at the
hip and knee, these results provide evidence that the
musculoskeletal loading conditions across all of the
hip, tibio-femoral and patello-femoral joints reach
peak values of around 3BW during normal daily activities. Our data thus suggests that the in vivo loading
of the knee can only be fully understood if the forces
at the TF and the PF joints are considered together.
These subject specific musculoskeletal modelling approaches facilitate not only a better understanding
of the key mechanical requirements for the patellofemoral joint, but also enable objective assessments
of joint loading, optimization of joint arthroplasty at
the knee, and post-op rehabilitation programs.
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[Fig. 2] Comparison of the peak in vivo tibio-femoral (TF) and
numerically determined patello-femoral (PF) forces shown in
bodyweight (BW) for both patients and all activities. While
the peak PF force was lower than the TF force during walking and stair climbing, the peak PF forces reached and even
exceeded the TF forces for activities where the peak loading
conditions occurred at approximately 90° of knee flexion
(sit-to-stand and squatting), despite double legged stance during these activities.
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Limb alignment in patients with patello-femoral
instability

Patellofemoral (PF) instability is a multifactorial problem [1], but it is well accepted that the anatomical
configuration of the lower limb plays a key role. Torsional deformities of the femur or the tibia, as well as
genu valgum can all increase the quadriceps angle (Q
angle) [2], thereby lateralize the force vector acting
on the patella and possibly increase the risk of lateral dislocation. Surgical procedures for dealing with
PF instability often target the tibia for correction of
the Q angle and e.g. medialize the tibial tubercle [3],
but there is no strong evidence suggesting that the
patho-anatomy is restricted to the tibia only. If indeed the patho-anatomy was on the femur, a surgical
intervention that targets the tibia may not efficiently
restore normal patellar mechanics.
A careful evaluation of the lower limbs to identify the
location and degree of a possible underlying pathoanatomy is therefore an essential step in the diagnosis and treatment of PF instability. MR represents a
non-ionizing imaging modality that is readily available and used to assess internal damage of the knee
following patellar dislocation, which could be used
to assess 3D lower limb alignment.
Goal of this study was to develop a reliable and fast
MRI protocol for the determination of the frontal and
rotational alignment of the lower limbs, and to apply
the protocol to detect abnormalities predisposing to
PF instability. The hypothesis was that patients with
PF instability possess both increased knee valgus
and an internally rotated knee, and further, that the
main patho-anatomy was on the femur.
An MRI protocol using a T2-HASTE sequence and a
dedicated lower limb angiography coil was developed, with the entire scanning process lasting less
than four minutes. In a study approved by the local
ethics committee, 15 healthy subjects were scanned
in a test-retest design for determining the reliability of the protocol and to provide a control cohort
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against which a group of 15 patients with PF instability was evaluated.
The MRI sequence provided scans of the hip, knee,
and ankle joints, which were 3D reconstructed in
Amira (Visage Imaging GmbH, Berlin, Germany).
Bone landmarks where then defined in order to calculate the following read-out parameters: femoral
torsion, tibial torsion, the knee version (the relative
rotation between distal femur, and proximal tibia),
and the mechanical femoral tibial angle (mFTA). Negative values for the mFTA are interpreted as knee
valgus. Greater values for either femoral or tibial
torsion mean a greater internal rotation of the distal
end of the respective segment. Negative values for
the knee version are interpreted as relative internal
rotation of the distal femur. The Intraclass Correlation Coefficient (ICC) and the 95% CI were calculated
to assess the repeatability of the protocol between
the two separate measurements and the reproducibility of the image analysis process by two independent observers. A Students’ t-test was used to detect
differences (p < 0.05) between the control and the
patient cohorts.
All reported repeatability ICCs were greater than
0.99 while all reproducibility ICC were greater than
0.89. After confirming a normal distribution for each
read-out parameter using a Kolmogorov-Smyrnov
goodness of fit test, it was observed that patients
with PF instability had significantly more valgus
knees (p < 0.01) than the control subjects. Additionally, significantly (p < 0.01) higher femoral torsion
and knee version angles were observed in the patient cohort in comparison to the controls, while no
significant differences where observed for the tibial
torsion between the two groups [↗Fig. 1].
Furthermore, the knee version measured in the
patients correlated significantly (R = -0.555; p < 0.01)

with femoral torsion, but did not correlate with tibial torsion when examined using the Pearson’s correlation coefficient.
This study presents a novel MRI protocol for the non-invasive analysis
of 3D lower limb alignment. With all
ICCs larger than 0.89 both the scanning and the data analysis procedures have been demonstrated to be
highly repeatable and reproducible.
Using that novel protocol we found
that the patients with PF instability
exhibited a significantly more valgus
knee, and also possessed significantly increased knee version. That increased knee version results mainly [Fig. 1] Frontal-plane (mFTA) and rotational alignment of the lower extremity meafrom an internally rotated distal fe- sured using a novel MRI protocol. (Significance levels *: p < 0.05).
mur is further corroborated by the
fact that knee version in these patients correlates tocol presented here allows for the reliable and fast,
significantly with femoral, but not with tibial torsion. non-invasive determination of the 3D lower limb
Together these findings suggest that in our patients alignment. It thereby enables a detailed, quantitathe relative rotation of the tibiofemoral joint (knee tive assessment of the anatomy that could help to
version) originates from the femur, confirming the better target the underlying patho-mechanisms and
restore normal PF joint mechanics in interventions
original hypothesis.
Both frontal plane as well as rotational malalignment for the treatment of PF instability in the future.
in our patients can increase the lateralizing forces
acting on the patella and might predispose to PF instability. While future studies should aim to identify Kornaropoulos EI, Scheffler S, Diederichs G, Taylor WR,
whether increased knee version is an independent Duda GN, Heller MO.
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Functional outcome after MPFL reconstruction
in patients with patello-femoral instability

Whilst reconstruction of the medial patello-femoral
ligament (MPFL) has proven effective in restoring
patellar stability and good short term clinical outcomes have been reported [1], little is known about
the dynamic function of these patients. However, any
dynamic functional deficits that persist after surgical
intervention, such as excessive rotation or varusvalgus RoM at the knee, have the potential to dynamically increase the Q angle. The latter will result in
an increase of the lateral part of the quadriceps force
applied on the patella and could thus contribute to
an increased risk for lateral PF and tibio-femoral
joint overload [2], even after reconstruction of the
MPFL, thereby possibly leading to long term joint
degeneration.
In this study, we hypothesized that patients with
PF instability will demonstrate an increased RoM of
internal-external rotation & ab-adduction at the knee
after MPFL reconstruction.
The positions of reflective markers, attached to the
lower extremities of 12 patients with PF instability
after MPFL reconstruction and 15 healthy adults,
were tracked using an optical motion capture system
(Vicon, Oxford, UK) with 12 infrared cameras, while
the subjects performed standardized activities and
activities of daily living (walking, stair ascending and
descending). The standardized activities (StarArc,
knee flexion-extension) were used for the functional
identification of the lower limb joint centres. All subjects provided informed consent and the study was
approved by the local ethics committee.
Using the weighted OCST SARA & SCoRE Combined Approach for assessing skeletal kinematics,
we identified the trajectories of the hip, knee, and
ankle centres and axes during the entire motion.
After defining local coordinate systems for the pel54

vis, the femur, the tibia, and the foot, lower limb
joint angles were calculated using Euler angle decomposition. The minimum and maximum values of
the angles were identified during each entire movement cycle and the RoM was defined as the min-max
difference.

This study demonstrated that even after surgical
correction of the PF instability patients demonstrated significant functional deficits which – if left
untreated – could lead to chronic lateral overload
of the PF and tibio-femoral joints. Additional treatment (operative or conservative) might be required
for addressing these dynamic functional deficits and
avoid possible future joint degeneration.

A t-test was used to identify whether differences
existed between the RoM for the internal-external
rotation and ab-adduction for all three activities between controls and patients.

Kornaropoulos EI, Heller MO, Scheffler S, Trepczynski A,
Duda GN, Taylor WR

The RoM in the varus-valgus direction was significantly larger in the patient group for the stair
descending (13.3 ± 5.7° vs. 7.7 ± 2.6°) activity, but
this was not the case for the walking (10.3 ± 3.3°
vs. 10.2 ± 4.0°) and stair ascending activities
(12.5 ± 3.5° vs. 11.6 ± 6.0°) [↗Fig. 1]. On the other
hand, the maximum functional valgus angles achieved were significantly higher for the patients for all
three activities. The RoM of internal-external rotation
was also significantly larger for the patients during
walking (19.5 ± 8.1° vs. 14.3 ± 4.5°), stair ascending
(17.9 ± 5.8° vs. 13.7 ± 3.9°), and stair descending
(20.2 ± 8.6° vs. 15.0 ± 3.6°).
The dynamic function of the knee is of major importance to patients with PF instability because there is
a direct link between limb motion and the mechanics
of the PF joint. In this first in vivo study to contrast
the dynamic function of PF instability patients after
MPFL reconstruction against the conditions met in
healthy subjects, we found significantly increased
internal-external rotation and ab-adduction of the
knee joint in the patients. This increased knee motion observed in patients after MPFL reconstruction
appears to act to lateralize the quadriceps force vector and could therefore increase the risk for lateral
patello-femoral overload.
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[Fig. 1] RoM (°) of knee ab-adduction and internal-external rotation during walking and stair ascending-descending.

The apparent functional deficits in patients after
surgical treatment for PF instability indicate that
additional, targeted therapy might be necessary to
fully restore function and effectively reduce the risk
for PF joint degradation in these young and active
patients. In what extent these functional deficits can
be directly linked to existing anatomical deficits not
addressed by an MPFL reconstruction remains to be
examined.
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The cross over sign determined from AP radiographs:
a reliable measure of acetabular retroversion?

Diagnosis of acetabular retroversion is essential in
femoroacetabular impingement (FAI)[1]. Numerous
methods for identifying acetabular retroversion have
been described, but its diagnosis in clinical practice
often exclusively relies on the analysis of anteroposterior (AP) pelvic radiographs. Here, the reliability in the
determination of proxy measures that characterize
acteabular version such as the cross over sign (COS)
and posterior wall sign (PWS) might be considerably
limited: the superposition of anatomical structures
during their radiographic projection, but also variability in pelvis orientation during acquisition of the
radiographs potentially all limit the diagnostic accuracy of the COS and PWS [2]. However, a thorough
evaluation of the diagnostic accuracy of these signs
determined from standard radiographs against 3D CT
based measures of acetabular version in patients with
symptoms of FAI has yet to be performed. Here, the
use of a dedicated 3D CT-based measurement protocol could help to firstly clarify the impact of variation
in pelvic orientation and projection errors inherent in
AP radiographs on the diagnostic accuracy of the COS
and PWS for assessing acetabular morphology. Furthermore, by the elimination of observer bias as well
as the influence of orientation and projection errors
inherent to radiographs, a 3D CT based analysis could
be crucial for enabling a reliable diagnosis of FAI.
The hypothesis tested in the current study was therefore that the evaluation of the COS and the PWS from
AP radiographs has limited sensitivity, specificity
and accuracy compared with a 3D CT analysis in relation to either a coronal (table) plane (CP) or the
anterior pelvic plane (APP).
The COS and PWS were evaluated from radiographs
and computed tomography (CT) scans in 50 hips of
subjects with clinical symptoms of FAI. A CT-based
method using 3-D models was developed to measure
the COS, PWS, true acetabular version and the pelvic tilt relative to the anterior pelvic plane [↗Fig. 1].
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The new CT-based method aimed to eliminate errors
resulting from variations in the position and orientation of the pelvis during imaging and also determined the cross over (CO) ratio to additionally obtain
a more detailed analysis of the relation between the
anterior and posterior rims of the acetabulum.
We studied 25 patients (13 men, 12 women) with a
mean age of 32.2 years (range: 24 to 50 years). Of
these 50 hips, 36 (72%) were classified as cam type
and 26 (52%) as pincer type FAI. A positive COS was
identified in 40% of the hips (20/50) when the AP
radiographs were assessed, in 48% (24/50) when
the CT data were evaluated relative to the coronal
plane but in only 28% (14/50) when the CT data
were assessed relative to the APP. A positive PWS
was detected in 38% of the hips (19/50) using the
AP radiographs, in 34% (17/50) when the CTs were
assessed relative to the coronal plane, and in 24%
(12/50) when the CTs were assessed relative to the
APP. Overall, the COS determined from the AP radiographs showed only a low level of agreement with the
CT analyses relative to both the coronal plane and the
APP. Similarly, there was little agreement between CT
and radiographs for the PWS.
There were significantly more retroverted hips and
therefore a significantly reduced anteversion when
the CT measurements were taken relative to the
coronal plane compared to the evaluation relative to the APP with a mean difference of 3.6 ± 4.1°
(-4.2° to 13.9°). Furthermore, the degree of the COS
as expressed by the CO ratio was linked to pelvic
tilt (r = 0.52, p = 0.01), which was small on average
(5.7° ± 6.7°) but had a large range (-8.7° to -20.3°).
The current study shows that both the COS as well
as the PWS determined from plain AP radiographs
might be of limited value for the assessment of

[Fig. 1] In order to assess the sensitivity and specificity of the
COS and PWS and to determine true acetabular version, the acetabular rim was first identified on the 3D reconstruction of the
pelvis from the CT data through a set of landmarks connected
by line segments. The presence of a COS and a PWS were then
assessed in relation to both the coronal and the APP reference
planes. To that end, the landmark set describing the acetabular
rim was projected into each of the respective reference planes.
The COS was considered positive when an intersection of the
projected anterior and posterior rims of the acetabulum was
observed, while the PWS was considered positive when the
projection of the posterior acetabular rim projection was medial to the projection of the femoral head center (blue ball).

true acetabular retroversion. Furthermore, pelvic
tilt – which had a range of approximately 30° in our
cohort – had a considerable influence on the appearance and interpretation of acetabular morphology.
These data thus imply that assessment of the COS
or PWS in AP radiographs or CT images referenced
to the coronal plane is not sufficiently sensitive or
specific to identify or rule out acetabular retroversion. The 3D CT-based method presented here offers
the advantage of enabling objective and reproducible
assessment of the anterior and posterior acetabular
rim without being affected by the position or tilt of
the pelvis or image quality, thereby enabling reliable
determination of true acetabular orientation.

version is therefore of critical importance for devising
the optimal therapy [3].
In conclusion, our results suggest that the COS and
PWS determined from anteroposterior (AP) radiographs are considerably limited by pelvic tilt and
inherent limitations of radiographs. Their use as the
sole basis for deciding whether or not surgical intervention is indicated seems questionable.
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Here, our new 3D methodology might be particularly
well suited to provide additional insight also into acetabular morphology in dysplastic hips. In these hips
retroversion has been found to be rather common and
an accurate diagnoses and assessment of acetabular
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An in vivo study in patients with symptoms of femoro-acetabular impingement

Low back pain is widespread in industrial countries with a life-time prevalence

Spine

of about 80 percent. It is assumed that high spinal loads are a reason for low
back pain. The number of spine surgeries and also the number of spinal implants
have increased strongly in the last decade. However, little is known about the
biomechanical effect of these implants and the spinal load. The spine group of
the Julius Wolff Institute tries to give answers in these fields.
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The tasks of the spine are to provide physiological movements between 24 vertebrae,
transfer and distribute loads and act as a protection to the spinal cord. Diseases and
injuries of the spine often circumvent these tasks and thus require a surgical intervention, sometimes even with an implant. Lack of information on the spinal biomechanics
is often the reason for unsatisfactory outcomes.
The team ‘Spine’ measures and calculates the loads acting on the lumbar spine during activities of daily life in order to get insight into spinal biomechanics. Especially
muscle forces play a very important role in spinal loading. Therefore, a validated model was developed that allows determination of muscles forces in the spinal region.
Computer models (finite element models) of the spine in combination with stochastic
methods allow the determination of the effects of spinal implants on the biomechanical
behaviour of the lumbar spine. The unique in vivo measurements of implant loads provide valuable results and allow the determination of the effects of unclear parameters.
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In vivo measurement of spinal loads during sitting

High spinal loads and the keeping of a constrained
posture over a long period are reasons for back pain.
People with sedentary work often suffer from low
back pain. Therefore sitting is frequently assumed
to cause high spinal loads. It is assumed that the
posture while sitting, as well as several seat parameters, also affects the spinal loads. Therefore, the
loads on a spinal implant were measured for different upper body inclinations, backrest declinations,
seat heights, types of seat, and arm positions.
The telemeterized vertebral body replacement measures all six load components [↗Fig. 1]. It was implanted into five patients suffering from compression
fractures of a lumbar vertebral body.

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

Loads were measured when the patients were sitting
on a stool and inclining their upper body between 15°
flexion and 10° extension in steps of 5°; on a chair with
an adjustable backrest that allowed declination angles
between 108° and 180°; on an office chair while the
seat height was varied between 40 and 60 cm in steps
of 5 cm; and successively on seven different types of
seats. The effect of the arm position was also studied.
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Optimised loads for the simulation of axial rotation in the lumbar spine

Simplified loading modes (pure moment, compressive force) are usually applied in the in vitro studies to
simulate flexion-extension, lateral bending and axial
rotation of the spine. The load magnitudes for axial
rotation vary strongly in the literature. Employed torsional moments and axial compression forces differ
between 3.75-14.5 Nm [1], [2], and 0-1000 N [3], [4],
respectively. Therefore, the results of current investigations, e.g. intervertebral rotations, are hardly comparable and may involve unrealistic values. Thus, the
question ‘which in vitro applicable loading mode is the
most realistic’ remains open.

The intradiscal pressure is mainly affected by the magnitude of the compressive force, while the torsional
moment influences mainly the intervertebral rotations and facet joint forces. The best agreement with
results measured in vivo were found for a compressive
follower force of 720 N and a pure moment of 5.5 Nm
applied to the unconstrained vertebra L1 [↗Fig. 2].
The results reveal that in many studies the assumed
loads do not realistically simulate axial rotation. The
in vitro applicable simplified loads cannot perfectly
mimic the in vivo situation. However, the optimised
values lead to the best agreement with in vivo measu-

[Fig. 1] Calculated ranges for intervertebral rotation (IVR) at level L1-2, intradiscal pressure (IDP) at level L4-5, and facet joint
forces (FJF) at level L1-2 for different load assumptions used in
the literature. The broken lines indicate averaged in vivo values.

[Fig. 2] Comparison of the calculated segmental intervertebral
rotations for the optimised loading mode and the averaged in
vivo measured values. The ranges represent the maximum and
minimum mean values of different studies.

A validated finite element model of the lumbar spine
was employed in two sensitivity studies to estimate the ranges of results due to published load assumptions and to determine the input parameters
(e.g. torsional moment), which mostly affect the
spinal load and kinematics during axial rotation. In
a subsequent optimisation study, the in vitro applicable loading mode was determined, which delivers
results that fit best with available in vivo measurements e.g. see [5].
The calculated results varied widely for loads used
in the literature with potentially high deviations
from values measured in vivo [↗Fig. 1].

red values. Their consequent application would lead
to a better comparability of different investigations.

[Fig. 2] Normalized forces on the vertebral body replacement for
sitting on different types of seats. Sitting on a stool was set to 100%.

The resultant implant force was increased on the average by 48% for 15° flexion and decreased by 19% for
10° extension of the trunk. When sitting on a chair with
an adjustable backrest, the loads decreased with an
increasing backrest declination angle. The seat height
had in most cases only a minor effect on implant loads.
In comparison to sitting on a stool, the loads were reduced when sitting on a bench (7%) or a stool with
a padded wedge (9%), a knee stool (19%), a chair
(35%), and an office chair (41%). Sitting on a physiotherapy ball increased the loads by 7% [↗Fig. 2].
Placing the hands on the thighs reduced the implant
loads on the average by 19% in comparison to arms
hanging on the sides.
In conclusion, spinal loads can be reduced by leaning
against the backrest, placing the arms on the armrest
or the thighs, and by decreasing the flexion angle of
the upper body.
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Analysis of different factors such as type of seat, backrest inclination and
arm position on spinal loads during sitting

In vitro applicable loads for realistic
preclinical tests

Evaluation of mechanical parameters after
vertebroplasty

[Fig 1]
Coefficients of
determination of the
investigated parameters for the stresses
in cancellous bone

Fractured vertebral bodies are often stabilized by
vertebroplasty in order to reconquer lost vertebral
body height and to prevent local relative motion.
Several parameters, including fracture type, shape
of cement filling, cement volume, elastic moduli
of cement, cancellous bone, and fractured region,
may all affect the stresses in the augmented vertebral body and in the bone cement. The height of
the stresses is an indicator of local bone fractures
which would circumvent clinical success.
The aim of this investigation was to determine numerically the effects of these input parameters on
the stresses caused. In a probabilistic finite element study, an osteoligamentous model of the lumbar spine was employed. Seven input parameters
were simultaneously and randomly varied within
appropriate limits for more than 110 combinations
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thereof. The maximum von Mises stresses in cancellous and cortical bone of the treated vertebral
body L3 and in bone cement were calculated. The
loading cases standing, flexion, extension, lateral
bending, axial rotation and walking were simulated. In a subsequent sensitivity analysis, the coefficients of correlation and determination of the
input parameters on the von Mises stresses were
calculated.
The loading case has a strong influence on the
maximum von Mises stress [↗Fig. 1]. In cancellous bone, the median value of the maximum von
Mises stresses for the different input parameter
combinations varied between 1.5 MPa (standing)
and 4.5 MPa (flexion). The ranges of the stresses
are large for all loading cases studied. Depending
on the loading case, up to 69% of the maximum

stress variation could be explained by the seven
input parameters. The fracture shape and the elastic modulus of the fractured region have the largest
influence. In cortical bone, the median values of the
maximum von Mises stresses varied between 31.1
MPa (standing) and 61.8 MPa (flexion). The seven
input parameters could explain up to 80% of the
stress variation here. It is the fracture shape which
always has the highest influence on the stress variation. In bone cement, the median value of the
maximum von Mises stresses varied between 3.8
MPa (standing) and 12.7 MPa (flexion). Up to 75%
of the maximum stress variation in cement could be
explained by the seven input parameters. Fracture
shape, and the elastic moduli of bone cement and
of the fracture region are those input parameters
with the highest influence on the stress variation.
In the model with no fracture, the maximum von
Mises stresses are generally low.
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A stochastic finite element investigation of stresses in the surrounding bone

The probabilistic and sensitivity study clearly
showed [1] that in vertebroplasty the maximum
stresses in the augmented vertebral body and in
bone cement depend mainly on the loading case
and fracture shape. Elastic moduli of cement, fracture region, and cancellous bone as well as cement
volume sometimes have a moderate effect, whereas the number and symmetry of cement plugs have
virtually no effect on the maximum stresses seen.
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Are radiostereometric investigations suited to
rate the clinical success of fusion surgery?

A finite element investigation on pedicle-screw-based dynamic lumbar implants

A recommendation for the best suited postures for roentgen radiogram

Dynamic pedicle-screw-based implants are thought
to reduce the loads on the discs and the facet joints
while they should allow a physiological intersegmental motion. After decompression surgery, they are intended to reduce the flexibility of the segment to the
normal level. Reductions of loads while maintaining
flexibility are generally opposing demands which
require optimization. The order of magnitude
for the optimal stiffness of the solid longitudinal rods of the implant is still a matter
of debate and is likely to depend on the
objective chosen.
The finite element method was used in
conjunction with a validated model of
the L3/S1 spinal region [1, 2] in order
to determine the optimum for different
objectives to find the optimal stiffness
and to determine how much the optimum varies according to the different
objectives [↗Fig. 1]. More than
1000 models were generated with
a posterior dynamic implant at
level L4/5, while varying the
diameter of the longitudinal rods between
6 and 12 mm and their
elastic moduli between 10 and 200
MPa. The standard
[Fig. 1] Finite
loading cases flexion,
Element Model
extension, lateral
of the treated
spinal region.
flexion and axial
rotation were considered.
The ranges of motions, the forces in the facet joints,
the posterior bulging of the intervertebral disc, and
the intradiscal pressures were taken into account.
The results were evaluated according to different
base objective functions as well as to several different combinations of them.
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Quantification of the objective could best be performed by the value for the extensional stiffness of
the implant, meaning that this mechanical stiffness
expression is the one that should be used for optimization [3]. The design with the least extensional stiffness was the best one according to the
range of motion. The forces
in the facet joints were
most reduced by the stiffest implant. According
to the disc bulging, the
optimal extensional stiffness was at about 1400
N. The best design for intradiscal pressure reduction was again the stiffest
one. When considering all
of the criteria combined,
the optimal design had
an extensional stiffness of
1400 N corresponding e.g. to
a rod diameter of 6 mm and an
elastic modulus of 50 MPa.
The decision which objective is
most beneficial to the patient must
still be made by the surgeon. Nonetheless, certain implant stiffnesses
are more sensible than others.
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[Fig 1] Changes of marker distance for
different fusion-states and postures.

Up to now, plain radiographs are not well suited to
assess spinal fusion because the intervertebral rotations even before fusion are relatively small compared to the measuring accuracy. Radiostereometric analysis performed for two postures may deliver
more reliable results. However, it is unknown which
postures are most suitable for this procedure. In general those two postures should be compared which
differ the most in their intervertebral angle.
For this sake, a finite element study with a validated
lumbar model [1] and spinal fusion at the level L4–5
was performed assuming a posterior approach and the
implantation of two cages and a spinal fixation device.
The change of distance between markers in vertebrae
adjacent to the cages was calculated for moving from
one of the following postures: standing, flexion, extension, axial rotation, lying, and extension in a lying
position to another [2,3]. The changes of marker distances were calculated for the intact model, as well as
for the situations: directly after surgery before fusion
started, in the early-fusion-state and in the late-fusion-state. Differences in the marker motion between
two postoperative situations were also calculated.
The most anteriorly placed markers showed the greatest motion between two postures [↗Fig. 1].

The greatest differences in marker motions between
the two situations before-fusion and early-fusionstate (0.54 mm) as well as between early-fusionstate and late-fusion-state (0.34 mm) were found for
the two postures flexion while standing and extension in a lying position.
Pairs of roentgen radiograms taken while standing
with maximum flexed upper body and while lying
with maximum extended trunk are most suited for
the assessment of spinal fusion when using radiostereometric analysis [4]. There is a distinct difference
between the fusion-state and the non-fusion-state,
but must be investigated in vivo, if the motion is
quantitatively sufficient to rate the amount of fusion.
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Influence of the biomechanical objective after
dynamic stabilization on optimal implant stiffness

Comparison for four reconstruction methods
after total sacrectomy
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A finite element study

[Fig 1] Posterior view of four reconstruction models after total sacrectomy: sacral-rod reconstruction (SRR); four-rod reconstruction
(FRR); bilateral fibular flaps reconstruction (BFFR); improved compound reconstruction (ICR). Yellow represents bony structure
and intervertebral disc; red represents ligaments; blue represents implants; green represents fibular flaps

Total sacrectomy is an important treatment for highly
aggressive and malignant sacral tumours. After total
sacrectomy, it is mandatory to reconstruct the continuity between the lumbar spine and the pelvis. Optimal methods have not yet been established, partly
due to the lack of biomechanical evidence comparing
the stability and the risk of implant failure for different reconstructions. Kawahara et al. compared the
mechanical stresses of classic modified Galveston
reconstruction, triangular frame reconstructions and
sacral-rod reconstruction (SRR) in a finite element
study [1]. The results showed that the SRR posed a
lower risk of implant breakage and loosening compared with other techniques. Based on this, Cheng
et al. [2] compared the stability of the SRR, four-rod
reconstruction (FRR), bilateral fibular flaps reconstruction (BFFR) and a new improved compound reconstruction (ICR) by cadaveric experiments and it
was the ICR which was shown to be the most stable.
However, only the stiffness in upright standing was
investigated; thus it remains to be determined which
technique provides a superior structural stability and
a lower risk of implant failure in other postures.
The objective of this study was to compare the lumbo68

pelvic motion and the relative risk of implant breakage for four different reconstructions after total sacrectomy (SRR [1], FRR [3], BFFR [4], and ICR [2]) in
upright standing, flexion, extension, lateral bending
and axial rotation using the finite element method.
Four reconstructions were simulated separately in a
lumbo-pelvic finite element model [↗Fig. 1]. A vertical force was applied, and the rotations between L5
and ilium and the L5 shift-down displacement were
calculated in order to allow a comparison between
cadaveric and finite element study for validation.
Upright standing, flexion, extension, right lateral
bending and right axial rotation were simulated by
applying follower loads and pure moments. The rotations between L5 and ilium and the L5 shift-down
displacement were calculated to evaluate the lumbo-pelvic stability. The ratio of maximum von Mises
stress in the implants and the relative factor of safety
were calculated in order to evaluate the relative risk
of implant breakage.

[Fig 2] Calculated values for the four reconstruction methods and five loading cases. Upper-left: the rotations between L5 and
ilium. Upper-right: the L5 shift-down displacements. Lower-left: the ratio for the maximum von Mises stresses in the implants.
Lower-right: the relative factors of safety for the implants.

tions was FRR > SRR > BFFR > ICR. The decreasing
order of the maximum stress in the implants was SRR
> FRR > BFFR > ICR. The increasing order of the relative factors of safety for the implants was SRR < FRR <
BFFR < ICR. [↗Fig. 2].
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From the mechanical point of view, ICR is the favoured reconstruction method as it shows the highest
stability and the highest factor of safety against implant breakage. However, clinical aspects must also
be regarded when choosing a reconstruction method
for a specific patient.

References
[1] Kawahara N et al., Spine (Phila Pa 1976). 28(14):1567-72, 2003.
[2] Cheng L et al., Clinical Biomech (Bristol, Avon). 26(10):977-81, 2011.
[3] Shen FH et al., Spine (Phila Pa 1976). 31(12):1395-401, 2006.
[4] Dickey ID et al., Clin Orthop Relat Res. 438:42-50, 2005.

The decreasing order of the intervertebral rotations
between L5 vertebra and ilium as well as of the L5
shift-down displacement for the studied reconstruc69

Developing a musculoskeletal model of the
thoracolumbar spine

Dynamic assessment of back shape
Accuracy and repeatability of angle measurements in a novel system

An enhanced and validated generic thoracolumbar spine model for the
prediction of muscle forces

Spine

[Fig. 1] Full body musculoskeletal model (left), spine model that
includes short segmental muscles (centre) and model with
ligaments implemented (right)

A direct measurement of the complete loads in the
spine continues to remain elusive. Analytical musculoskeletal models to predict the internal loading conditions generally neglect or strongly simplify passive soft
tissue structures. However, during large intervertebral
motions, passive structures such as ligaments and the
stiffness of the intervertebral discs are thought to play
a critical role on the muscle forces required for equilibrium. The objective of the present study was to add
the short segmental muscles, lumbar ligaments, disc
stiffnesses and intra-abdominal pressure to an existing
base musculoskeletal model of the spine in order to
establish what role additional structures play in spinal
loading, but also to validate these results in respect to
experimentally determined load data.
The long trunk muscles not included in previous models, short segmental muscles, lumbar ligaments,
disc stiffnesses and abdominal pressure were implemented into a commercially available musculoskeletal spine model construct (AnyBody Technology, Aalborg, DK) [1]. For several activities of daily
living, the loads acting on the vertebral bodies were
then calculated relative to the value for standing,
and then compared to the corresponding values
measured in vivo [2-4].
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[Fig. 2] Comparison between intradiscal pressure and joint
reaction forces in the base and the enhanced spine models
at level L4-L5, all presented as percentage of normalised to
upright standing.

This study has demonstrated that the inclusion of the
complete set of spinal components such as muscle
and ligament structures into musculoskeletal models
of the spine is essential before accurate spinal forces
can be determined. The validity of loading predictions can be achieved by considering a variety of activities in daily life, and not just those in specific cases.
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Low back pain can be exacerbated by poor posture,
particularly over extended stationary periods such
as when sitting or standing. The repetitive determination of back shape could allow an ongoing assessment of subject specific posture to better understand
the mechanisms of back pain.
The portable measurement system SpineDMS© allows the dynamic, extended assessment of back shape in six segments of the lumbar and lower thoracic
spine over a period of 24 hours without supervision.
The system enables the assessment of back shape
using strain-gauge sensors located along flexible circuit board strips, to provide a sensitive measure of
electrical resistance, and thus the aperture angles,
according to the curvature in each of six 50-mm sensor segments. To perform the measurement, two of
these sensor strips are seated inside separate hollow
plasters, which are taped along their entire length to
the subject’s back, both to the left and to the right
of the spinal column, and allow the sensors to slide
relative to the back’s surface.
The plasters are folded and fixed to the distal end of
each SpineDMS sensor strip, thus ensuring no motion relative to the plaster and therefore to the back at
the level of the sacrum. Furthermore, an acceleration
sensor is housed on each sensor strip that allows the
orientation of the sensor to be determined relative
to the earth’s gravitational field. The strips are connected to a matchbox-sized memory unit that can
store the measured angular shape data, recorded at
up to 100 Hz. The objective of this study was to assess the accuracy and repeatability of the system to
determine its applicability for assessing back shape
in patients.
To assess the accuracy and repeatability of angle
measurements, six SpineDMS© sensor strips (three
systems) were repeatedly bent, taut over a range
of defined arcs. Measurements of spinal curvature
were additionally conducted in ten volunteers who
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An exemplary result among the validation findings is
shown in Figure 2 and the whole results have been
reported in the published paper [1]. Results from the
enhanced model showed better agreement with in
vivo results than did the previous model (base model) in most of the cases. The maximum difference of
relative values between the enhanced model and in
vivo intradiscal pressure was 9%.

[Fig. 1] SpineDMS and reflective markers applied to the right
hand side of a volunteer’s back.

performed flexion and extension exercises, where all
results were compared with reference marker data.
The measurement sensors had a high accuracy and
excellent repeatability (mean intraclass correlation
coefficient (ICC) > 0.98), with test-retest reliability
ICCs of > 0.98. Measurements in volunteers showed
that SpineDMS© was capable of detecting the shape
and movement of the human back. This study showed
that SpineDMS© could be deployed as a reliable diagnostic tool for back posture, as well as movements
in the sagittal plane.

Taylor WR, Consmüller T, Rohlmann A
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During the last two years an exceptional tight interaction has developed
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between our group and research groups of the Max Planck Institute of Colloids
and Interfaces (Prof. Peter Fratzl) and the Institute of Medical Genetics and
Human Genetics at the Charité (Prof. Stefan Mundlos). These interactions have
led to a number of research activities around the role of the osteocyte and its
role in mechanobiology. This additional focus is accounted for by forming a
separate entity within the Julius Wolff Institute that is fun to have and fascinating
to see develop.

Univ.-Prof. Dr.-Ing. Georg N. Duda
Professor for Musculoskeletal Regeneration
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Sara Checa received an Industrial Engineering degree from the University of Malaga,
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Thereafter, she took a postdoctoral position in the field of Computational Modelling in
Mechanobiology at the Trinity Center for Bioengineering, Dublin. Since 2009, she is a
member of the Julius Wolff Institute.
Her main research interests include computational modelling of medical devices
performance, mechanobiology of skeletal tissue regeneration and maintenance, and
multiscale and multiphysics analysis. She is author of nine publications in peerreviewed journals, three book chapters and more than 15 contributions to international
conferences.
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Computational Mechanobiology

Computational modelling of bone healing

It is well known that mechanics regulates bone
healing, however it remains largely unknown how
different factors (age, species, genetics, biological
stimulators) influence this regulation. In our group,
we develop computational tools to investigate factor-specific characteristics in the mechanical regulation of the bone healing process. User-developed
subroutines are combined with finite element techniques to convert static finite element models into
dynamic simulations able to predict the tissue formation/resorption process over the healing period.
A throughout comparison of model predictions with
experimental data (histology, microCT, etc) allows
us to identify specific patterns in the mechanical
regulation of bone repair.

can be explained by a distinctly different mechanosensitivity of the endochondral ossification process
that seems to be more sensitive in rat than in sheep.
Lower strain signals seem to be required to shift the
tissue from a cartilage phase to a mineralized cartilage and bone phase [1].
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Influence of extrinsic/intrinsic factors on the mechanical regulation
of bone healing

Strain distributions within large segmental bone
defects: To characterize the general healing patterns in bone defect healing, a standardized atrophic non-union animal model has been established
in our institute using a critical sized bone defect in
rat [2]. Clear differences in periosteal and osteotomy gap callus healing patterns were observed between normal (1 mm bone defect size) and critical

[Fig. 2] Strain distributions in the callus region in uneventful (top) and large bone defect (bottom) groups, after one week.
Models were derived from a mid-plane cross-section based on µCT images. The asterisk marks the tissue strain region which
later showed bone formation patterns in histology.

[Fig. 1] Minimum principal strains within the callus region under physiological compression loads, immediately after surgery.
Regions under similar levels of strain are shown. The sheep callus shows higher levels of strain in the gap region, which may
explain why histological sections in the sheep do not show initial endosteal bone formation.

Inter-species differences in the mechanical regulation of bone healing: We are investigating interspecies differences in the mechanical regulation
of bone healing. The tissue formation processes in
secondary fracture healing in sheep are compared
to the one in rat. Histologically observed differences in callus patterning and bridging are related to
the local mechanical stimulus at the ossification
front [ ↗Fig. 1]. Species-specific tissue patterning
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healing (5 mm large bone defect size) groups. Using
finite element techniques we have quantified callus tissue strains in the normal and critical healing
cases; 1 mm and 5 mm osteotomy gap respectively,
in the post-osteotomy situation. We have identified
considerable differences in the strain levels under
which bone healing takes place, as well as significant differences in strain distributions within the
gap region [ ↗Fig. 2].

Mechanical regulation of bone healing under stimulation with growth factors: Biological stimuli
(e.g. BMP-2) are known to successfully promote
bone healing and it has been shown that their efficacy is highly modulated by the local mechanical conditions. Our aim is to understand the role
played by the local mechanical strains on callus
ossification in large bone defects under stimulation
with biological stimuli. Computer models are being
developed to simulate the interaction between mechanical signals and biological factors and their influence on bone tissue patterning

Checa S, Duda GN
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Tissue strain patterns relate to an age-specific
bone response to mechanical loading

It is generally believed that aged-related bone loss
is partially caused by inadequate bone responsiveness to mechanical stimuli. However, experimental
reports of both exercise studies and direct skeletal
overloading showed controversial results of either
reduced or enhanced mechano-responsiveness with
aging. In vivo loading experiments make often use
of a single strain gage attached to the surface of
the cortical bone to monitor the levels of mechanical stimulation induced during the experiment.
However a single gage might not be enough to detect local differences in strains levels in bones of
different ages.
Therefore, the main goal of this study is to better
understand how externally applied mechanical
loads are transferred through the bone and how age
related alterations in the bone response to mechanical loading relate to the local mechanical signals.
We investigate how bone response to mechanical
strains changes due to aging and through the process of adaptation. In addition, we will investigate
whether a relation exists between local differences
in the mechanical strain distributions, as a function
of age, and osteocyte lacunae density distribution. Osteocytes are believed to be a key player as
a mechanosensor during bone remodelling. It has
been shown that there is an adverse alteration of
the spatial distribution of osteocytes with aging;
however, it remains unknown whether this alteration is linked to differences in the mechanical environment within the bone.
In view of the above mentioned perspective, we
hypothesize that: first a reduced bone response to
in vivo loading with age is related to a loss of mechanosensitivity, i.e. the same level of strain results
in a lower bone response in older animals, and second osteocyte lacunar density is associated with
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the amount of local bone tissue strain. We pursue
the following specific aims: first determining the
effect of age related changes in bone morphology
on the local mechanical strains within the bone and
investigating the correlation between bone formation/ resorption and mechanically induced strains
and whether this relation is kept with aging, second
determine whether population densities of osteocyte lacunae correlate with local strain through remodelling with aging.

[Fig. 1] Calculated compressive strain in longitudinal cross
section of mice tibiae (left) 10 week old mouse and (right) 26
week old mouse.

We performed in vivo cyclic compressive loading of
the left tibia in female postpubescent adolescent
(10wk old) and adult (26 week old) C57Bl/6 mice,
with the right limb as an internal control. A peak
load of 11N was applied at 4Hz for 216 cycles/day, 5

days/week for 2 weeks. This load magnitude engendered peak strains around 1200 µε on the medial
tibial midshaft for both ages (strain gauge measured). Longitudinal µCT at 10.5μm voxel resolution
was performed at day 0, 5, 10 and 15 (n = 6/age)
of the experiment for two volumes of interest in
cortical a trabecular regions (250 µm long). Eight
and three days prior to necropsy, mice were administered calcein to determine bone apposition rates
using histomorphometry.

Site specific mechanical stimuli (e.g. principal
strains, strain gradients) are then compared to the
local mineral apposition rate from calcein labeled
cross-sectional samples [↗Fig. 2] and bone volume
changes (formation/resorption) determined using
image registration techniques.

As future outlook for this project, we will investigate the local mechanical environment surrounding
individual osteocytes (cell level) and their relation
to the magnitude of bone tissue
mechanical strain.
Using multi-scale
finite
element
techniques
and
nano-scale material properties, the
local mechanical
strains surrounding
individual
osteocytes will be
determined. Targeting osteocytes
located in regions
under significantly
different bone tissue strain levels,
[Fig. 2] Cortical transverse section of mice tibia (A) calculated compressive strain (B) fluorescent microscopy of calcein labelled cortical section.
we will investigate the role of the
The local mechanical environment within the mice structural organization and material properties of
bones of both ages at different time points during the perilacunar matrix surrounding the osteocyte in
in vivo loading are determined using finite element the transfer of the mechanical signals to the cells
techniques. Organ level models are developed and possible age related alterations.
based on the µCT data of the full mice bones of different ages. Boundary conditions are set to replicate
the experimental set-up. Using material properties Razi H, Checa S, Willie BM, Duda GN
adapted from the literature, models are validated Acknowledgement
by comparing to strain gauge values [↗Fig. 1].
This study was supported by the Deutsche Forschungsgemeinschaft.
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Prediction of locally induced mechanical strains in mice bones of different
ages under controlled in vivo loading

D.M.D, PhD

Paul Zaslansky

Elaborate biomineralization processes dominate the formation of all naturally formed
mineralized tissues. Decades of research have shed much light on the morphogenesis
and functional development of skeletal elements, specifically in the skeletons of mammals. Studies of diseased and healthy tissues have increased our understanding of
genetic control, biological signalling, cellular processes and dynamics of organogenesis at the tissue and organ levels. However these must be accompanied by structural
characterization at the mm, micron and nanometer length-scales with higher sensitivity and higher resolution methods than previously available.
‘Development of mineralization’ activities center around understanding and describing normal tissue genesis in well established small-animal models, focusing on long
bones and jaw bones of mice. These will be investigated, in 3D and at high resolution.
Specifically we are using high-resolution X-ray characterization techniques based on
imaging and scattering effects employing 2D mapping and 3D microtomography (μCT)
methods. The goals are to understand the distribution and dynamics of mineral deposition in the healthy and later, in genetically-modified animal models.
paul.zaslansky@charite.de
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New 3D perspectives

Three exciting technologies are being integrated into
the departmental core activities. These new methodologies allow us to visualize our samples in 3D at
unprecedented resolution and sensitivity. The novel
systems open up experimental possibilities for static
and time-evolving studies at the whole-organ level
(by 3D image correlation), the tissue level (high-resolution tomography) and the cellular and sub-cellular lengthscales (Multiphoton confocal microscopy).
Macroscopic (organ) length-scale:
3D surface deformation visualization by image
correlation
With the move to an upgraded setting, the biomechanics laboratory of the Julius Wolff Institute has integrated an advanced non-destructive 3D deformation
measuring system, based on multi-perspective image
correlation. The measurement device, a Q400 speckle
correlation system (Dantec Dynamics, Ulm, Germany)
equipped with an array of cameras and versatile lenses, extends the measurement possibilities in the lab
by providing micrometer length-scale surface deformation quantification in 3D, coupled with direct estimates of experimental accuracy and precision.
Large or small loaded bones (sized many cm down to
only a few mm) can be monitored, so as to follow the
evolution of deformation and failure with measurement sensitivities of up to 1/100,000 of the field of
view. By combining input from two or more cameras
and based on full-field measurements, object surface
point positions are triangulated such that the deformation is directly projected on and calculated relative to
the true surface contour. Versatile calibration schemes
facilitate adapting the system to measure strain, obtained in a non-contact and reproducible manner.
Figure 1 shows a typical setup for measuring deformation during a tensile-test of a bone sample. Displacements, deformations and strain are determined by
correlating the position of different sample surface
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points. The surface can be tracked to follow both elastic and plastic deformation of the whole structure, as
exemplified in Figure 2.
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High-resolution imaging possibilities for seeing the invisible in cells and tissues

Sub-mm (tissue) length-scale:
High-resolution µ-tomography and new possibilities for X-ray characterization and nondestructive 3D histology
In vivo computerized tomography has been in routine
use in the Julius Wolff Institute and the Institute of
Medical Genetics of the Charité for several years now.
Together with the move to the new settings and laboratories of the Berlin-Brandenburg Center for Regenerative Medicine (BCRT), a high-resolution tabletop
materials-characterization µCT was incorporated into
the research infrastructure. The instrument, a Skyscan
1172 (Kontich, Belgium), opens up new X-ray imaging
possibilities by offering a greater energy range, options to include aluminum and copper filtering as well
as an array of optical magnification arrangements.
These features make it possible to scan across multiple length-scales: from whole rat and mouse limbs
down to individual cells and beyond!
The compact experimental setup [↗Fig. 3] makes it
possible to complete scans quickly, such that moderate resolution (8 µm effective pixel size) full datasets
can be collected within minutes. Large samples and
high-resolution scans have powerful overnight automated scanning options.
The 1172 is primarily used by members of the Julius
Wolff Institute and the Institute of Medical Genetics
to image mouse whole-bones in forming, regenerating or genetic-disease and knockout models. Figure 4
shows reconstructed virtual images revealing important structural features seen in a hind foot of a three
month old mouse. Seen are the femur, patella, tibia
and fibula at different magnifications, highlighting the
multilength-scale versatility of the system.

[Fig. 1] A two-camera image correlation experiment.
[A] The cameras (encircled in cyan) track the surface of the
bone mounted in tension (pink arrow). [B] The two different
bone perspectives make it possible to track surface characteristics by computational methods. [C] The individual images are
used to identify identical deformation zones seen from different
views in space.

[Fig. 2] [A] Strain tensor plotted on the contour determined for
the sample shown in Fig. 1. [B] Upon deformation, strain can
be mapped onto the object surface points, while measurement
uncertainty is reported making it possible to estimate bounds
on the experimental precision and accuracy.
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[Fig. 3] The tabletop Skyscan 1172 µCT scanner is easy to operate and can complete multiple scans in a short time, making
it possible to perform scans swiftly, even at high resolution,
such that timely further sample processing (e.g. histological
staining) is possible.

2D slices in the reconstructed data reveal the knee tissue organization, down to the hollow cellular lacunae
regions in the bone, as exemplified by Figure 5.
Microscopic (cell) length-scale: 3D reconstruction
of cellular and subcellular structures
A new Multiphoton Confocal Microscope (Leica TCS
SP5 MP) has been installed in the cell stimulation labs
of the Julius Wolff Institute and is currently being set
up for analysis of cell behaviour in 3D carrier matrices.
A high power tunable laser (Newport/ Spectra-Physics,
Mai Tai HP, 690-1040 nm) is used to penetrate deep
into the samples where the chosen fluorochrome is excited by the combined energy of two or more photons.
The advantage is that photons of high wavelength and
according low energy (E=h∙c/λ) undergo less scattering when passing through the sample. Thus the energy
loss is smaller and deeper regions inside the sample
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[Fig. 5] 2D virtual slices in the 3D data of a scan of the whole
mouse hind-limb shown in Fig. 4. [A] The entire joint region of
the knee, with the tibia and fibula appearing in the left, femur
to the right. [B] Virtual cross section revealing growth-plate covered with cartilage. Also seen are the joint bone morphology
(tibia on upper side), bone cortex and single trabecular struts.
[C] Higher magnification of the region shown in [B], revealing
chondrocyte lacunae in the cartilage of the joint.

[Fig. 4] [A] A complete limb, revealing architecture of the bones still within the soft tissue. [B] Magnification of the knee
joint area, revealing intricate details of the distal femur and
proximal tibia joint regions. [C] Internal structures of the abutting long bones are easily observed in virtual cross-sections.
[D] Internal structures seen in the proximal tibia and fibula. The
wavy outline of the growth-plate is clearly visible.

are imaged. Two-photon excitation occurs only in the
focal plane (reduced out of focus absorption) with
many advantages with respect to photo-bleaching
and energy-deposition related alterations to cell
behaviour and viability as well as sample structure.
Tissue structures such as collagen can be visualized
even without using fluorochromes by an optical effect
termed second harmonic generation (SHG). In materials with nonlinear optical properties (e.g. collagen-I)
two photons are combined to a photon with double
the energy, which is detected at half the laser wavelength by the microscope imaging system.
The big challenge is to combine these superior imaging possibilities with online recording of data from
samples cultured in a bioreactor environment. 3D
time-laps microscopy will give deeper insights into
cellular processes of migration, proliferation and pro-

[Fig. 6] Multiphoton confocal microscopy. Top: Setup of the
Microscope including an incubation chamber (37°C) for cell
culture experiments, Bottom: 3D reconstruction of the pore
architecture of a collagen macroporous scaffold seeded with
human fibroblasts.

duction of extracellular matrix (ECM) and its dependency on substrate properties and extrinsic mechanical signals (e.g. cyclic mechanical loading). By those
means the cell induced formation of ECM structures
towards a self-optimized microenvironment can be
investigated at submicron lengthscales with the ultimate goal of understanding the basic principles of tissue formation. For more information on the topic see
Cellular Biomechanics on page 152.

Zaslansky P, Hoffman JE, Petersen A
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Mechanical loading of the skeleton is essential for development, growth, and maintenance of strong bones that can withstand fracture. With aging, adaptive deleterious structural changes to the skeleton contribute to osteoporotic fractures. As fracture healing is a recapitulation of skeletal development, this process is also regulated
by mechanical stumuli. The ability of mechanical stimuli to modulate the biological
processes of bone adaptation and regeneration has been studied intensively although
many questions remain.
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Universitätsmedizin Berlin since Sept 2008. Dr. Willie received a PhD in Bioengineering at the University of Utah, USA and underwent postdoctoral training at
the University of Ulm, Germany and at Cornell University’s Medical School (Hospital for Special Surgery) NYC, USA. Her research interests involve reaching an
understanding of the mechanical boundary conditions that drive and influence
adaptation and regeneration of bone and other musculoskeletal tissues in order to
enhance treatment of osteoporosis, joint replacement and fracture fixation.
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Mechanobiology of Bone Adaptation
and Regeneration

Mechanoresponsiveness with aging

Bone can adapt to mechanical stimuli to attain an
optimized structure. With aging there may be a
reduced adaptive response of cancellous bone to
normal mechanical loading, resulting in low bone
mass and microarchitectural deterioration. It is
unclear how early this reduction in mechanosensitivity manifests. We hypothesize that a reduced adaptive response to mechanical loading may already
be present in adulthood.
Based on ex vivo strain gauging procedures (n = 7/age),
-11 N engendered peak strains of 1200 µε on the medial tibial midshaft for both ages [↗Fig. 1]. The target peak strain corresponds to roughly four times that
experienced by the mouse during normal ambulation.

Longitudinal microcomputed tomography at 10.5 μm
voxel resolution was performed at Day 0, 5, 10, and 15
(n = 6/age) of the experiment. Additional mice were
also loaded and only imaged at Day 15 (n = 4/age).
Sham loaded control mice were also only imaged at
Day 15 (n = 3/age). Cancellous bone volume fraction (BV/TV), tissue mineral density (TMD, mg HA/
cm3), trabecular thickness (TbTh, µm) and separation (TbSp, µm) were assessed in the proximal tibial
metaphysis. An ANOVA of the inter-limb difference
was used to assess within-subject (scan day) and
between-subject (age) effects, and interactions.
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[Fig. 3] The bone volume fraction of the interlimb difference
(loaded tibia-nonloaded tibia) was significantly greater in the
10week old compared to the 26 week old mice.

The inter-limb difference in BV/TV, TbTh, and TMD
were significantly influenced by scan day. Age significantly affected the response to loading. In adolescent
mice, the inter-limb difference in BV/TV and TMD
were due to load-induced increases in the loaded
limb. In contrast, in adult mice the inter-limb difference was due to decreased BV/TV and TMD in the
non-loaded control limbs, which were similar to sham
loaded limbs at day 15, while applied load maintained bone mass in the loaded limb during the study.
In conclusion, in vivo loading enhanced bone mass,
density and architecture in adolescent mice and
maintained bone mass in adult mice. These data suggest that the adaptive response of cancellous bone to
mechanical loading is reduced in adulthood, but that
loading may still be beneficial to maintain bone mass
in individuals of advanced age. Additional histomorphometry and qPCR studies are ongoing to better understand the mechanism behind this response.

[Fig. 1] Results of in vivo strain gauging studies showing that -11N
engendered 1200 microstrain in 10 week and 26 week old mice.

We performed in vivo cyclic compressive loading of
the left tibia in female postpubescent adolescent
(10 week old) and adult (26 week old) C57Bl/6 mice,
with the right limb as an internal control. A peak
load of -11N was applied at 4Hz for 216 cycles/day, 5
days/week for 2 weeks [↗Fig. 2].
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The adaptive response of cancellous bone to in vivo loading is diminished
in adulthood: a longitudinal study

[Fig. 2] Loading waveform (above) and a photo of a mouse tibia
being loaded while the mouse is administered anesthesia (below).

BV/TV, TbTh, and TMD were greater in the loaded
relative to control limbs in both age groups [↗Fig. 3].

Willie BM, Birkhold A, Aido M, Thiele T, Kruck B, Schill A,
Main RP, Duda GN
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Examining the osteocyte structure during normal
tissue growth and after anabolic treatment

Image registration technique to determine architectural
changes in bone over time

Osteocyte lacuno-canalicular network structure and perilacunar
tissue properties

Bone can adapt to mechanical stimuli to attain an to correctly overlay the scans. Data sets are matched
optimized structure. With aging there may be a redu- by rotating and translating one data set with respect
ced adaptive response of bone to normal mechani- to the other using an optimization algorithm based
cal loading during physical activity, resulting in low on maximization of mutual information. The registebone mass, microarchitectural deterioration, and a red bone data sets are segmented into binary images
higher risk of fracture.
In this study, we aim to investigate the local adaptive response
of bone to mechanical loading. In
vivo µCT at different time points in
combination with an image registration method is used to measure bone formation and resorption
locally over time in 3D. We use
an image registration method,
where two in vivo measurements
of the same animal of different
time points are matched with each
other. Volumes only present in the
first measurement are considered
resorbed bone; volumes only present in the second measurement [Fig. 1] Bone morphology changes over a period of two weeks. Left: mechanically loaded
limb. Right: control limb.
are considered formed bone.

The mechanosensor in bone is largely believed to
be osteocytes, which resides within lacunae and are
connected to each other, to cells on the bone surface
and also to the bone marrow through long dendritic processes that travel through canals in the bone
matrix called canaliculi. It is not yet clear how the
mechanical loading is sensed by the osteocyte, but
one possible mechanism includes direct strain sensation due to perilacunar bone matrix deformations.
If the osteocytes sense matrix strain directly through
their cytoskeleton, then any changes in osteocyte
morphology or perilacunar bone matrix properties
would have implications on the cell’s sensing ability.
We hypothesize that the osteocyte lacuno-canalicular network OLCN structure and perilacunar tissue
properties are deleteriously altered with aging, but
can be enhanced by anabolic therapies such as mechanical strain and sclerostin neutralizing antibody.
We have developed a loading device, with which we
will administer well-controlled physiological axial
compressive loads to the left tibiae of adolescent,
adult and elderly female C57BL/6 mice. The loaded
tibiae will be compared with the non-loaded internal
control, as well as the sham loaded control animals.
The OLCN will be stained with rhodamine-6G solution and visualized using confocal laser scanning microscopy and newly formed tissue will be identified
by fluorochrome labels [↗Fig. 1].

Cyclic compressive loading was applied to the intact
left tibia of female C57BL/6 mice over 5 day/week for
2 weeks, while the mouse was anesthetized. The right
tibia is used as internal control. The bone response
(formation/resorption) to in vivo loading was measured using in vivo microCT at 10.5 μm voxel resolution
at different time points (0, 5, 10 and 15 days). In vivo
µCT data of the different time points are evaluated by
determining bone mass and architectural changes in
response to in vivo loading.
Architectural changes over time are detected locally
by overlaying two data sets of the same animal of
different time points [↗Fig. 1]. Due to the different
positioning of the mouse in the microCT at the different time points, the data first must be reoriented
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by a global thresholding method. Volumes of formed
and resorbed bone are calculated. For all image processing steps AMIRA software is used.
The ratio of formed to resorbed bone is increased
in the loaded tibia compared to the control bone
[↗Fig. 1]. In a next step we are planning to investigate the correlations of the local strain distribution
with the bone remodelling with respect to aging.
Birkhold A, Razi H, Checa S, Thiele T, Duda GN, Willie BM
Acknowledgement
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This will allow us to assess lacunae and canaliculi
size, orientation and density during normal tissue
growth and after anabolic treatment. Perilacunar
tissue will be analyzed using nanoindentation, micro-Raman imaging, synchontron beamline µSpot at
Bessy II and ESRF, and FTIR imaging.
These data will allow us a better understanding of
how the osteocyte network may influence bone quality and bone fragility.
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Adaptive response of bone morphology to
in vivo mechanical loading

[Fig. 1] Confocal Laser Scanning Microscopy Image of A) cortical
bone and B) trabecular bone in a loaded tibia showing the OLCN.
The newly formed bone can be identified between the green fluorochrome calcein labels.
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Improving bone regeneration by modification of
BMP-inhibition
Application of N445T in rat femoral defect leads to enhanced bone healing
compared to wtGDF5
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[Fig 1] Photo and sketch of the experimental model: a 5 mm
femoral defect stabilized by a unilateral external fixator.

BMP2 treated animals achieved bony bridging earlier
(high dose: 8/8 at 2 weeks, low dose: 2 weeks: 6/7 at 2
weeks, 7/7 at 4 weeks), compared to the N445T group
(high dose: 6/7 at 4 weeks and 7/7 at 6 weeks, low
dose: 3/5 at 4 weeks and 5/5 at 6 weeks) and wtGDF5
group (high dose: 2/6 at 4 weeks, 4/6 at 6 weeks, low
dose: 6/8 at 4 weeks, 7/8 at 6 weeks). No bridging was
observed in the collagen only group.

[Fig. 2] MicroCT images of healing outcomes at six weeks postosteotomy.

At four and six weeks, BV, TV and BMC of N455T
(high dose) specimens was significantly greater
than wtGDF5. At two and four weeks, BV, TV and
BMC of N455T (high dose) was significantly lower
than BMP2, but there was no difference in these parameters by six weeks. Similar although attenuated
results were observed with application of the lower
dose. At two weeks, BV, TV, BMC were significantly
greater in N445T (low dose) compared to wtGDF5,
and significantly lower than BMP2.

N445T

wtGDF5

A

B

C

D

E

F
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BMP2
Bone morphogenetic proteins (BMPs) and growth and
differentiation factors (GDFs) are key players in many
processes during development and differentiation.
BMP signalling is regulated by several BMP antagonists binding to BMPs and thus inhibiting the ligand
receptor interaction. For example, Noggin attenuates
GDF5 and BMP2 activity, an undesirable process when
applying BMPs during fracture healing in patients.
A Noggin resistant GDF5 mutant (N445T) was identified, which causes multiple synostosis syndrome
in patients. This disease is typically attributed to
loss-of-function mutations in Noggin, hence a GDF5
mutant resulting in the same phenotype will exhibit
altered antagonist sensitivity. N445T was shown to
have a decrease in antagonist susceptibility and an
increased potential to induce chondrogenesis in the
chicken micromass in vitro system [1]. The aim of the
current study was to confirm these findings in vivo
by comparing the regenerative capacity of N445T to
that of wild-type GDF5, BMP2, and an empty control
collagen scaffold in a rat femoral segmental defect
model. Furthermore, we aimed to test the healing capacity of each growth factor administered at both a
high (50 µg) and low (5 µg) dose.
A 5 mm segmental femoral bone defect was created in
female Sprague Dawley rats (weight 250-300 g), stabilized using a unilateral external fixator [↗Fig. 1]. Within
the defect, collagen scaffolds were either loaded with
50 µg N445T (n = 7), wtGDF5 (n = 6), BMP2 (n = 8), and
5 µg N445T (n = 5), wtGDF5 (n = 8) or BMP2 (n = 7). An
unloaded empty collagen scaffold (Collagen only group)
was also included in the study as a control (n = 4). In
vivo microcomputed tomography was performed at
2, 4, and 6 weeks post-operation. Outcome measures
included mineralized callus volume (BV, mm³), total
callus volume (TV, mm³), mineralized callus volume
fraction (BV/TV), and bone mineral content (BMC,
mg). Movat’s Pentachrome staining was performed for
quantitative histology at six weeks post-operation.

[Fig. 3] Photomicrographs of histological sections through the defect region from the high dose (A-C) BMP2 (A), wtGDF5 (B) and
N445T (C), and the low dose (D-F) BMP2 (D), N445T (E), wtGDF5 (F) groups six weeks post-operation. Movat‘s Pentachrome staining, yellow: bone, green: cartilage, purple: bone marrow, red/pink: soft tissue. Scale bars = 500µm.

Histological analysis at week six revealed no cartilage formation in the Collagen only group, and only
small remnants in the BMP2 group (high and low
dose). Similar outcomes were also observed in the
N445T group (low and high dose) at six weeks with
minimal cartilage formation. In contrast, the wtGDF5
group showed a persistent gap and a large amount of
cartilage (high and low dose). Quantitative histological analysis at six weeks showed that the N445T specimens had a greater bone area compared to wtGDF5
specimens (low and high dose). Additionally, N445T
had greater bone area (high dose) and cartilage area
(low and high dose) compared to BMP2.
The noggin resistant mutant N445T was shown to
have a better regeneration capacity than wtGDF5.
Although the defects treated with N445T achieved
bony union at later time point compared to those treated with BMP2, there was a clear difference
in the manner they enhanced bone healing. While

BMP2 promoted healing by inducing periosteal bone
formation, both the wtGDF5 and the mutant GDF5
(N445T) induced more endosteal bone formation.
The knowledge provided by BMP and Noggin mutations will enable us to design more effective and less
expensive antagonist- resistant BMP mutants to treat
non-unions in the clinic.
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External loading pattern and bone strain
during locomotion

Ground reaction forces generated during locomotion
influence the loading environment of the long bones.
External ground reaction forces do not represent the
strain experienced by bone tissue, but the orientation and magnitude of these forces play a significant
role in determining the strain and bending moments
within the bone. The strain experienced by the bone
tissue is influenced by several factors: bone shape, bone mechanical properties, limb position, and
ground reaction force magnitude and orientation.
The aim of our study is to determine if ground reaction force and strain (strain gages at tibial midshaft)
engendered during normal ambulation are altered
in mice with low (GORAB KO) and high (SOST KO)
bone mass compared to littermate controls.
We hypothesize that skeletal morphology (hypertrophy in SOST KO and hypotrophy in Gorab KO mice)
will correspond to altered external loading pattern
and bone strains produced by the animals’ limbs during locomotion.
A single element strain gauge is attached to the medial surface of the tibial midshaft, aligned with the
bone’s long axis. Ground reaction forces are measured using the small force plate system before and after the strain gage application surgery [↗Fig. 1].
In vivo strain data are simultaneously collected during normal walking [↗Fig. 2]. After the gait analysis the exact position of the strain gage is determined with mircoCT measurements [↗Fig. 1].
These data will allow us to better understand the
loading environment of the mouse bone during normal activities, providing insight into the adaptive
response of the bone to in vivo loading. Additionally
these data will provide for a better understanding of
whether locomotor behaviour can be inferred from
bony morphology in extant and fossil species.
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Simultaneous measurement of ground reaction forces and tibial strain

[Fig 1] Top: Mouse with strain gage walking over gait walk with
embedded force plates. Middle: Strain gage. Right: Micro CT
image of the position of the strain gage at the tibial midshaft.

[Fig 2] Strain engendered during gait at the tibial midshaft.
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The classical research activities on the tight coupling between mechanics and bio-

Bone Healing

logy of healing is continuously extending and developing forward. In tight interaction
with the Charité Institute for Medical Immunology (Prof. Hans-Dieter Volk) and
the Deutsches Rheuma-Forschungszentrum Berlin (Prof. Andreas Radbruch),
we have looked deeper into the early inflammatory phase and its relevance to the
consecutive healing cascades, unraveled the role of structure and elasticity in
healing of bone defects and with our concepts will go beyond bone to other organ
systems. The focus remains the tight link between a basic understanding of the
mechanically induced aspects of regeneration and a clear translational perspective
of these into clinical use. A late example is the angular stable nail that has seen
clinical approval during the reporting period.

Univ.-Prof. Dr.-Ing. Georg N. Duda
Professor for Musculoskeletal Regeneration

Dr. med. vet.

Hanna Schell

The focus of our research is the understanding of the fine adjusted processes occurring during bone healing on one hand, on the other hand to comprehend the incidents
that might impair the healing process. The latter e.g. focuses on the analysis of the
pathophysiology of non-unions caused by bone defects and the underlying biological
processes. By comparing both processes, new therapeutic approaches and conceivable
stimulation possibilities might be evolved.
Several animal models (small vs. large animals), and fixation techniques (internal
vs. external, stable vs. instable) are established and performed by our vet-surgeon
and can be analyzed histologically (descriptive histology, immunohistochemistry,
histomorphometry) and then be combined with a variety of other analysis methods
(radiology/µCT, qRT-PCR, FACS) by other co-workers of the JWI. The histo-lab is run by
two experienced technicians with broad histological knowledge, specialized in plasticand paraffin-processed samples, which are testing and establishing new methods and
stainings and serve as training supervisors for students and colleagues.
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Bone and Bone Defect Healing

Standard bone healing stages occur during delayed
bone healing
The different temporal onset and spatial distribution of callus tissues
makes the difference.

Bone Healing

Bone healing is considered as a recapitulation of a
developmental programme initiated at the time of
injury. This study tested the hypothesis that in delayed bone healing the regular cascade of healing
events including remodelling of woven to lamellar
bone would be similar compared to standard healing,
even so the temporal onset would be delayed.
A tibial osteotomy was performed in sheep and stabilized with a rotationally unstable fixator leading to
delayed healing. The sheep were sacrificed at 2, 3, 6,
9 weeks and 6 months postoperatively. The temporal
and spatial tissue distributions in the calluses and the
bone microstructure were examined by histology.
Although histological analysis demonstrated temporal and spatial callus tissue distribution differences,
delayed healing exhibited the same characteristic
stages as those seen during uneventful standard
healing. The delayed healing process was characte-

[Fig. 2] Movat Pentachrome stained frontal sections through the
osteotomy region 6 months after surgery demonstrating the different healing outcomes. (A) Bony union of the displaced cortical
bone fragments. (B) Limited bony callus formation and resorption
of the highly displaced fragment. Specific regions are labeled as
follows: CtB, cortical bone; ClB, callus bone; Cg, cartilage. The
scale bars in lower left hand corners are equal to 3 mm.

rized by a prolonged presence of hematoma, a different spatial distribution of new bone and delayed
and prolonged endochondral bone formation. A
change in the spatial distribution of callus formation was seen by week six leading to bone formation
and resorption of the cortical bone fragments, dependent on the degree to which the cortical bone
fragments were dislocated. At six months, only five
out of eight animals showed complete bony bridging
with a continuous periosteum, although lamellar
bone and newly formed woven bone were present in
the other three animals.
This study demonstrates that during delayed bone
healing all stages of the healing cascade likely take
place, even if bony consolidation does not occur.
Furthermore, the healing outcome might be related
to the periosteum’s regenerative capacity leading to
bony union or absence of bony bridging.
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[Fig. 3] Photomicrographs of representative histological sections at different time points during the course of healing. (A)
Intramembranous bone formation along the periosteum at week
2 after surgery. (B) Periosteal cartilage formation in the middle of
the bony callus at week 6 after surgery. (C) Transversally aligned
central cell-lined void (*) in the gap soft tissue at week 9 after
surgery. (D) Rows of osteoclasts (arrows) eroding the external
cortical bone surface at week 9 after surgery. (E) Periosteal bony
callus composed of woven and lamellar bone (*), covered by a
broadened periosteum at week 9 after surgery. (F) Osteon-like
structures with concentric lamellae at month 6 after surgery in
the union subgroup. (G) Intramembranous bone formation (*)
along the periosteum at month 6 after surgery in the non-union
subgroup. (H) Periosteal bony callus composed of woven bone
and lamellar bone (*) at month 6 after surgery in the non-union
subgroup. (I) Highly vascularised (arrows) fibrous tissue in the
central region of the fragment displacement at month 6 after surgery in the non-union subgroup. (J) Highly vascularised. (arrows)
periosteum adjacent to the bridged bony callus at month 6 after
surgery in the union subgroup. (A, C, D, G) Movat Pentachrome
staining, (E, F, H) Picrosirius Red staining and polarization microscopy, (B) immunohistochemistry for type II collagen, (I, J)
immunohistochemistry for alpha-smooth muscle actin. Specific
regions are labeled as follows: CtB, cortical bone; ClB, callus
bone; Cg, cartilage; FT, fibrous tissue; Ps, periosteum; WoB, woven bone. The scale bars in lower right hand corners are equal to
100 µm (F, G), 200 µm (A, C-E, H-J) or 500 µm (B).
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[Fig. 1] Movat Pentachrome staining of the periosteal callus area
after rotationally unstable fixation. (A) At week 2 after surgery,
woven bone (WoB) developed on the periosteal surface of the
cortical bone (CtB) at a distance from the gap and the hematoma (H) extended into the periosteal area. (B) At week 3 after
surgery, hyaline cartilage (Cg) was detected on the callus bone
(ClB) front and hematoma was still present. (C) At week 6 after
surgery, progression of periosteal and intercortical woven bone
formation was seen. The scale bars in lower right hand corners
are equal to 500 µm.

Cartilage formation in fracture healing
A histological and Raman spectroscopic analysis of a critical size defect in rat
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4 weeks

6 weeks
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2 weeks

Despite advances in fracture treatment, 10-20% of patients suffering
complication in healing [1]; in the
USA annual 5-10% of the fractures
are delayed or non-unions [2]. Failed
bone defect healing is still a challenge to clinicians and social life. It
is still not understood why healing
does not occur in many instances
despite the biological regeneration
capacity of the bone. Few studies
exist that have investigated the pathophysiology of delayed healing or [Fig 1] Cartilage formation: Alcian blue-stained representative histological images of
non-union [3-6]. But experimental the 1 mm and 5 mm osteotomy site 3 weeks postoperatively. Note the lack of cartilage
models, based on a large segmental formation in the 5 mm defect. Left: 1mm osteotomy gap. Right: 5 mm osteotomy gap
bone defects in animals, are further (blue: cartilage, pink: bone (light) and soft tissue). Scale bars = 500 µm.
used to evaluate different treatment
strategies instead of understanding the biological pro- The results confirm unbalanced ossification procescesses that occur during impaired healing [7-9]. This ses in the 5 mm osteotomy defect. On one side, a restudy aims to contribute to optimization of therapeu- duced but still gradual increasing bone formation is
tics for non-union treatment, thus to reduce suffering revealed at earlier time points (week 2 and 3). A sigand immobility in patient, and treatment cost.
nificantly reduced bone formation compared to the 1
To analyze the pathophysiology in a non-union, his- mm osteotomy arises only at later time points (week
tology, histomorphometry and immunohistochemistry 4 and 6). On the other side, a significantly reduced
are performed on the left femora of 12 weeks old fe- cartilage formation combined with a decrease of the
male Sprague Dawley rats (n = 64), which received a synthesized cartilage amount occurs in the 5 mm os5 mm osteotomy with an external fixation. The defect teotomy gap at all time points. This is an indicator
repair outcomes at 2, 3, 4 and 6 weeks after surgery for a disturbed endochondral ossification whereas
were compared to a 1 mm osteotomy defect that re- the intramembranous ossification is proceeding at
flected normal healing.
early time points. Therefore I would like to address
The results revealed for the 1 mm osteotomy a bony the following three questions in the presented study:
bridging of the gap at 6 weeks with cartilage and A) Are important factors involved in chondrogenesis,
bone tissue formation, indicating intramembranous actually present in a non-healing situation?
and endochondral ossification processes. However, B) Is the quality of the cartilage diminished in means
the non-union was characterized by a persisting of a structural change in the cartilaginous extracellugap with less cartilage but moderate bone formati- lar matrix (ECM) in a non-healing situation?
on [↗Fig. 1+2]. Further, the 5 mm osteotomy gap C) What happens when chondrogenesis is stimulated
was filled mainly with fibrous tissue and prolapsed in a non-healing situation with an exogenous chondroinductive growth factor (GDF5)?
muscle tissue.

[Fig 2] Mineralization: Safranin Orange/von Kossa-stained representative histological images of the 1 mm (upper row) and 5 mm
osteotomy (bottom row) site 2, 4 and 6 weeks postoperatively.
Note the lack of the periosteal and endosteal bone formation for
gap bridging in the 5 mm osteotomy (bottom row). (black: mineralized tissue, red: unmineralized tissue). Scale bars = 500 µm.

To clarify these questions, two methods will be
performed: i) immunohistochemistry, a method for
staining proteins (antigen) based on an antigenantibody reaction, to examine selected factors of
chondrogenesis for presence or absence, and ii)
Raman spectroscopy, a vibrational technique based
on photon scattering due to molecule vibrations
after excitation [10, 11], for ECM structure analyzing by detecting the collagen fiber orientation.
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In the broad spectrum of research questions concerning the biology of bone healing
we focus on the interaction of the immune and skeletal system during the complex
and finely tuned regenerative process of bone healing. The close relationship between
the immune and skeletal systems was recognised in the early 1970s and is evident in
a number of shared regulatory molecules including cytokines, receptors, signalling
molecules, and transcription factors. In the bone marrow hematopoietic stem cells
are maintained in close proximity to forming immune cells and both cell types interact with bone cells. The evidence that the physiology and pathology of these systems
interact and affect each other provides the framework for obtaining new insights by
basic research, but also gives the scientific basis for developing strategies of new
treatment possibilities in bone research.
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Biology of Bone Healing

Immune cell composition during the initial phase
of fracture healing
Unfavourable immune cells in the initial bone healing phase

Bone Healing

In the impaired/ delayed healing group
significantly higher T cell percentages were
present in the bone hematoma and the
bone marrow adjacent to the osteotomy
gap when compared to the normal healing group. This was mirrored in the higher
cytotoxic T cell percentage detected under
delayed bone healing conditions indicating longer pro-inflammatory processes.

[Fig 1] The study was performed in skeletally matured, female
sheep; each group contained six animals which received a middiaphyseal osteotomy on the left hind limb which was stabilized with
an external fixator. One group received a stable fixation and was
investigated at the time points 1, 4, 12, 24, 36, 48, and 60 hours,
the second group received a rotationally unstable fixation which
leads to a delayed healing [5]. This group was investigated 60
hours after osteotomy. After sacrifice the hematoma were harvested along with the bone marrow adjacent to the osteotomy gap and
preoperative blood was taken as a reference. Samples underwent
fluorescence activated cell sorting and quantitative real time PCR.

Bone healing commences with an inflammatory reaction which initiates the regenerative healing process
leading in the end to reconstitution of bone [1]. An
unbalanced immune reaction during this early bone
healing phase is hypothesized to disturb the healing cascade in a way that delays bone healing and
jeopardizes the successful healing outcome. The im106

Cytotoxic T cell decline in normal healing group: During normal healing the percentage of cytotoxic T cells (CD5+, CD8+)
showed a continual decline, with lowest
values 60 hours after osteotomy surgery.
At 48 hours already the percentages were significantly lower than preoperative blood values (p = 0.031)
[↗Fig. 2]. In contrast, in the delayed healing group
percentages of cytotoxic T cells were near preoperative blood values 60 hours after osteotomy surgery.
Periosteum is activated during bone regeneration:
The highly activated periosteum adjacent to the osteotomy gap in both the uneventful and delayed healing
group emphasizes the essential role of this tissue in
the fracture healing process [↗Fig. 3].
Differential expression of angiogenic markers in
the periosteum between normal and delayed healing group: HMOX1 expression was distinctly higher in
the periosteum of the uneventful healing group indicating ongoing angiogenic processes. This was further

[Fig 2] Percentage of cytotoxic T cells (CD5+, CD8+) in the
normal healing in comparison to preoperative blood values
(100%) over time.

supported by significantly higher expression values
of vWF, a marker for endothelial cells. Revascularisation therefore seems to be progressed in the uneventful healing group compared with the delayed healing
group. Angiogenic processes seem to be negatively affected by the ongoing pro-inflammatory signalling in
the periosteum, hematoma, and adjacent bone marrow, thus initiating a delay in the regenerative bone
healing process resulting in delayed healing.
Impaired bone healing showed a more pronounced
pro-inflammatory cell composition in the bone hematoma itself and the bone marrow in close proximity to the osteotomy gap. The shift in the inflammatory response was associated with deterred angiogenic
processes in the course of the bone healing process.
As revascularization is a prerequisite for successful
bone healing, consecutive osteogenic processes are
delayed [3].
Although the importance of the initial inflammatory
reaction for the fracture healing process is well established, the herein shown aberrations in the initial
reaction in a delayed healing model could implicate
that there are not only beneficial factors involved
[4]. This suggests that there are beneficial and un-

[Fig 3] Activation of periosteum upon osteotomy: a) periosteum
(yellow) was sampled off the distal and proximal bone directly
adjacent to the osteotomy gap (red); b) periosteum from untreated bone, with a small osteogenic layer (black arrow) (Hematoxylin and Eosin staining); c) periosteum adjacent to the osteotomy gap 60 hours after surgery, note the thickened osteogenic
layer and the blurred connection between the two periosteal
layers (Hematoxylin and Eosin staining).

favourable immune cells and factors participating
in the initial healing phase. Identifying these beneficial aspects may lead to promising therapeutical
approaches that might benefit further by eliminating
the unfavourable factors.
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mune cell composition and expression
pattern of angiogenic factors were investigated in a sheep bone osteotomy model
and compared to a mechanically induced
impaired/ delayed bone healing group
[↗Fig. 1] [2].

Fracture healing in a neurofibromatosis type 1
mouse model

Neurofibromatosis 1 (Morbus von Recklinghausen,
NF1) is a common genetic disease with an incidence
of 1:3000. It is caused by mutations in the NF1 tumor suppressor gene that encodes for the protein
neurofibromin (Nf1). The GTPase activity is the best
considered function of NF1. Neurofibromin functions
as a down-regulator of Ras proto-oncogene by accelerating the switch of active Ras-GTP into inactive RasGDP. Approximately half of all patients with NF1 show
skeletal lesions like bowing of the tibia, which is used
as a diagnostic criterion. Bone fracture healing in NF1
patients is problematic and can lead to pseudarthrosis, which is difficult to treat.

The aim of the current study is to analyze fracture
healing and its disturbance in NF1 with LOH in mesenchymal cells.
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Bone Healing

Loss of neurofibromin in mesenchymale cells leads to deterioration
of bone healing

[Fig 2] Reconstructed 3D images showed larger callus volume
and a bridged callus (D21) in the WT and smaller callus with
no bridging (D21) in the mutants.

[Fig 1] Nf1Prx1 conditional knockout mouse recapitulates
human patient’s lesions of tibial bowing.

Studies of tibial fracture healing in Nf1+/- knock-out
mice revealed no disturbed healing in the middiaphysis [1]. However, studies of human tibial pseudarthrosis in patients with NF1 deficiency revealed
a loss of heterozygosity (LOH) of the NF1 gene [2]. As
animals with a homozygous knock-out of Nf1 do not
survive, studies of LOH are only possible in a conditional knock-out mouse models [3].
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[Fig 3] The increase in osteoid volume at D21 in the mutants
showed the disturbed mineralization of extra cellular matrix
and the impaired overall healing due to neurofibromin loss.

Fracture callus total volume (TV) and bone volume
(BV) increased in the WT mice as the healing progressed on days 7, 10, 14, and then decreased until day
21. Compared with the WT, mutant mice showed lower
callus size and bone volume over the healing time.

[Fig 4] Movate-Pentachrom staining in the mutant (A, B) showed bulky cortical bone, fibrous
tissue invading the callus tissue, and cartilage remnants by D21 not seen in the WT (A, B).

Histological analysis of WT specimens showed the
formation of a cartilaginous callus at day 7 with hypertrophic chondrocytes at day 10. Mineralization
of the WT callus was observed at day 14 and by day

21 a bony callus was present. Preliminary qualitative histological evaluation of the KO callus at day
21 showed less mineralization with bulky calcified
cortical bone and thick osteoid.
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Nf1 Prx1 D14

Julius Wolff Institute Research Report

control D14

[Fig 5] Representative histrographs show the increased count of osteoblasts (osteocalcin
staining) in the Nf1Prx1 mouse callus tissue at D14.

control D10

Nf1 Prx1 D10

[Fig 7] Alpha smooth muscle actin is a specific myofibroblasts (mf) antibody. aSMA positive cells (green)
persisted at D21 in the mutants and were not detected in the WT callus tissue; m-muscle, b-bone, bm-bone
marrow, c-cartilage, v-vessel,h-hematoma.

[Fig 6] Osteoclast count was increased in the mutants callus at D10 (TRAP staining).

The Nf1Prx1 mouse showed also increased numbers of osteoblasts and osteoclasts at all time
points.
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The Nf1Prx1 had a deteriorated healing pattern,
lower callus size and bone volume, as well as less
biomechanical competence.

The callus tissue of the mutant mice showed different
cell types as seen in the WT mice. Therefore, identifying these cells in the NF1Prx1 callus tissue was
crucial. The cells were identified as myofibroblasts.
The data indicates similar symptoms in the mouse
model as seen in pseudarthrosis associated with NF1
in patients. Imbalanced counts of osteoblasts and
osteoclasts state a disintegrated osteogenesis and
remodelling. Myofibroblasts interference in healing
suggests contributions of multiple cell types to the
healing process that requires further investigation.

El Khassawna, T, Kolanczyk M*, Schmidt-Bleek K, Mundlos S*,
Duda GN.
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Immune system in fracture healing

Fracture healing is a special type of tissue regenerating process triggered by inflammation and followed
by extensive infiltration of immune cells at the site of
trauma. Therefore the immune system and the skeleton are deeply interdependent on each other. Both
systems closely interact due to shared anatomical
compartment, cell precursors and molecular mediators. During the inflammatory phase macrophages
and other immune cells are recruited to the site of
injury and secret cytokines. There is evidence that
the adaptive immune system is a key player in controlling the immune response after injury. In general
activated T cells play a key role in the regulation of
osteoclast formation through increased production
of RANKL. B cells on the contrary express OPG a decoy receptor for RANKL and therefore inhibit osteoclastogenesis. The aim of this study was to identify
the mechanisms by which immune cells contribute
to the process of fracture healing.

closed femoral fracture was created in 8-10 week old
mice and they were sacrificed 3, 7, 14, 21 and 28 days
post fracture. For histological and histomorphometrical analysis the sections were stained with Movat
Pentachrom. Furthermore immunofluorescent stainings were performed. Osteoblasts and osteoclasts
were stained specifically and counted to investigate
differences in regulation of bone formation and resorption.

[Fig 2] Histomorphometrical analysis of ossified tissue (TOT)
and cartilage (Cg), percent of total callus area, *p > 0.05.

[Fig 1] Movat Pentachrom staining of the callus 7 days post
fracture. Cartilage blue, mineralized cartilage yellow, A: WT,
B: RAG1-/-; scale = 50 µm

For this study wildtype C57Bl6 and RAG1-/- mice were
used. RAG1-/- mice have no mature B- and T-Lymphocytes due to a knock out of the recombinase which
is needed for recombination of the germline DNA
and expression of a functional receptor. A standard
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Histological and histomorphometrical results demonstrated an earlier onset of mineralisation in
the callus of the RAG1-/- animals compared to WT. At
day 7 post fracture there was significantly less ossified tissue in the callus of the WT animals and at
the same time more cartilage. Both animals reached
maximum ossified tissue at day 14. At days 14 and 21
there were still chondrocyte remnants present in the
callus of the WT. [↗Fig. 1+2].

[Fig 3] Trap staining in the callus of WT (A) and RAG1-/- (B) 14
days post fracture. OC pink, Nuclei blue; scale = 20 µm.

[Fig. 4] Staining for B220, CD3, CD4 and Laminin in the area
of newly formed bone in WT (A:20x).

ted to infiltrate the callus in areas where no chondrocytes were present. B lymphocytes emerged to
be the main lymphocyte population in the fracture
callus [↗Fig. 4].

Trap staining revealed less osteoclasts in WT
animals during the whole process of fracture healing
[↗Fig. 3].

Further stainings revealed that B lymphocytes
were in close contact to osteoblasts [ ↗Fig. 5]
and osteoclasts. This indicates a close interaction
between those cells. In the RAG1-/- animals more
osteoblasts were present in the callus. But as expected no B- and T lymphocytes could be detected
[ ↗Fig. 6].

Immunofluorescent staining showed that the early
callus was devoid of lymphocytes and that they star-

This study shows that the different cells of the adaptive immune system play a role in the process of

[Fig. 5] Staining for B220 and Osteocalcin 14 days post fracture in the WT (A:20x).

[Fig. 6] Staining for B220, CD3 and osteoclacin in the RAG1-/animals; (A:20x).

fracture healing. It also shows that B and T lymphocytes are recruited to the fracture site during this
process and that B cells form the main cellular component. Further analyses are necessary to identify
the underlying mechanisms and the specific cell
type which causes the observed effect.

Könnecke I, Schmidt-Bleek K, Schell H, Serra A, Radbruch A,
Duda GN
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Interaction between bone and immune system in the regenerative process
of fracture healing

Dr. med.
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Trauma is the leading cause of death in young adults. About 14% of patients arriving
in hospitals die in consequence of severe trauma (either early or late mortality). Late
mortality is predominately related to an imbalance of pro- and anti-inflammatory immunologic regulatory mechanisms, provoking a breakdown of the microcirculation with
hypoxia inducing organ or multiple organ failure. The impact of the systemic posttraumatic inflammatory regulation on the coagulation and bone healing process is unclear,
while coagulopathy and alterations of the normal bone healing process are often seen
in polytraumatized patients. The research goals are to elucidate specific cytokine and
peptide blood profiles to estimate the inflammatory injury severity at admission to
guide surgical and critical care decision-making, and to evaluate the impact of the
posttraumatic inflammation and coagulopathy on bone healing.
Christian Kleber, a trauma surgeon at the Center for Musculoskeletal Surgery, holds a stipend of the BSRT as a Clinical Scientist. His focus is the surgical care of polytraumatized
patients, emergency medicine and critical care. He is the representative of the German
Trauma Society (DGU) at the German Medical Association for First Aid and Resuscitation,
and is assistant mass casualty officer of the Charité.
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Polytrauma

Blood cytokine and peptide profiles in polytrauma

The scientific and clinical main focus is centering
around the basic posttraumatic pathophysiologic mechanisms, successful treatment, rehabilitation and
regeneration of severely injured or polytraumatized
patients. Consequently, there is a tremendous interest
in unravelling the regulatory pathways of the systemic
posttraumatic acute phase reaction. Since musculoskeletal injuries, i.e. fractures are the predominant
injury pattern among polytrauma patients the interaction of SIRS, frequently escalating in sepsis, immunesuppression, coagulopathy, multi organ failure and
the bone healing process are investigated.
SIRS, sepsis and MOF in polytrauma
During the last three years we have investigated the
incidence of SIRS, sepsis, infection and related parameters of all admitted polytraumatized patients in
the Charité – Universitätsmedizin Berlin, Campus Virchow Klinikum. We have demonstrated that in more
than 50% of the patients SIRS is evolving within 24h
after trauma. About 87% of those patients suffer from
an organ and 61% multiple organ failure during intensive care treatment. The patients with SIRS and sepsis were significantly longer ventilated and developed
more often MOF compared to non-septic patients.
Nutrition and SIRS/MOF
The body weight, obesity and nutritional support
also influence the posttraumatic inflammation and
integrity of the mucosal bowl barrier. Therefore, we
evaluated the nutritional support of all 2008 admitted polytraumatized patients in the Charité – Universitätsmedizin Berlin, Campus Virchow Klinikum.
Only 50% of these individuals achieved a minimal
enteral nutritional support on day two after trauma
and the posttraumatic catabolic metabolism was
prolonged up to ten days after trauma. The established inflammatory laboratory parameters (CRP, WBC,
and PCT) failed to precisely predict adverse events.
116

PTX3, sIL-6R, transsignalling and transsignalling-ratio
In order to identify predictive factors for adverse
events like SIRS, organ failure (OF) and probability
of survival, we started a prospective observational
pilot study (Trauma 1000) to investigate the impact
of early PTX3/sIL-6R expression and transsignalling
ratio (TSR) in patients after severe polytrauma. The
results are ahead of publication.
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Specific cytokine and peptide pattern predicting bone healing, inflammatory
adverse events, multiple organ failure and survival after severe trauma

Specific cytokine and peptide profile
In consequence of the Trauma 1000 study results we
started to prospectively investigate the blood cytokine and peptide profiles of 150 trauma patients in order to reveal specific patterns predictive for adverse
events and survival.
Murine polytrauma model
To reveal the basic pathophysiological regulatory
mechanisms we established a murine polytrauma
model. Therefore, we combined hemorrhagic shock
with multiple long bone fractures. The shock was induced by blood withdrawal through a carotid artery
catheter. The shock is monitored by continuous invasive blood pressure measurement and blood gas
analysis. Because of the high injury severity the mice
have to be ventilated during the hypotensive shock
period. Additionally to the shock fractures of the tibia and the femur were attached and fixed by nailing
or external fixation. Also other injuries like lung contusion, severe brain damage and abdominal trauma
can be additionally induced in the future.

[Fig. 1] Murine Polytrauma mice model

The results referring the influence of the transsignalling mechanism on bone healing are upcoming.

death in Berlin 2010. We detected the preclinical
and critical care phase as the predominate localizations of death. Furthermore, specific injury patterns and consecutive causes of death related to
period of survival after trauma was revealed and a
change from the classical trimodal traumatic death
distribution to a new bimodal one was discovered.
The results of the study might influence road safety, trauma prevention programs, the German rescue
system and critical care medicine.

Clinical studies: Epidemiology of traumatic death
In a pioneer study we investigated for the first time
German causes and localization of all traumatic

Pathogen spectrum in traumatic amputations
and type IIIc open fractures
In a retrospective study we analysed the incidence

of wound infection and concomitant pathogen spectrum in severe open fractures and traumatic amputations. We detected a shift to Gram-negative infections, especially Pseudomonas, normally not covered
by the initial calculated antibiotic therapy. According
to the study results we changed our calculated antibiotic regime for these patients.
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Acknowledgement
Contributions were made possible by the Deutsche Forschungsgemeinschaft through the Berlin-Brandenburg School for Regenerative
Therapies (DFG GSC 203), by the B. Braun-Stiftung and by CSL Behring.

117

Julius Wolff Institute Research Report

Bone Healing

Mechanical and Biological Stimuli
on Bone Defect Healing
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Upon completion of her doctorate at the Center for Advanced Orthopedic Studies, Harvard Medical School, Boston, MA Dr. Glatt joined JWI. Her research combines an engineering background with biological approaches to study musculoskeletal systems,
diseases and injuries. Dr. Glatt’s aim is to improve tissue regeneration by investigating
the interactions between the local, intrinsic mechanical environment, extrinsic mechanical stimulation and biological stimuli on tissue maturation, regeneration and repair. By unravelling the mechanisms through which mechanics and biology interact at
the tissue and cellular level, it will be possible to restore bone and other tissues of the
musculoskeletal system more efficiently and expeditiously.
To achieve these goals, cutting edge techniques, such as next generation sequencing,
are used to determine levels of gene expression beginning at the earliest phase of
tissue repair. The resulting data will help to identify specific genes that initiate the
process of tissue regeneration. Knowledge from such experiments should allow the
possibility of targeting these genes with therapies that initiate the healing process and
overcome problems encountered in bone regeneration.
vaida.glatt@charite.de
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Interaction of biological and mechanical
stimuli during bone defect healing

Despite the intrinsic ability of bone to heal, there are
still numerous clinical circumstances where bone
healing is defective. Common examples include the
delayed and non-union of fractures, and the deficiency to heal large bone defects after trauma, tumor
resection or failed arthroplasty. There are several
surgical approaches to enhance the healing of human bones, and these have been supplemented in
recent years by the introduction of recombinant human bone morphogenetic proteins, BMP-2 or BMP-7,
into clinical practice. Despite these improvements,
the clinical management of critical-sized defects remains problematic.
Bone regeneration is regulated by biological and mechanical signals. Likewise, the effect of exogenous
BMP-2 as a stimulator of bone repair also seems to
be dependent upon the mechanical stability of the
defect fixation [1]. However, the question remains
whether defect healing in response to exogenous
BMP-2 treatment directly guides bone regeneration
through osteogenic or chondrogenic lineage, and if
it can be modified during the inflammatory phase by
mechanical stability thereby leading to the altered
healing process.
Therefore, this project is based on the hypothesis
that the healing of critical-sized defects in response
to BMP-2 can be dramatically improved by manipulating the local mechanical environment within the
defect. Accordingly, with this study we aim to determine whether the BMP-2 enhanced bone regeneration is sensitive to the local mechanical environment
through a direct effect on BMPs signaling, or if it will
be mediated by the mechanical factors on the production of key cytokines during the inflammatory
phase. Moreover, we postulate that the disruption
during this phase by mechanical stimuli will alter the
initial immune response leading to changes of bone
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Identify the role of early inflammation as a key regulator of
mechanically induced tissue regeneration

[Fig. 1] (A) Assembled External Fixator; (B) Three different
stiffness cross bars low medium and High made out of different material.

tissue repair through either the osteogenic or chondrogenic lineage. This will not only help us to understand the mechano-biological interplay in bone
healing, but it will also have direct consequences on
the fixation stability used in order to maximise the
regenerative capacity of bone formation while minimising the dose of biological additives required in
the clinical settings.
In order to investigate this we have already established a rat, critical size, femoral defect model. This 5
mm defect fails to heal spontaneously, but will heal
in response to a high dose (11 μg) of rhBMP-2 delivered on a collagen sponge. We have also designed
and had built customized external fixators with three
different stiffnesses that allow us to control the mechanical environment across the defect [ ↗Fig. 1].
This model and these fixators provide unique opportunities for testing the objectives and hypotheses
stated above. The focus is to analyse the sensitivity
of locally applied BMP-2 treatment to fixation stability. Therefore, defects were created in groups of
female adult (12 week old) Sprague-Dawley rats and
stabilized with fixators of three different stiffnesses
(Low, Medium and High [↗Fig. 1]) and will be compared to the control group (collagen sponge soaked
with saline). The formed callus was X-rayed and then

[Fig. 2] Representative radiographic images with low, medium and high stiffness external fixators at 3, 7 and 14 days in response to BMP-2 treatment. Defects without BMP-2,
control groups, no matter which external fixator was used did not heal.

collected for the next generation sequencing (NGS)
analysis at 3, 7 and 14 days [↗Fig. 2].
For the initial experiments the influence of fixation stiffness on the healing process, specifically the
differences in the expression levels of key genes
during the early inflammatory phase of healing, is
being characterised using gene expression analysis
(NGS). The proposed early time points are critical
in the healing process as they are representative of
both early response mechanisms and the subsequent
events involved in the initiation of osteogenesis and/
or chondrogenesis in the defect repair.
In the following experiments we will do further
evaluation with various modalities at 3, 7, 14, 28
and 42 days, such as immune-histochemistry, histology, in vivo and in vitro microCT and biomechanical testing. This will enable us to gain a deeper

appreciation of the role of specific genes in the
regeneration process and the rate and pattern of
bone defect healing in response to different mechanical conditions. Furthermore, analyses at the early
time points (3, 7 and 14 days) may give an answer
to a long lasting debate of whether the healing of
defects enhanced by the BMP-2 treatment heals
through endochondral or intramembranous ossification.
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Biomimetic Scaffolds
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Physical properties of biomaterials, such as elasticity or geometry, are emerging as
key parameters that could play an important role in tissue regeneration. In tissue morphogenesis, geometry can feed back to cellular processes and tissue growth. In vitro
studies have shown that matrix elasticity alone can direct cell differentiation and that
scaffold geometry can control tissue growth rate. Little is known, however, about how
these findings translate to an in vivo scenario.
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at the University of Cambridge, UK (2004-2008) and underwent postdoctoral training at Queensland University of Technology, Brisbane, Australia (2009). Her main
research interest involves the interplay between materials science and biology, with
particular attention to the effect of biomaterial physical properties on in vivo
tissue regeneration.
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Scaffold architecture guides tissue formation

Critical-sized bone defect regeneration is a remaining
clinical concern. Numerous scaffold-based strategies
are currently being investigated to enable in vivo bone
defect healing. However, a deeper understanding of
how a scaffold influences the tissue formation process, and to which extent these mechanisms compare
to endogenous bone formation or to regular fracture
healing, is missing. It is hypothesized that the scaffold
architectural design can serve as guiding substrate to
enable the formation of a structured fibrous network
as a pre-requirement for later bone formation. Healing
of an ovine, tibial, 30 mm critical-sized defect is used
as a model system to better understand the effect of the
scaffold architecture on cell organization, fibrous tissue
and mineralized tissue formation mechanisms in vivo.

(negative control). Eight animals per group were used.
Torsional testing to failure, microcomputed tomography (microCT), histology and small angle X-ray scattering (SAXS) were used to assess the regenerated bone
after three and twelve months post surgery.
Results: The scaffold-only group exhibited significantly lower torsional moment and stiffness, as well
as bone volume and polar moment of inertia values measured by microCT than the rhBMP-7 loaded
scaffold treatment, at both time points. The latter
showed no significant difference compared to the
current “gold standard” autograft at three months,
but increased significantly after twelve months. For
simplicity, only microCT bone volume results and 3D
reconstructions are shown in [↗Fig. 2].

[Fig. 1]
Biodegradable
PCL-TCP scaffold
(Osteopore®,
Singapore) [A],
implanted in a
critical-sized 30
mm segmental
defect in sheep
tibia [B, C].

Biodegradable composite scaffolds consisting of medical grade polycaprolactone (PCL) with embedded beta
tricalcium phosphate (b-TCP) microparticles (80:20)
were manufactured by the company Osteopore® (Singapore) [↗Fig. 1A]. The method employed was fused
deposition modelling, a rapid prototyping technology,
which allows for versatile and reproducible scaffold
design. The scaffolds were implanted in ovine, tibial, critical-sized 30 mm segmental defects [↗Fig. 1
B+C]. They were loaded with 3.5 mg of recombinant
human bone morphogenetic protein-7 (rhBMP-7) and
compared with (i) a non-loaded scaffold, with (ii) autologous cancellous bone graft, the current clinical
„gold standard“, and with (iii) an untreated defect
124

[Fig. 2] Bone volume normalized against corresponding contralateral tibia [A] and microCT 3D reconstructions and frontal
sections [B-E]. After 3 months, minor bone formation in the
scaffold-only group [B] and full defect bridging in the scaffold
loaded with 3.5 mg rhBMP-7 group [C] was observed. After 12
months, greater bone formation was found in the scaffold-only
group [D], whereas signs of bone remodelling and restoration of
long-bone morphology, consisting of cortex and marrow cavity
could be seen in the scaffold combined with rhBMP-7 group [E].

The scaffold proves to function as a guiding substrate to the tissue formation process. It enables the
arrangement of a structured fibrous tissue across the
entire defect, which acts as a secondary supporting
network for cells [↗Fig. 3]. Mineralization can then
initiate along the fibrous network, resulting in bone
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[Fig. 3] Longitudinal histological section of a scaffold-only sample
after 3 months. Fibrous tissue in the vicinity of the scaffold [A],
showing long range order – beyond the size of a single cell- in
the fibers around the scaffold [B, C]. Fibrous tissue in the endosteal region [D], showing a locally ordered fiber network, with cells
sitting on the network joint points, but lacking long range order.
Movat Pentachrome stain –light blue: reticular fibers, yellow: collagen type I fibers, red: elastin fibers, black: cell nuclei.

in-growth into a critical-sized defect, although not
the complete bridging of the defect. The fibrous network morphology, which in turn is guided by the scaffold architecture, influences the microstructure of the
newly formed bone. In regions of organized collagen
fibers around the scaffold, mineral particles align in
the direction of fiber orientation, while in regions distant from the scaffold, disorganized collagen fibers
and mineral particles are found, as shown by small
angle X-ray scattering measurements in [↗Fig.4]

[Fig. 4] Small angle X-ray scattering results of mineral particle orientation. The blue areas correspond to low transmission values
in mineralized tissue; higher transmission values correspond to
fibrous tissue or embedding material. The direction of the white
lines indicates the predominant mineral particle orientation and
their length, the degree of alignment (0: random orientation, 1:
perfect alignment). On the surface of the scaffold struts mineral
particles align around the scaffold surface [A], while in regions
distant from it, less oriented particles are found [B].

These observations allow a deeper understanding of
the mode of mineral tissue formation and the way
this is influenced by the scaffold architecture. Physical features, such as geometry-guided tissue regeneration, could become a key parameter in future
scaffold design.
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In situ Stem Cell Programming
Using Smart Materials
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Adult bone marrow derived mesenchymal stem cells represent an important source of
cells for bone tissue regeneration. The ability to recruit and program in situ the host
BMSCs to aid regeneration of bone after severe trauma is very promising. Cell fate can
be programmed using biological cues, however, this concept has not been extensively
studied.
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The in situ approach would involve identification of (i) chemoattractant(s) that recruits
the target cell population (BMSCs), (ii) identification of a mitogenic agent that promotes proliferation of the BMSCs, and (iii) identification of a osteogenic agent that
promotes differentiation of the BMSCs.
Using biomaterials it possible to deliver these growth factors in a sequential manner
to provide tight control of the BMSC behaviour to promote bone regeneration. To drive
successful regeneration via endogenous stem cell homing, it will be key to direct stem
cells to find their way to the defect site, and to provide the recruited stem cells with
a local environment – both mechanically and biologically - where they can proliferate
and differentiate efficiently.
manav.mehta@charite.de
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Callus patterning is strongly affected by early
mechanical stimuli during bone defect healing

In a recent study to establish a standardized atrophic
non-union animal model using a critical sized bone defect [1], clear differences in periosteal and osteotomy
gap callus healing patterns between normal (1 mmbone defect size)
and critical healing
(5 mm- large bone
defect size) groups
were qualitatively
highlighted. Whilst
2D radiographs in
the normal healing group showed
a periosteal and
endosteal callus bridging, the critical healing group
indicated a combinatorial cessation of periosteal and
endosteal healing without any progressive response
towards bony bridging. Furthermore, histological analysis of the fracture callus samples from critical healing
subjects revealed highly organized lamellar bone sealing the medullary cavity. Additionally, the non mineralized callus within the osteotomy gap mainly consisted
of scar tissue (fibrous tissue) and lacked any signs of
cartilage formation and endochondral ossification.
Such qualitative experimental evidence on healing
patterns during non-unions in bone defect healing led
us to formulate the following questions [↗Fig. 1]:
What is the difference between a normal and a large
bone defect with respect to formation rate and patterning (i) of the periosteal callus (ii) and the osteotomy gap? (iii) What is the extent of mineralization
of the bony outgrowth enclosing the medullar cavity
and (iv) what is the influence of interfragmentary
strains on the non-healing situation?
In-depth quantitative in vivo characterization of
the pathological developmental onset and etiology
of fracture non-unions remains absent. Our study
128

Twenty four 12-week-old female Sprague Dawley rats
were used for this study. They were divided into two
groups with twelve rats in each. The groups were defined by the femoral bone defect size: (i) 1 mm - normal healing (NH), and (ii) a large sized 5 mm - critical
healing (CH). Quantitative analyses of callus formation, patterning, and mineralization kinetics in both
groups are examined in the periosteal and osteotomy
gap regions using a novel longitudinal study setup. Finite Element analyses was used to relate differences
in interfragmentary tissue strain patterns to gross callus formation and patterning over the course of time,
with a focus on specially the early healing periods.
[Fig. 2] Longitudinal monitoring of bone defect healing in 3D at
two, four and six weeks for NH and CH groups. [A] Representative images from NH group showing callus formation in 3D at 2,
4, and 6 weeks (left of grey dashed lines). [B] Representative
images from CH group (right of white dashed lines). Lower row
shows corresponding longitudinal cross sections of the 3D images at two, four and six weeks respectively from both groups.
White asterisks indicate cortical bridging in NH group. White
arrows show enclosing of the medullary cavity by means of endosteal callus formation in CH groups.

[Fig. 1] Impaired callus formation and patterning during the development of non-unions. Movat Pentachrome stained frontal
sections through the osteotomy region 6 weeks after surgery
demonstrating differences in periosteal and osteotomy gap callus healing patterns between normal (1 mm- bone defect size)
and critical healing (5 mm- large bone defect size) [1].

hypothesis was that periosteal and osteotomy gap
callus formation, patterning, and mineralization
are impaired during the early phase of critical sized
bone defect healing, and that tissue patterning is
related to interfragmentary tissue strains observed
within the bone defect area.

[Fig. 3] Differing strain patterns in the callus region of NH and
CH groups during early phase healing. Differences in the two
groups are emphasized by an arrow, asterisk, and hash. In the
normal healing model, the highest levels of strains were predicted in the intracortical region moving out radially into the
periosteal areas (shown by dashed arrow). In the critical healing
model, strain levels in the whole callus region were lower and
occurred deep in the marrow cavity where new bone formation
was observed during later stages of healing (shown by asterisk).

A powerful method of qualitative and quantitative 4D
(3D + longitudinal dimension) monitoring of callus
structure, patterning and mineralization in a region specific manner has been described in this study [↗Fig. 2].
The study clearly demonstrates: (i) periosteal bone
formation and patterning are significantly influenced by bone defect size as early as 2 weeks, (ii)
osteotomy gap callus formation and patterning are
significantly influenced by large sized bone defect,
and takes a deviation into the medullary route as
early as 2 weeks, (iii) the new bone formation in the
osteotomy gap enclosing the medullary cavity in CH
group is highly mineralized, (iv) interfragmentary
strains patterns predicted during the very early soft
callus tissue phase are concurrent with callus formation and patterning at later stages [↗Fig. 3].
Mehta M, Checa S, Lienau J, Duda GN
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Characterization of early onset of eventful bone healing patterns using
longitudinal imaging

Microstructure and homogeneity of mineralized
struts determine callus strength

Fracture callus strength and stiffness define the outcome of a fracture healing process. Torsional (alongside bending) strength and stiffness have been used
as gold standard parameters in assessing fracture
healing outcome in small and large animal models.
However, biomechanical assessments require destructive testing of bone, making post analysis using
other techniques on the same sample impossible.
Furthermore, current biomechanical assessments involve testing of the fracture callus tissue at an organ
level (macro scale), giving no information on the influence of lower scale effects [↗Fig. 1]. Recent bone
healing studies have shown the influence of age, gender, fixation stability, and bone defect size on healing
outcome. However, due to limitations in biomechanical testing, no information is available on how these
parameters influence the mineralization of the fracture callus at a tissue/ microscale level.

Time point

[Fig. 2] Biomechanical result of fracture healing for the different groups relative to the intact contralateral side displaying
a) Stiffness on the left and b) maximum torsional force (MTF,
torsional strength) on the right (Mean ± SD).

[Fig. 3] Result of linear regression (all time points) for the dependent variable torsional stiffness (using Tb.Sp.SD, Tb.Th,
Tb.N, all predictors p < 0.0001, R2 = 0.545, p < 0.0001).

[Fig. 1] A conceptual diagram illustrating the relationship between the lower scale effects on biomechanical outcome (callus
competence and regain of bone strength) at the organ level.
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We pose the question whether material, geometrical and structural parameters such as mineral density, callus volume and polar moment of inertia are
the only factors reflecting mechanical competence?
To what degree do microstructural parameters (trabecular number, thickness, and separation and microstructural homogeneity) affect callus strength and
stiffness? The goal of this study is to use differently
conditioned mice exhibiting good and impaired callus
structures at different time points in fracture healing
and identify the micro-CT imaging parameters (material, volume, geometry and microstructure) that best
predict the torsional strength and stiffness of a developing mineralized callus tissue.

Good predictive variables

R2

MTF

Stiffness

MTF

Stiffness

Day 14

TV, Tb.N

SMI, BV, DA

.621

.416

Day 21

Tb.Th.SD,
Tb.Sp.SD, Tb.N

Tb.Sp.SD,
BV, Tb.N

.629

.452

Day 28

BMD, Tb.Sp.SD,
Tb.Th

SMI, Tb.Th,
Tb.Sp.SD

.729

.702

parameters, and torsional stiffness and strength were assessed
post sacrifice.
Differently conditioned mice showed varying healing outcomes as indicated by gold standard assessments
in torsional stiffness and strength of
fracture callus [↗Fig. 2].

Using linear regression, torsional
stiffness can be estimated with strut
thickness, number and homogenei[Table 1] Linear regression analyses for MTF and stiffness with microCT paramty (R2 = 0.545, p < 0.0001).Torsieters for different time points.
onal strength could be estimated
using bone mineral density, strut
Using differently conditioned mice, this study in- thickness and homogeneity (R2 = 0.568, p < 0.0001).
vestigates if microstructure parameters derived This study has shown that fracture callus mifrom microCT imaging predict callus torsional crostructure and trabecular homogeneity correlate
stiffness and strength over the course of fracture with strength and stiffness of the mineralized callus
healing. A total of 99 mice with femoral fracture tissue [ ↗Table 1].
and intramedullary stabilization were used in this
study. Animals were divided into four groups accor- Differently conditioned mice that result in different
ding to conditioning: wildtype, NF1 knock-out, RAG healing outcomes have been shown to result in vaknock-out, and macrophage knock-out. Animals rying structural, material and volumetric microCT
were sacrificed at 14, 21, 28 or 35 days. MicroCT parameters which can be used to predict regain of
bone strength [↗Fig. 3 and 4].
Day 35

BV, SMI, BV/TV,
TV, TMD

TV, TMD

.945

.876

This study has demonstrated that the microstructural and homogeneity influence on stiffness and
strength of a fracture callus are pertinent as compared to volume or material for a population with
different fracture healing.
Mehta M, Heyland M, Toben D, Duda GN
[Fig. 4] Result of linear regression (all time points) for the dependent variable torsional strength (MTF) (using BMD, Tb.Th,
Tb.Sp.SD , all predictors p < 0.0001, R2 = 0.568, p < 0.0001).
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To identify the influence of microstructure on callus strength

The cell-mechanics interaction was initially focused on MSCs and their response

Cell Behaviour
in Regeneration

to mechanics. The field has been substantially consolidated with a clear basic
analysis of the effects that aging has on mechano-sensitivity of cells, their migratory
capacity and their differentiation potential if prepared towards a clinical use.
Our work has been extended towards the cell-matrix interaction but considering
the cells as active mechanical components within a scaffold. Our most recent
activity has been to build a structural link between the Wyss Institute for Biologically Inspired Engineering at Harvard University (together with Prof. David Mooney)
and our research group to employ biomaterial scaffolds as initiators for regenerative cascades. Finally, we are very proud that our basic research on pluripotent
cells is finally leading to an innovative clinical trial of placenta derived cells in
muscle regeneration.

Univ.-Prof. Dr.-Ing. Georg N. Duda
Professor for Musculoskeletal Regeneration

Dr.-Ing.

Sven Geißler

There is abundant evidence to suggest that the regeneration potential of mesenchymal
tissues decline with age. The high relevance of MSCs for the regeneration of mesenchymal tissues leads to the general hypothesis that some aspects of the aging reflect a decline in the regenerative potential of these cells. Thus, we aim to identify age-related
changes in MSCs and other bone cells from animals and human donors at the molecular
and cellular level. Furthermore, aging not only occur at the molecular and cellular but
also on the systemic level. Accordingly, we investigate the effects of an (age-)altered
systemic environment on the regenerative potential of MSCs and other cell types. This
involves the investigation of the age-dependent influence of the molecular composition of the environment as well as the (age-related) response of MSCs to mechanical
stimulation.
These investigations will not only significantly improve our understanding of MSC
aging mechanisms, but also might allow for rational manipulation of cells or enable
systemic approaches to increase the regeneration in elderly patients.
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Intrinsic and Extrinsic Aging of
Mesenchymal Stromal Cells

In serum veritas – in serum sanitas?

Bone is a highly regenerative organ. Unlike the most
tissue injury responses, which lead to fibrotic scar
formation and incomplete restoration of tissue structure and function, the process bone restores prefracture properties. Thus, the scarless repair of bone
injuries is a true regeneration process.
However, this holds true only under optimal biological and biomechanical conditions. For example,
several studies in human and animals indicate that
regeneration potential of several organs and tissues
declines with age. Similarly, in a recent in vivo study,
we were able to show that aging has also a profound
impact on the course of bone regeneration [1, 2].
Independent of the fixation method (semi-rigid or
rigid), aged animals are at a more immature stage
in cartilage ossification after six week post fracture,
compared to their younger counterparts [↗Fig. 1].

[Fig. 1] Aging has a profound impact on the course of bone
regeneration: Independent of fixation method, the process of
bone healing is delayed in aged animals compared to their
younger counterparts.

In principle aging may affect both the mechanical
and biochemical environment and thereby lead to
decreased bone regeneration. However, aging might
also affect the regeneration potential of bone at the
cellular level. It is assumed that mesenchymal stromal
136

cells (MSCs) and their progeny contribute to the formation, regeneration and turn-over of mesenchymal
tissues [3]. During the early phase of fracture healing,
MSCs accumulate in the hematoma. Their healingpromoting properties result not only from their ability to differentiate into functional cells (chondrocytes
and osteoblasts), but also from their paracrine effects
[4].Thus, the relevance of MSCs for the maintenance
and regeneration of mesenchymal tissue lead to the
general hypothesis that some aspects of the aging
phenotype reflect a decline in regenerative potential of these cells. The age-related decline in the regenerative potential of MSCs can be due to intrinsic
changes of stem cell itself or can result from extrinsic
alteration (e.g. altered systemic environment).
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Intrinsic and extrinsic aging of mesenchymal stromal cells

[Fig. 2] Antioxidant power is decreased in aged MSCs (aMSCs). A) The results of total antioxidant activity
measurement. B) Representative confocal photographs of F-actin and α-tubulin stainings. (n = 5; *p < 0.05).

Influence of aging on the functional behaviour and
the proteome of MSCs
In a preliminary study we investigated the influence
of aging on the functional behaviour and the protein
expression of MSCs isolated from Sparque Dawley
(SD) rats [5]. We were able to show that the number
of MSCs in the bone marrow as well as their function declines with increasing age. In particular, MSCs
from aged rats displayed a lower migration potential
and a higher susceptibility towards senescence. In
contrast, the differentiation potential as well as the
proliferation capacity was not affected by the donor
age. A subsequent analysis of the proteomes of MSCs
from aged and young animals (aMSCs, yMSCs) using high resolution 2D gel electrophoresis identified
several age-related expressed proteins. Clustering
according to gene ontology revealed that one major
group of these genes is associated with the antioxidant system. Therefore, we analyzed the total antioxidant capacity of aMSCs and yMSCs [↗Fig. 2A].
Lysates from aMSCs exhibited a significantly lower
total antioxidant capacity than yMSCs.

[Fig. 3] Cytoskeleton kinetics is decreased with MSC aging. A) Representative images of phalloidin labeling in aMSCs and yMSCs after Jasplakinolide application over a time series. B) Cells containing a completely intact or a fully destroyed actin cytoskeleton were counted at different time points after Jasplakinolide
application. Original magnification of fluorescence microscopy is ×630. (n = 3; *p < 0.05)
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The median ratio of cells responding to Jasplakinolide with a fully collapsed actin cytoskeleton was
lower in aMSCs compared to yMSCs at all analysed
time points, reaching statistical significance 96
minutes after Jasplakinolide treatment. Taken together, the results showed a delayed response of
aMSCs to Jasplakinolide, indicating a decelerated
actin turnover. Thus, these results indicate that
aged MSCs were marked by a decreased total antioxidative capacity and a reduced actin cytoskeleton
turn-over.
Influence of aging and the systemic environment
on the functional behaviour and protein expression of mesenchymal stromal cells
Aging is a highly complex cellular process, which
occurs on the molecular, cellular and systemic level.
Since it is widely believed that the systemic microenvironment regulates stem-cell function and fate,
the age-dependent influence of the systemic environment on aged MSCs and young MSCs in passage
2 was investigated. In particular, the influence of
serum from aged (aSera) and young (ySera) SD-rats
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on the functional behaviour and protein expression
pattern of aMSCs and yMSCs was analyzed. The
results of this study showed that the proliferation
rates as well as the osteogenic differentiation potential are depending on the systemic environment.
In particular, the number of population doublings as
well as the matrix mineralization of aged and young
MSCs markely decreases when culturing these cells
in aSera compared to ySera. In contrast, the adipogenic differentiation of aged MSCs was enhanced
in aSera. Furthermore, culturing of aged and young
MSCs in aSera results in an enhanced expression
of the cell cycle inhibitors p16INK4a und p21Waf1/Cip1,
which indicates a higher number of senescent cells
within these cell populations.
The analysis of the protein expression profiles of
aged and young MSCs after cultivation in aSera revealed an increased expression of proteins associated with the intracellular response to stress compared to cell cultures with ySera. Moreover, several
proteins associated with the mitochondria structure
and function showed a sera-dependent expression.
These results indicate that the compromised cellular function in response to aSera might be due to
increased intracellular stress in these cell cultures.
In order to test this hypothesis, we systemically employed an inhibitor of intracellular stress in our osteotomy model of aged and young rat (as described
above). Indeed, both aged and young animals
which received the inhibitor, displayed an increase
in the course of healing compared to the untreated
control groups as indicated by the results of biomechanical testing.
The number, function as well as protein expression
pattern of MSCs changes with age. In addition,
the differentiation potential, the proliferation rate
and the resistance against senescence seems to be

[Fig. 4]
Sera from aged
animals reduce
osteogenic
differentiation
of MSCs.

dependent on the MSC microenvironment. Serum
from aged animals not only reduces osteogenic
differentiation and proliferation rate of MSCs, but
also induces the expression of many proteins associated with intracellular stress, e.g. cell cycle
inhibitors.
Therefore, decreased bone regeneration with age
may be based on intrinsic as well as extrinsic MSC
aging. It could be hypothesized that due to reduced
number and a lower migration rate of aMSCs, fewer cells might be capable of homing to the site of
injury. In aged animals, local microenvironment
of MSCs might dramatically reduce their differentiation and proliferation rate by inducing increased
cellular stress. The age-related reduction of total
antioxidant activity in aMSCs might be an additional cause for compromised function of these cells,
which might lead to a gradual accumulation of nonfunctional senescent cells in the fracture haematoma. Potentially, similar age-related alterations as
in the sera of aged animals also occur in the MSC
niche and might be responsible for the loss of MSC
number with advancing life time.
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Furthermore, ontology analysis revealed that a second major group of age-dependently expressed proteins are associated with cytoskeleton organisation.
Therefore, the actin and tubulin cytoskeleton was
stained in order to investigate age-related differences in its structure. Both aMSCs and yMSCs exhibited
heterogeneous actin and tubulin cytoskeletons and
no gross abnormalities were observed [↗Fig. 2B].
However, it is known that the actin cytoskeleton is
a dynamic structure and aging affects the cytoskeleton turn-over. Therefore, we used the actin filament
stabilizing drug Jasplakinolide in a time-dependent
manner, in order to investigate actin cytoskeleton
remodelling [↗Fig. 3].

It is important to note that intrinsic and extrinsic
aging of the MSC population does not necessarily
mean that there is an equal decline in regenerative
potential of each individual MSC. Rather, global
changes of the whole MSC population may account
for delayed regeneration and limited quality of the
regenerated tissue. Therefore, potential novel strategies for augmentation of (bone) regeneration should
mainly focus on attracting progenitor cells to the site
of injury and/or on protection against cellular stress,
rather than simply increase the number of regenerative cells ex vivo or to stimulate cell differentiation.
Geissler S, Textor M, Jacobi D, Janke D, Strube P
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Failures of regeneration in the musculoskeletal system cause tremendous economic
costs. An emerging field to approach this challenge is the field of “Personalized Medicine”. Here, the aim is to identify subgroups of patients that would benefit from a
certain therapy more than others. This identification is based on a diagnosis that also
takes into account specific characteristics of the patients on genetic, molecular or
cellular level. Thereby, we want to apply an adapted therapy, similar to “size S, M, L,
or XL” rather than “one size fits all”.
On the way towards personalized medicine, one major challenge in the past was the
access to fully-characterized instead of anonymous human tissue. To overcome this
shortcoming, the BCRT Core Unit (CU) Cell Harvesting was installed to meet our and
other researchers’ need in this respect. In close collaboration with the surgeons of
the CMSC we are now able to harvest tissue during orthopaedic or trauma surgery in
a standardized fashion. Currently, we are aiming to achieve Good Laboratory Practice
standards (GLP) for these processes and involved laboratories.
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Biomarker in Musculoskeletal Diseases

Development of a diagnostic tool for fracture healing

Failures of regeneration in the musculoskeletal system cause tremendous economic costs. Still, 5-15%
of all bone fractures today cause healing problems
resulting in either delayed or non-healing. 85% of
all non-unions concern the lower extremity. Patients
with risk factors, such as diabetes, osteoporosis or
immune-compromised patients, heal even worse
than regular patients [1]. Unfortunately, up to now,
there is no method available to predict the clinical
outcome of fracture patients. A delay in healing is
usually determined radiologically, thus substantial
bone loss must occur before a final decision regarding re-intervention can be made. Re-interventions,
however, are always associated with pain for the patient, risk of infection and large costs.

[Fig. 1] Suction punch developed for fracture hematoma
sampling (by A. Petersen).

To overcome this shortcoming, we want to identify
patients that are prone to develop healing problems
as early as possible, ideally during the very first intervention. Therefore, the aim of this project was,
first, analysing the concentration of pro- and anti-inflammatory cytokines and specific growth factors in
the fracture hematoma of a high risk patient cohort
for limited bone healing in comparison to a healthy
control group and, second, developing a sampling
and rapid test kit device based on these cytokines
and growth factors.
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Thus, the fracture hematoma composition of patients
with risk factors (n = 16) and regular patients (n = 34)
was harvested and analysed by Bioplex Technology for
27 immunological parameters. 13 parameters were
statistically significantly regulated, but only five parameters met the criteria for biomarkers. With these
candidates and a specifically designed suction punch
[↗Fig. 1] for hematoma sampling (for firm to liquid
samples, volume = 250 μl), a test kit prototype is now
developed in close collaboration with Milenia Biotec
GmbH. This company has a strong expertise on rapid
lateral-flow immunoassays (a test format also applied
for pregnancy tests) for a number of cytokines from
cell culture supernatant, serum or even whole blood.
First analyses with fracture hematoma were already
performed. One big challenge now is to transfer an experimental procedure – which takes usually up to five
hours in the laboratory – into the intra-operative timeframe of a regular fracture surgery – which is usually
limited to 20 minutes. This holds especially true since
fracture hematoma is a rather heterogeneous and thus
very challenging tissue. Currently, we are addressing
this issue with a combination of chemical and mechanical procedures and molecular techniques. In addition, the fracture healing outcome of patients is now
monitored, especially during the first 18 weeks. By
this, we do not only want to correlate the concentrations of pro- and anti-inflammatory cytokines and specific growth factors to a risk patient cohort but also to
identified delayed healers. First results were already
obtained in a rat animal model that induces different
healing outcomes depending on the type of fixation
(rigid vs. semi-rigid) and age (young: 12 weeks; old:
12 months [2]): fracture hematoma tissue was extensively analysed by the Affymetrix whole genome approach and revealed new potential biomarker for fracture healing prognosis. These candidates are currently
under investigation in the human system.

As a consequence of the before mentioned fracture
hematoma tissue characteristics, we are only able
to analyse a few proteins as potential biomarkers
based on “educated guesses”, but not to perform
large-scale screenings as it would be possible with
serum. Interestingly, serum analysis of 18 patients
(ten male, eight female) with regular and delayed
non-healing revealed a correlation of CD4+/CD8+ Tcell expression and inflammatory activity (Il-6) with
the healing outcome after 18 weeks post-operatively
(OP). Therefore, serum of fracture patients will now
be further investigated with regard to cellular subfractions and soluble factors at pre-, intra- and postOP time points. The establishment of the proteomics
analysis of serum and preliminary experiments has
already started.
Another important aspect concerning the development of a diagnostic tool for fracture healing includes
the health economic situation. We are calculating under which circumstances a combination of a test kit
and a novel therapy would be of interest for health insurance companies or hospitals. According to a health
economic study by WingTec GmbH, three parameters
are of special interest: 1st the incidence rate of delayed or non-healing in a patient population, 2nd the
probability of a correct diagnosis based on a given
biomarker, and 3rd the costs of the resulting additive
therapy. An increase in point 1 or 2 and decrease in
point 3 would make the diagnostic test kit even more
attractive. Therefore, we are currently searching for
sub-groups of fracture patients with a higher incidence
rate than the average 5-15%. For this we are closely
collaborating with the Controlling Department of the
Charité. A cooperation with a German health insurance
company is currently planned. Additive therapies such
as BMP application are very cost intensive. Therefore,
another current research focus is the development of
a cellular therapy for fracture patients to decrease the
costs (see Intraoperative Cell Therapy).
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Identification of a biomarker for bone healing prognosis and development
of a test kit prototype for analysis of fracture hematoma

[Fig. 2] AMilenia® POCScan Reader for analysis of lateral
flow tests such as Milenia® QuickLine rapid tests (©Milenia
Biotech GmbH).

Ode A, Hoff P*, Reinke S, Strobel C, Petersen A, Schaser KD,
Perka C, Buttgereit F*, Duda GN
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Development of novel nanotechnology based
diagnostic systems (NanoDiaRA)

The use of nanotechnology in medicine holds the potential to essentially improve diagnosis, treatment
and follow-up of diseases. In arthritic diseases, like
rheumatoid arthritis (RA) and osteoarthritis (OA),
cartilage tissue of joints undergoes degeneration accompanied by an inflammatory environment in the
synovium.
Mesenchymal stem cells (MSCs) are promising candidates for cell therapy approaches of RA and OA,
because of their chondrogenic differentiation potential, their ability to home to the site of injury as well
as their anti-inflammatory effect. Their therapeutic
potential has already been tested in several animal
models of OA and RA [1, 2]. For example, the systemic injection of MSCs led to a significant reduction of
pro-inflammatory cytokines in a mouse model of RA
and was able to prevent severe arthritis. However,
the exact mode of action that leads to the observed
amelioration of symptoms is still uncovered.
In order to gain complete understanding of how
MSCs contribute to the prevention of severe symptoms in RA and OA, monitoring a time dependent distribution of the engrafted cells is crucial.
It would be of high interest to find out where the
injected MSCs reside within the body and how
engraftment into cartilage can be facilitated and
improved towards a significant outcome. In order
to address this issue in vivo visualization methods
have been proposed. For example, bioluminescent
imaging visualizes cells that express firefly luciferase [3]. This method however is restricted to
small animals like rodents and depends on genetic modification of the transplanted cells. Another
method relies on the labelling of the cells with
superparamagnetic iron oxide nanoparticles (SPIONs) that are sized in the nanometre scale, and
can be tracked in vivo via MRI [4].
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The U.S. Food and Drug Administration (FDA) already approved two types of SPIONs for medical MRI
imaging: Resovist® and Ferridex®. A prerequisite for
cell labelling is efficient uptake of the SPIONs that
is a function of particle size and coating and also
strongly depends on cell type itself. Also the effect of
SPIONs (e.g. Resovist®) on MSCs is discussed controversially. One study claimed beneficial effects on cell
proliferation [5], whereas another group reports inhibition of osteogenic differentiation using the same
SPION [6]. Moreover, in most studies, toxic transfection agents are used to increase uptake efficiency,
which is not desirable for a potential clinical application. Modifications of the SPION-surface by novel
coatings and/or the attachment of functional groups
or peptides offer the possibility of enhanced internalization without the use of transfection agents and
remarkably increase the bandwidth of applications.
The attachment of fluorescent dyes onto the SPIONs
offers the possibility to monitor cellular uptake and
to confirm subcellular location of the SPION by using
life-cell imaging and confocal microscopy [7].
In this project novel PVA-SPIONs are currently under investigation for their influence on MSCs in vitro
and in vivo. The polyvinyl alcohol (PVA) coating is
biocompatible and offers the possibility of further
surface modifications.
In the in vitro study, we analyse the influence of PVASPIONs not only on MSC viability, and proliferation
but also on MSC regenerative capacities that are important for their medical use (e.g. migration, differentiation, and paracrine ability).
One major reason leading to false-positive results for
cell survival rates after nanoparticle treatment is the
interference of the assay signal with SPIONs. Therefore, we first checked possible interference of PVA-
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Analysis of the influence of superparamagnetic iron oxide particles (SPIONs)
on gene expression and function of human mesenchymal stem cells (MSCs)

[Fig. 1] PVA-SPIONs interfere with the MTS assay. [A] Relative absorbance compared to control (no PVA-SPIONs) at 490 nm.
[B] Analysis of the absorbance over the spectrum ranging from 300 nm to 650 nm.

SPIONs with MTS and CyQuant assays and found the
read outs from the MTS assay to be increased in presence of PVA-SPIONs [↗Fig. 1A], whereas the particles had no effect on the CyQuant assay. Currently,
the iron uptake of PVA-coated SPIONs is under investigation and first results were obtained with Prussian-blue staining [↗Fig. 1B]. However, these results
only provide 2D images. Therefore SPION uptake will
be confirmed by a combination of focused ion beam
(FIB) and high resolution scanning electron microscopy (HR-SEM) carried out in close collaboration
with Prof. Heinrich Hofmann from EPFL, Switzerland.
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In the in vivo study, we investigate the functional
effect of systemically applied PVA-SPIONs on MSCs.
Here we isolate MSCs from bone marrow of treated
and control animals and analyse viability, their stem
cell characteristics, migration and paracrine effects.
This will give us the opportunity to comprehensively
complete our bandwidth of analysis.
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Good laboratory practice (GLP) quality management

Quality and reproducibility in scientific
research is highly important at the Julius Wolff Institute. This is reflected by
the recent establishment of the new department for GLP quality control, as a
central institution embedded in the JWI
research department. Together with the
already existing departments for GMP
(Good Manufacturing Practice) and GCP
(Good Clinical Practice) the GLP quality
management ensures that all regulatory
requirements for clinical approval of
biomedical products and therapies are [Fig. 1] Schematic presentation of developmental stages for clinical approval of
given within one single institute.
biomedical products and therapeutic approaches [1].
Our decision to include an extensive
quality control system in our research institute was System) will be implemented. Selection procedure
also approved by the Senate of Berlin and the Euro- for this system is about to be finished and will be testpean Funds for Regional Development (EFRE). From ed in selected project groups until the second quarter
2010 until 2013 they fund infrastructure and estab- of 2012. In addition, an electronic monitoring system
lishment of the GLP quality management department. for -80°C storage devices was installed.
At the end of 2010, a GLP manager position was assigned and the first planning steps were completed. Furthermore, a system for identification, distribuIn June 2011 construction was completed for the Insti- tion and storage of GLP documentations was estabtutsgebäude Süd, an interdisciplinary research build- lished by the quality management. Research groups
ing between the Julius Wolff Institute, the Institute for that are going to work under GLP regulations were
Medical Immunology, and the Institute for Medical trained and have begun with the first documentation
and Human Genetics of the Charité - Universitätsmed- of laboratory tasks, such as SOP acquisition. The
izin Berlin. The new MSA laboratories were opened at next important steps for GLP implementation will
this time. After being relocated to the new laborato- include establishment and definition of a quality assurance unit.
ries the first steps for GLP compliance were realized.
Initial assessments for GLP relevant subjects, such
as quality assurance programme, standard operating
procedures (SOP), storage and retention of records
and materials, and computerizes data storage were
carried out and modified according to GLP regulations.
For electronic data storage, control of documents
and monitoring of technical or electronic equipment
a laboratory information management system (LIM
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Development and installation of the GLP Quality Management for laboratories
in the area of musculoskeletal and biomarker applications (MSA laboratories)

[Fig. 2] The team of responsible researchers who are part of the GLP pilot group “Cell Therapies”
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[Fig. 3] The researchers of the institute work with state-of-the art equipment and in accordance with all regulatory
requirements and regulations
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The Team “Intraoperative Cell Therapy” focuses on the characterization of cells that are
involved in bone healing. It is widely known that mesenchymal stromal cells (MSCs)
take part in bone regeneration. Additionally, other cells e.g. progenitor cells circulating in the peripheral blood, could have a profound effect on fracture healing. To
identify these cells and to characterize their function will help to improve our understanding of fracture repair processes in general.
The characterization of progenitor cells and MSCs gained from patients with impaired
bone healing, as for example diabetic fracture patients, is an additional research goal
in this group. How cell properties are changed in these patients is widely unknown and
needs to be characterized further.
The knowledge gained in these studies will be used for the development of an intraoperative cell therapy to enhance bone healing. For this purpose cells with a high regenerative capacity that can be easily obtained in critical patients, should be enriched and
locally transplanted to the fracture site.
anke.dienelt@charite.de
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Intraoperative Cell Therapy

Intraoperative cell therapy

Beside large segmental defects and spinal fusions,
delayed unions and non-unions/ pseudarthrosis
are major clinical problems in bone healing. During the initial phase of fracture repair a proper formation of new blood vessels is essential. In animal
models was shown that inhibition of angiogenesis
leads to a defective healing [1]. In conclusion a possible treatment strategy to improve bone healing
and avoid the development of pseudarthrosis might
be the stimulation of angiogenesis at the fracture
site by transplantation of progenitor cells with angiogenic properties.
Several studies reported that circulating cell subpopulations have angiogenic properties in vitro and
in vivo. These subpopulations can be easily distinguished by the expression of cell surface proteins, as
for example CD34. These surface proteins can also
be used to isolate the respective cell subpopulations
from peripheral blood or other tissue sources by magnetic cell separation.
Aim of our study is to identify cells with high angiogenic and osteogenic potential by in vitro analysis.
Cell populations with high angiogenic properties
should subsequently be tested for their bone regenerative capacity in vivo in combination with a suitable biomaterial for cell delivery.
Until now six different cell subpopulations derived
from peripheral blood were analyzed for their angiogenic capacity in tube formation assays [↗Fig. 1].
Three of these cell subsets showed a significant positive impact on the tube length formation. Whether
these cells have also an effect on osteogenic differentiation processes of mesenchymal stromal cells
(MSCs) is currently under investigation. So far the
results indicate that the isolated cells also influence
the proper formation of bone cells [↗Fig. 2].
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Development of a cell therapy for the treatment of bone healing deficits

[Fig. 1] Tube formation Assay: Cells with high (A) and low (B)
angiogenic capacity were cultivated in a coculture system together with HUVECs. The tube length formed by the HUVECs
was analyzed after 17 hours of cultivation.

[Fig. 2] Osteogenic differentiation: Conditioned media from
cells with high (A) and low (B) impact on osteogenic differentiation was used for bone cell differentiations of MSCs. The deposited calcified matrix is visible in bright field microscopy after
14 days as black areas.

One of these cell subsets has so far been investigated
in an in vivo rat osteotomy model for the impact on
bone regeneration. Therefore a 2 mm defect was created in the femur of female, 12 month old SpragueDawley rats, which previously had a minimum of three
litters. The isolated cells were locally transplanted into
the osteotomy gap after incorporation into a blood clot
as carrier. After two, four and six weeks the formation
of new bone tissue was analyzed by µCT. The cell group
showed a significantly increased bone volume and
bone mineral density in comparison to the group with
the empty blood clot. Also in histological analysis performed after six weeks an increased formation of mineralized tissue was visible in the cell group [↗Fig. 3].
The group containing the empty blood clot showed
instead a formation of fibrous tissue [↗Fig. 3].

[Fig. 3] Histology: Bone sections were stained with Movat’s pentachrome. The cell group (A) showed a formation of new mineralized
tissue in the osteotomy gap. The group with the empty blood clot (B) showed only a formation of fibrous tissue.

To now transfer this cell therapeutic approach into the
clinic we need to verify whether a suitable amount
of our selected cells can be obtained from peripheral
blood or other tissue sources also in critical patients,
as elderly or diabetic people.
Additionally a suitable isolation and delivery method
needs to be established. So far the used isolation
techniques are time consuming and take at least two
hours, which makes it hard to transfer them into an
intraoperative setup. Hence we are searching for new
cell separation techniques to overcome this limitation. The cells also need to be embedded in a suitable
biomaterial to deliver them locally to the fracture gap.
The blood clot used in our animal model would not
be suitable in patients as it is patient specific and

therefore not well defined and in consequence hard
to characterize for its properties. Hence we are investigating different defined biomaterials, for example
thermoresponsive hydrogels, in combination with our
selected cells for their impact on angiogenesis and osteogenesis.
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Tissue injury is associated by an abrupt change in the biophysical properties of the
cellular environment. In the subsequent regeneration process cells aim to re-establish
the original conditions. To foster endogenous regeneration an understanding of cellular responses to their microenvironment (e.g. geometry and stiffness) is indispensible.
Achieving an insight into the cell’s strategies to rebuild structures will allow a more
goal-oriented development of biomaterials, surgical treatments and therapies.
Dr. Petersen is a physicist and performed his doctoral studies at the HelmholtzInstitute for Biomedical Engineering in Aachen. He received his degree (Dr. rer. nat.)
from RWTH Aachen University in 2007. Subsequently he took over a position in
research and development at Matricel GmbH, Herzogenrath before he joined the
Julius Wolff Institute in 2008. His research focuses on the interaction between cells
and their environment from a physical/ mechanical point of view. In this context the
role of cellular forces and cell movement as well as the formation and remodelling
of extracellular matrix structures are of particular interest.
ansgar.petersen@charite.de
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Cellular Biomechanics

How fibroblasts actively create and remodel their
local mechanical environment
Understanding how cells adapt their strategy to the local environment
and external mechanical signals

Cell Behaviour in Regeneration

In bone healing, once the inflammatory phase is over,
fibroblasts invade the fracture area and start forming
an extracellular matrix (ECM) known as the granulation tissue, mainly composed of collagen type I. Furthermore, MSCs are also present and differentiate to
enable the healing process to take place. However,
it is known that this differentiation behaviour is influenced by the local mechanical environment [1, 2].
Therefore, this work aims at understanding how fibroblasts create and modify their environment to achieve
specific mechanical conditions. Those are also expected to guide the differentiation behaviour of MSCs.
To understand this, primary human dermal fibroblasts were seeded in 3D collagen type I scaffolds
(Optimaix, Matricel GmbH, Germany) with two different initial elastic moduli, 8.5±0.9 kPa and 1.2±0.4
kPa, in order to create a stiffer and a softer initial
environment. Cell constructs were cultured in a
bioreactor under dynamic medium flow for 2 weeks
and were either submitted to cyclic mechanical
loading or cultured under non-loading conditions.
For the loading parameters, a stimulation of 1 Hz,
10% cyclic monoaxial compression and intermittent
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stimulation (3h on, 5h off) was used. Mechanical
properties were measured by an in situ mechanical
material testing performed in the bioreactor comparable to offline-systems like the Bose ElectroForce®
TestBench. Medium was taken at day 2 and day 7 for
immunoassays to assess procollagen type I, fibronectin and ProMMP1 production. After the experiments, cryosections of the samples were prepared
and stained for cell nuclei, actin and fibronectin.
Formation of ECM was found to have an influence on
stress relaxation behaviour of the samples whereas
increase in mechanical stiffness of the cell seeded
construct was found to be a combination of both
scaffold contraction and ECM formation [↗Fig. 1].
Increase in stiffness was much more pronounced in
the softer scaffolds due to a higher contraction of
the samples.
Procollagen type I production was found to be equal
in both scaffolds [↗Fig. 2a] and higher for fibronectin in the case of stiffer scaffold (data not shown).
Also, level of ProMMP1, responsible for collagen degradation was higher in the stiffer case [↗Fig. 2b].

[Fig. 2]
Immunoassay analysis of procollagen
type I an ProMMP1.

Not only did mechanical stimulation increase the
production of those components, but it also resulted in higher contraction and mechanical properties when compared to the static samples (data not
shown). However, the trend between the two types of
scaffolds remained the same.
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Our investigations show that primary human dermal fibroblasts try to achieve a specific environment by adapting their strategies of ECM formation
and remodelling to their local environment. In the
soft case, increase in stiffness results from scaffold
contraction combined with ECM production. In the
stiff case, fibroblasts tune the mechanical properties of their environment by degrading it more actively supposably to be able to deform it by their
intrinsic forces (actin cytoskeleton). External mechanical loading modifies the cell behaviour by increasing the production of ECM components and by
changing their capacity to contract their surroundings. These findings might help us understanding
deeper how the early phase of bone healing is influenced by the mechanical environment and the
according cellular response.
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[Fig. 1]
Extracellular matrix
formation and cell
orientation within
the scaffold showing
Fibronectin (red),
actin cytoskeleton
(green), and cell nuclei (blue) – Dashed
lines indicate the
initial collagen fiber
structure of the scaffold

Environmental parameters controlling cell migration

In response to bone injury, mesenchymal stromal
cells start migrating from their niches into the site
of injury to initiate tissue regeneration by proliferating and differentiating into tissue specific cells,
like chondrocytes and osteoblasts [1]. In vivo this
process is regulated by the microenvironment of
the cells, which is changed after the event of injury.
However, the exact mechanism of cell migration is
still unclear. Our in vitro studies enable us to investigate the influence of specific biochemical, mechanical, and physical stimuli on the migration of e.g.
human mesenchymal stromal cells (hMSCs) in a 3D
environment. The general aim is to understand how
different signals coming from the environment are
involved in the regulation of cell migration.
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Establishment of a 3D migration assay to investigate the effects of biophysical
and biochemical stimuli on the migratory behaviour of pluripotent cells

As a basis for these investigations a novel 3D migration assay was established. Cylinders of highly oriented macroporous collagen type I scaffolds (Optimaix,
Matricel GmbH, Germany) provide a 3D matrix, well suited for linear migration of cells, which are seeded with
a compact layer of hMSCs (approx. 5 x 103 cells/mm2)
on the bottom side of the scaffold [↗Fig. 1].

[Fig. 2] Design of the bioreactor system. The pump (a) provides a medium flow between the reactor chamber
(b) and the reservoir (c). Mechanical stimulation is transmitted by the cantilever (d), which is connected to
a piezoactuator. The sample (f) is placed in the reactor chamber between two plungers.

After the initial cell seeding the scaffolds are transferred
to an in-house developed bioreactor system [↗Fig. 2].
The small amount of medium that is required to run
the bioreactor (15-25 ml) makes the application of
biochemical or physicochemical factors feasible and
allows studying their effect. Additionally, mechanical
loading can be applied as cyclic axial compression of
the scaffolds, which leads to a mechanical straining
of the cells within the scaffold.
After three days of culture the cell distribution inside
the scaffolds is assessed from DAPI-stained cryosections to determine the migration distances of the individual cells by using ImageJ.
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[Fig. 1] Seeding of the scaffold. (A) Pore architecture of the scaffold. (B) The pre-wetted scaffold (a) is placed on top of a cell
monolayer (b). Within the first 24 h the cells migrate into the
lower layers of the scaffold (c). (C) The remaining ‘ring’ of the
cell monolayer after removing the scaffold.

Based on the developed 3D migration assay, the
analysis of the proliferation and migration behaviour of hMSCs up to one week in FCS-free medium
showed that cell numbers were constant while cell
migration progressed. Consequently, the increasing
amount of migrated cells is not just an artefact
caused by proliferation.

A first study showed that cyclic mechanical loading
has a reproducible impact on hMSC migration. While
cell numbers were constant in the loaded and the
control groups, cell migration was significantly reduced as a consequence of mechanical loading. This
mechanism might be relevant to keep MSCs in the
injured tissue volume (e.g. the fracture gap) where
high mechanical strains occur.

hMSC migration. These findings will help us to gain
a deeper insight into the regulatory mechanisms
of cell migration in 3D environments, which could
further be used to improve regenerative therapies,
where the migration of specific cell types to injury
sites is necessary for successful healing.

Woloszyk A, Petersen A, Duda GN

The in vitro 3D migration assay presents a reliable
tool which can be used to investigate the influence
of various stimuli on the migration behaviour of
cells in a 3D environment. Future studies will investigate how the variation of mechanical loading,
hypoxia and signalling molecules will influence
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Local drug delivery by intra-operative custom
made implant coating

The local drug delivery by implant coating is constantly being improved. Still, the implant coatings today are prefabricated and thus defined to a specific
treatment. To individually treat each patient, a new
intra-operatively customized strategy seems to be
mandatory. The requirements to such implant coatings are the following: provide a choice of a drug
or combination of drugs, customize the dosage and
specify the localization of a local drug release due to
intra-operative decisions.
The current technologies of implant coatings do not
provide such opportunities and the required intraoperative strategy can’t be realized with the currently available techniques [1, 2]. These techniques can
hardly be transferred in an intra-operative setting,
mostly due to the high temperatures and non-physiological conditions as well as usage of inorganic
solvents and long solvent evaporation times they are
based on. As a consequence, most methods use completely pre-coated implants as delivery vehicle and
thus avoid a localized intraoperative concept.
Our project aims to develop such an intra-operative
rapid and strong attachment of a pre-defined drug
delivery system. This strategy not only provides wide
range of single or multiple local drug release profiles, but is open to applications in various medical
fields: A drug delivery patch is rapidly attached over
the implant surface by an adhesive [ ↗Fig. 1]. For
example, a polymer could be used in order to provide mechanical integrity of the patch. Nano- or microparticles are embedded into the patch and provide a
controlled drug release [3].
In our preliminary experiments, we were able to develop a patch with sufficiently strong adhesive properties [↗Fig. 2], that is biocompatible [ ↗Fig. 3].
The molecules incorporated into the patch should
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Development of a new implant coating platform that will provide intraoperative freedom of choice to deliver drugs in bone healing

[Fig. 2] Shear strength of the coating.

[Fig. 1] Rapid patch attachment over the metal surface.

not be deactivated and their release should not be
impaired due to the gluing process. We have shown
that this is true for Horseradish Peroxidase and Bovine serum albumin used as model molecules.
In future this platform will be fine-tuned towards
an intra-operative implant coating that allows the
choice of drug combination on various metallic
implant surfaces, to customize the dosage from
the patch and will be verified in an in vivo setting.
The concept aims to supply surgeons with an easy
to use and fast (within 2 minutes) customization
of metallic implant surfaces in an intra-operative
setting to stimulate locally bone or other tissue
regeneration – leading to personalized therapy
approaches.

[Fig. 3] FACS analysis of primary human fibroblasts exposed to
the coating.
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It is widely accepted that the niche is fundamental in controlling stem cell behaviour,
in particular, their quiescence, self-renewal and fate commitment state. My research is
focused in designing scaffolds which mimic certain aspects of the niche by providing
various biochemical and biophysical cues to the contained cells in order to maintain
the self-renewal potential while allowing the daughter cells to migrate and attain specialized functions distant to the niche. The principal constraint is to recreate the special microenvironmental gradients of factors that are critical to mimic nature’s program
of tissue morphogenesis. Creating gradients of matricellular cues, I have demonstrated
the importance of spatial gradients of both extracellular matrix insoluble factors and
soluble morphogens in inducing angiogenesis and muscle regeneration.
To improve the regenerative capability of transplanted cells, my ultimate goal is to
design biodegradable alginate-based polymer vehicles able to provide spatiotemporal control over delivery of cells and regulatory factors in vitro and in vivo. The results to date indicate a dramatically enhancement of regenerated tissues functionality.
This strategy is likely to be broadly useful to promote the regenerative response of
multiple tissues.
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Smart Materials for Controlling Cell Trafficking

Polymers for sustained morphogen and
cell delivery

The main strategies currently pursued for tissue regeneration consist of cell therapies, drug delivery
strategies, or a combination of both approaches. Cell
therapies, either by direct injection of cells into the
damaged tissues or the transplantation of progenitor
cells on polymeric scaffolds [1, 2], are typically limited
by the death of the majority of the transplanted cells
and/or poor integration of the templated tissues with
the host tissue. Most of the drug delivery strategies
thus far have yielded limited success, most likely related to rapidly depleted local concentrations, inappropriate gradients, and/or loss of bioactivity of growth
factors (GFs) resulting from bolus drug delivery and
rapid degradation in the inflammatory in vivo environment of the damaged tissue. Biodegradable polymeric
systems have been developed to provide localized and
sustained GF release [3]. However, regenerative efforts
typically focus on the delivery of single factors, but it is
likely that multiple factors regulating distinct aspects
of the regenerative process (e.g. vascularisation, innervation and stem cell activation) will need to be used
in parallel to affect regeneration of functional tissues.
We have been addressing this concept using alginatebased vehicles.
Alginate is a polysaccharide derived from brown algae
composed of mannuronic and guluronic acid blocks
[↗Fig. 1A]. By controlling polymer characteristics,
such as molecular weight and the degree of oxidation,
the kinetics of factor release and gel degradation can
be finely controlled to provide sustained release of therapeutics (factors or cells) over a period of weeks. The
role of sustained delivery, via injectable alginate-based
gels [ ↗Fig. 1B], of a combination of VEGF to promote
angiogenesis and insulin-like growth factor-1 (IGF1) to
directly promote muscle regeneration and the return of
muscle function in rodent hindlimbs was first investigated ischemia, which typically leads to necrosis and
loss of tissue and function [4]. Sustained VEGF delivery
alone led to neoangiogenesis in ischemic limbs, with
162

[Fig.1] A) Alginate polymer chain (G, guluronic acid; M: mannuronic acid); B) injectable alginate formulation; C) macroporous RGD-alginate formulation.

complete return of tissue perfusion to normal levels by
three weeks, as well as protection from hypoxia and
tissue necrosis, leading to an improvement in muscle
contractility.
Sustained IGF1 delivery alone was found to enhance
muscle fiber regeneration and protected cells from
apoptosis. However, the combined delivery of VEGF
and IGF1 led to parallel angiogenesis, reinnervation
[↗Fig. 2], and myogenesis [↗Fig. 3]; as satellite
cell activation and proliferation was stimulated, cells
were protected from apoptosis, the inflammatory response was muted, and highly functional muscle tissue was formed.
In contrast, bolus delivery of factors did not have any
benefit in terms of neoangiogenesis and perfusion and
had minimal effect on muscle regeneration. These results supported the utility of simultaneously targeting
distinct aspects of the regenerative process.
Based on these findings we then investigated whether
alginate-based polymeric scaffolds could direct cultured myoblasts to migrate outwards and repopulate the
host damaged tissue, in concert with release of VEGF
and IGF to enhance the efficacy of this cell therapy

[Fig. 2] Analysis of reinnervation. Photomicrographs of neuromuscular junction in the tibialis muscle stained with bungarotoxin at seven days after induction of ischemia and treated
with blank alginate (A), alginate delivering VEGF (B), alginate
delivering IGF1 (C), or alginate delivering VEGF and IGF1 (D).

[Fig.3] Analysis of muscle regeneration. Longitudinal section
stained with H&E showing centrally located nuclei of regenerating fibers at two weeks after the induction of ischemia treated
with alginate vehicle delivering VEGF/IGF1 compared to the
control uninjured muscle (top).

and promote functional muscle regeneration. This
approach is partially based on the hypothesis that
transplantation of cells, using RGD peptide-presenting
alginate, may allow one to control the activation state
of transplanted cells and their ability to migrate out
of the vehicle to repopulate damaged host tissue and
participate in its regeneration. This was investigated
in the context of a severe injury to skeletal muscle tinvolving both myotoxin mediated direct damage and
induction of regional ischemia. Local and sustained
release of VEGF and IGF-1 from macroporous scaffolds
used to transplant and disperse cultured myogenic
cells significantly enhanced their engraftment, limited fibrosis, and accelerated the regenerative process.
This resulted in increased muscle mass and, improved
contractile function [5]. These results demonstrate an
improved transplant strategy that enhances cultured
myoblast ability to engraft and promote functional regeneration. This approach will be used for our further
enhancement of tissue regeneration towards a clinical
translation. Such a material platform provides a major

advance in tissue regeneration by supplying an adequate environment of distinct cell differentiation and
leading to tissue healing and maturation. It represents
a meaningful alternative strategy to the classical cellular concentration or ex vivo tissue engineering approches that employ large number of repair cells.This
approach to tissue regeneration may be useful in a
variety of clinical situations beyond muscle injury, including bone and cardiovascular tissue regeneration.
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Activation of alginate-based scaffolds for functional tissue regeneration
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Skeletal muscle injuries are a common problem in orthopaedic medicine. This is the
case not only for strain injuries in sports medicine but also – and especially – for iatrogenic muscle trauma occurring while dissecting tissues in order to expose surgically
relevant structures. The iatrogenic muscle trauma represents a pitfall: the main target
of any orthopaedic surgery is the improvement, respectively re-establishment of mobility, e.g. when performing total hip arthroplasty (THA). We could show a significant
improve of muscle force after local transplantation of autologous bone marrow cells
(MSC) and human placenta derived mesenchymal like stem cells (PLX) in a severe skeletal muscle trauma of the rat.
The on-going analysis of the histological changes following stem cell transplantation
addresses open questions of the mode of action of these cells. Besides the analysis
of the local environment after stem cell transplantation, our group is actually initiating a phase I/II trial to investigate the influence of PLX on the regeneration of GM
following THA.
philipp.roth@charite.de
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Enhanced Muscle Regeneration
through Stem Cells

Mesenchymal stem cell therapy following muscle
trauma leads to improved muscular regeneration

In previous work of our group, autologous mesenchymal stem cell (MSC) transplantation has been
shown to improve the functional outcome following
skeletal muscle trauma. [1-3] The aspect of sex and
gender is becoming increasingly important in musculoskeletal research and therapy. An advantage
of male animals in bone fracture healing could recently be shown in an animal trial in our lab. Strube
et al. could show an improved bone fracture healing
in male rats and found a reduced number of MSCs
in female rats [4]. However, the published results
for sex-specific differences vary a lot. Also the clinical outcome of traumatic events has only been
evaluated in few studies. The impact of sex on regeneration of musculoskeletal injuries following MSC
transplantation (TX) remains unclear. Our hypothesis was the superiority of female Sprague Dawley
rats in muscle regeneration following autologous
MSC transplantation.
36 SD-rats received an open crush trauma of the
left soleus muscle. One week after trauma 2.5 x
106 autologous MSCs, harvested from tibial biopsies, were transplanted locally (female n = 9,
male n = 9). Control animals received saline (female n = 9, male n = 9). Histological analysis and biomechanical evaluation by in vivo muscle force measurement were performed three weeks after TX.

p = 0.01) of the uninjured intact right control muscles. No significance was observed when comparing muscle forces of treated animals against sex
for fast twitch (p = 0.55) and tetanic contractions
(p = 0.19).
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A study in male and female animals showed no gender differences

The histological analysis showed no differences in
the amount of fibrotic tissue (male p = 0.9, female
p = 0.14) and muscle area (male p = 0.2, female
p = 0.56) following treatment. Male animals showed higher values for muscle area (male vs. female p = 0.011) and less fibrosis (male vs. female
p = 0.028) independent of treatment.
In conclusion, sex is a largely unexplored variable
in musculoskeletal research. The presented results
show evidence for an effect of MSCs for the treatment of skeletal muscle trauma. To our knowledge it
was proven for the first time that autologous transplanted MSCs are able to increase muscle force independently of sex. To conclude, stem cell therapy
following skeletal muscle trauma showed equivalent regeneration potential of male and female
animals. Before further steps are taken towards a
clinical application in humans the mode of action
of MSC therapy will have to be further investigated.

[Fig. 1] Tetanic (blank) and fast twitch (dotted) contraction forces after local transplantation (MSC treated, white) of 2.5x106
autologous MSC and sham treated muscles (Sham, grey).

von Roth P, Radojewski P, Preininger B, Duda GN, Perka C,
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In result, MSC transplantation improved muscle
forces in male animals significantly resulting in contraction forces of 0.76±0.10 (untreated 0.34±0.07,
p = 0.01) of the contralateral healthy soleus muscle
following fast twitch stimulation. Tetanic stimulation resulted in a force development of 0.63±0.15 (untreated 0.45±0.07, p = 0.04) of the uninjured right
muscle. Female animals showed fast twitch forces
of 0.71±0.09 (untreated 0.27±0.05, p = 0.005) and
tetanic forces of 0.53±0.06 (untreated 0.36±0.06,
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Important for our research is the tight interaction between clinicians and

Stimulation of Healing

scientists to identify problems during bone, tendon and ligament regeneration
and to work on the development of new treatment strategies. In vitro assays
and animal models are established that allow the investigation of new biological
treatment options ranging from the use of stimulating factors to grafting
materials. As a highlight of our research done in the last 10 years, the gentamicincoated nail for the prophylaxis of implant infection was CE certified in 2011.

Univ.-Prof. Dr. rer. nat. Britt Wildemann
Professor for Biological Basis of Musculoskeletal Regeneration

Univ.-Prof. Dr. rer. nat.

Britt Wildemann

The group focuses on complications related to bone and tendon healing with the goal
to develop new strategies. We have further optimised a drug delivery system (DDS)
to realize different release kinetics of different factors from one implant coating.
Using this DDS several bone metabolism stimulating factors and antibiotics have
been tested in vitro and in vivo. Animal models mimicking the clinical situation of
hypertrophic and atrophic non unions were established that allow the analysis of
the pathology and the testing of new treatment options. A further aspect in our bone
research is the investigation of materials used for defect filling and the optimisation
of these materials.
Besides bone healing the improvement of tendon/ligament healing and tendon/ligament grafts is an important aspect of our group. The knowledge from the biology of
tenocyte-like cells and their response to biological stimulation and the graft analyses
will be used to develop further treatment strategies in orthopaedics and trauma surgery.
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Regeneration and Reconstruction
Impaired Bone Healing
Tendon and Ligament Healing

Drug release

The healing process of open bone fractures is influenced by severity of the trauma and the incidence
of healing complications is high; especially infections could be a problem and can lead into impaired
healing. Our approach for therapies is to use stabilizing implants as drug delivery systems. The local
application of antibiotics in combination with timely
controlled growth factor delivery might be beneficial for the prevention of infections and to stimulate
disturbed bone healing. We developed a sequential
drug delivery system with three distinctly different
releases profiles out of an implant coating.

Only one polymer [poly(D,L-lactide), PDLLA] was used
for a three-layer sandwich coating of K-wires, incorporating the antibiotic gentamicin and the growth factors IGF-I and BMP-2. To control the release kinetics,
the polymer concentrations in the solvent were varied, leading into different thicknesses [↗Fig. 1].
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Sequential release kinetics of different substances from a
one-component polymeric implant coating

The combined coated wires were incubated in phosphate buffer and the release kinetic was determined
over time. The activities of the released growth factors
were analysed in cell culture. The coated wires were
incubated with primary osteoblast-like cells (pOB)
and the metabolic activity and alkaline phosphatase
activity (ALP) were analysed for several weeks.

[Fig. 3] pOBs treated with three-layer combined coated wires and single coatings with gentamicin, IGF-I and BMP-2 as controls.
A) Metabolic cell activities are shown relative to the cells, treated only with PDLLA coated wires (100%). B) ALP activities were
measured as OD normalised to 104 vital cells.

Combined coating: The sequential release of growth
factors from the combined coating revealed an additive effect on the metabolic activity and ALP of pOBs
compared to the single coated controls [↗Fig. 3].
[Fig. 2] Cumulative release of gentamicin, IGF-I and BMP-2
from combined three-layer coated wires.

[Fig. 1] Representative SEM pictures of coatings prepared
from different PDLLA concentrations using gentamicin as a
model substance. A) 1X PDLLA / 10% w/w gentamicin, small
particles were covered by PDLLA, larger particles were enclosed at the surface (bar 50 µm) B) artificial breaking edge
in 3X PDLLA / 3% w/w gentamicin, the particles are deeply
embedded in the coating, marked by arrows (bar 20 µm).
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The release of gentamicin in PBS increased rapidly
within the first three days followed by a plateau. A
quarter of IGF-I was released expeditiously after
three days, merged into a sustained release. The
third substance, BMP-2, was released slowly, but
continuously from the beginning onward [ ↗Fig. 2].
Single coating: Cell proliferation of pOB was stimulated by IGF-I for 21 days starting after week one,
whereas BMP showed a delayed but increasing
effect until the third week. ALP activity was enhanced by BMP-2 between day four and 14.

It was possible to combine and control the sequential release of three different substances from a polymer coating of implants: i) a burst release of gentamicin, ii) an expedious release of IGF-I followed by
a sustained release, and iii) a slow sustained release
of BMP-2. Only one polymer was used for the sandwich coating to control the release via different
thicknesses of the layers. The temporally controlled
application of an antibiotic and different growth
factors has a great potential in the treatment of impaired bone healing. The initial antibiotic release is
important for infection prophylaxis. In the first two
weeks of healing, IGF-I is important for chondrogenesis and stimulates the synthesis of collagen and

non-collagen proteins. Beside cartilage formation,
BMP-2 also induces proliferation and differentiation
of osteoblasts. The controlled delivery of different
factors from one implant might prevent infections
and subsequently stimulate the different phases of
bone healing.
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Osseointegration

Local inhibition of angiogenesis results in an atrophic non-union
in a rat osteotomy model

Effect of local Zoledronate on implant osseointegration in a rat model

Long bone and in particular tibia
fractures frequently fail to heal. A disturbed revascularisation is supposed
to be a major cause for impaired
bone healing or the development of
non-unions. We aimed to establish a
small animal model, which reliably
mimics the clinical situation. Human microvascular endothelial cells
(HMEC-1) and primary human osteoblast like cells (pOBs) were cultured
with different angiogenesis-inhibitors
(Fumagillin, SU5416, Artesunate and
3,5,4’-Trimethoxystilbene) released
out of poly(D,L-Lactide) (PDLLA) coated k-wires and cell activity was determined. Discs containing PDLLA or
PDLLA + Fumagillin or Artesunate were placed on the
chorionallantoic membrane of hen eggs and the effect
on vessel formation and egg vitality was observed.
Tibia osteotomy was performed in rats and stabilised
with K-wires coated with PDLLA + Fumagillin or with
PDLLA only (control group). The healing was compared at different time points to the PDLLA control.
Fumagillin and Artesunate inhibited the activity of
HMEC-1 with minor effect on pOBs. Artesunate caused
embryonic death, whereas Fumagillin had no effects
on egg vitality, but reduced the blood vessels. In the
animal study all rats showed an impaired healing with
reduced biomechanical stability. The Fumagillin treated tibiae had a significantly decreased callus size at
day 42 and 84, less blood vessels in the early callus, a
reduced histological callus size at day 10, 28 and 84,
as well as an altered callus composition [ ↗Fig. 1].

An implant coating with poly (D,L-lactide) (PDLLA)
releasing incorporated Zoledronic acid (ZOL) has
already proven to positively effect osteoblasts,
to inhibit osteoclasts and to accelerate fracture
healing. Aim of this study was to investigate the
release kinetics of the incorporated ZOL and the
effect of different concentrations of ZOL locally released from the coating on the osseointegration of
implants.

This study presents a less vascularised, atrophic
tibia non-union and can be used in further investigations to analyse the pathology of atrophic non-union
and to test new interventions.
174

[Fig. 1] Examples of radiographs of the PDLLA control A) latero-medial view of day 0, post surgery; B) latero-medial view of day 84)
and the Fumagillin group (PDLLA + 10 %w/w Fumagillin); C) lateromedial view of day 0, post surgery; D) latero-medial view of day
84), scale bar: 5 mm. The latero-medial radiographs showed clearly
a hypertrophic non-union in the PDLLA control (B) and less active
non-union of the tibia and hypertrophic non-union of the manually
fractured and non-stabilised fibula in the Fumagillin group (D).
The radiographic evaluation revealed a reduced callus diameter
(% to day 0) in the Fumagillin group at day 42 and at day 84 (E).

Fassbender M, Strobel C, Rauhe JS, Bergmann C, Schmidmaier
G*, Wildemann B
|* Department Orthopädie, Unfallchirurgie und Paraplegiologie,
Universitätsklinikum Heidelberg, Germany
Acknowledgement
The work was supported by a grant from the Deutsche Forschungsgemeinschaft (DFG, SFB 760).
Published
Fassbender M et al., Eur Cell Mater. 22:1-11, 2011.

For release kinetics the release of C14-labled ZOL
out of the coating was monitored over a period of
six weeks in vitro. For testing the osseointegration,
titanium Kirschner wires were implanted into the
medullary canal of right femurs of 100 Sprague Dawley rats. The animals were divided into five groups
receiving implants either uncoated or coated with
PDLLA, PDLLA/ZOL low (1.2% w/w) or PDLLA/ZOL
high (2% w/w). Additionally, a group with uncoated
implants received ZOL intravenously (i.v.). After 56
days animals were sacrificed, femurs dissected and
either strength of fixation or histological bone/implant contacts and newly formed bone around the
implants were determined.
Release kinetics revealed an initial peak in the release of C14-ZOL with a slight further progression
over the following weeks. There was no significant
enhancement of osseointegration for both groups
who received ZOL-coated implants or ZOL i.v. compared to the controls in biomechanical or histological
analyses, except for a significant raise in strength of
fixation of ZOL i.v. versus PDLLA [ ↗Fig. 1].
Even though the investigated local ZOL application
did not enhance the osseointegration of the implant,
the findings might support its application in fracture
treatment, since fracture stabilization devices are
often explanted after consolidation.
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Atrophic non-union model

[Fig. 1] X-rays (posterior-anterior (A) and lateral (B)) the operated leg of an animal of the PDLLA-treated group at time of
sacrifice. (C) Push-out strength of fixation (MPa). There were
no significant differences between ZOL low/high and the other
groups. However, the results of the ZOL i.v. group were significantly higher than those of the PDLLA group (* p = 0.002).
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Influence of age on human tenocyte-like cells

cell-activity, while BMP-2 decreased cell-activity in
2D-culture, which could be compensated in 3D-culture [ ↗Fig. 2A]. The expression and synthesis of
Col-I was increased by both factors but stronger with
BMP-7. BMP-7 increased Col-III and decreased Decorin
expression [ ↗Fig. 2B]. Generally, the stimulation in
3D-culture resulted in increased effects compared to
2D-culture. When comparing the stimulation potential
of cells of young and aged donors, some significant differences were detected.

Non-healing or re-tears are common complications
following surgical rotator cuff (RC) repair, due to formation of a mechanically inferior scar tissue. In the
current literature, patients’ age is highly correlated to
the presence of RC tears and the incidence of re-tears
[1, 2]. The aim of the study was to investigate cell biological factors of RC tenocyte-like cells which might be
responsible for insufficient healing. Beneficial effects
on tenocytes and tendon-bone repair were reported
with growth factors such as BMP-2 and BMP-7 [3, 4, 5].
Therefore, it was the second aim to investigate whether the stimulation potential of the tenocyte-like cells
might be influenced by the age of donors.
Tenocyte-like cells isolated from SSP tendon biopsies of n = 6 young (Φ 45.3 years) and n = 6 aged (Φ
71.3 years) donors were used.
Cell biological characteristics: The approximate
cell-density in the tendon biopsy, the cell-growth
over 13 days and the Collagen-I (Col-I) synthesis
from cell culture supernatant of day 13 (ELISA) was
analysed. The marker expression of Col-I, -II, -III,
Osteocalcin, Decorin, TGF-β1, -β2 and -β3 was analyzed by Real-Time PCR and the Stem cell phenotype (expression of CD11b, CD14, CD19, CD29, CD34,
CD44, CD45, CD73, CD90 and CD105) was measured
by flow cytometry. The multipotent differentiation
towards an osteogenic, adipogenic and chondrogenic phenotype as well as the potency to self-renewal
(CFU-Assay) was investigated.
Stimulation potential: Tenocyte-like cells in 2D- and
3D-culture (Collagen Scaffolds) were stimulated with
zero (control), 200 or 1000 ng/ml BMP-2 or BMP-7
over seven days. The effect on cell-activity, Col-I synthesis and the expression of Col-I, -II,-III, Osteocalcin and Decorin was analysed.
Cell biological characteristics: The cell-growth was
significantly decreased in cells of aged donors at day
6 and 13 [ ↗Fig. 1A]. Cells of both donor groups
176

The cell biological characteristics of tenocyte-like
cells of aged donors were inferior to those of young
donors. This could be a reason for higher rates of retear or non-healing as observed in aged donors. As
a future prospect, targeting the clinical follow-up of
the patients, the results might contribute to a better
understanding of the cellular basis of RC re-tears or
non-healing of different patient groups.
No elementary age-related differences were observed after stimulation of tenocyte-like cells with BMP2 and BMP-7. This leads to the conclusion that young
and aged patients might benefit from biological augmentation of the tendon-bone healing of the RC. On
a cellular basis, this study demonstrates that BMP-7
seems to be a most promising growth factor.

Klatte F, Pauly S, Scheibel M, Greiner S, Gerhard C, Schmidmaier G, Wildemann B
[Fig. 1] Cell biological characteristics of tenocyte-like cells of
young (n = 6) and aged (n = 6) donors: A) Cell-growth (Alamar
Blue Assay), B) Potency to self-renewal (CFU-Assay).

[Fig. 2] BMP stimulation of tenocyte-like cells of young donors in 3D-culture: A) Cell-activity B) Expression of Col-I, -III,
Decorin.

showed a stem cell phenotype. Viable cells expressed
CD29, CD44, CD73, CD90 and CD105 but not CD11b,
CD14, CD19, CD34 and CD45. Osteogenic differentiation and the potency to self-renewal were weaker in
cells of aged donors [ ↗Fig. 1B]. The Col-I synthe-

sis, marker expression and adipogenic differentiation
was not affected by the age of donors.
Stimulation Potential: Good response to the growth
factor treatment of tenocyte-like cells of young and
aged donors was observed. BMP-7 highly increased
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Influence of age on the cell biological characteristics and the stimulation
potential of human tenocyte-like cells

Stimulation of Healing

Sterilisation of soft tissue allografts

Biomechanical comparison of four double-row suture-bridging rotator cuff
repair techniques using different medial-row

Electron beam irradiation influences the remodelling of soft tendon allografts
for anterior cruciate ligament (ACL) reconstruction

Aim of the study was the biomechanical comparison
of different suture-bridge configurations of the medial row with respect to initial construct stability (time
0, porcine model). In 40 fresh-frozen shoulders, the
infraspinatus tendons were dissected from their insertions. All specimens were operated on by use of
the suture-bridge technique, only differing in terms
of the medial-row suture-grasping configuration, and
randomized into four groups as shown in Figure 1.

Although allografts for anterior cruciate ligament (ACL)
replacement have shown advantages compared to autografts, their use is limited due to risk of disease transmission and the limitations of available sterilisation
methods. Gamma sterilisation has shown detrimental
effects on graft properties at the high doses required
for sufficient pathogen inactivation. In our previous in
vitro study on human patellar tendon allografts, Electron beam (Ebeam) irradiation showed less detrimental effects compared to gamma sterilisation [1].

Identical suture anchors were used for all specimens
(medial: Bio-Corkscrew FT 5.5 [Arthrex, Naples, FL];
lateral: Bio-PushLock 3.5 [Arthrex]). All repairs were
cyclically loaded from 10N to 60N until 10N to 200N
(20-N stepwise increase after 50 cycles each) with a
material testing machine. Forces at 3 mm and 5 mm
of gap formation, mode of failure, and maximum load
to failure were recorded.

Results showed significantly decreased biomechanical properties during the early remodelling
period in Ebeam treated grafts [ ↗Table 1] and an
increased remodelling activity with an apparent
initial hyperstimulation of revascularisation and
cell especially myofibroblast migration [ ↗Fig. 1].
There was no recovery of biomechanical function
from 6 to 12 weeks in this group in contrast to the
results observed in fresh frozen allografts and autografts [2].

Failure load (N),
Median

Ebeam 34 kGy

Fresh frozen
Allograft

6 weeks

67.6

180.9

12 weeks

62.8*

291.2

*significantly different to FFA, p = 0.036

The DM technique had the highest ultimate tensile strength (368.6+/-99.5N) compared with the
DP (248.4+/-122.7N), SM (204.3+/-90 N), and CS
(184.9+/-63.8N) techniques (p = 0.004). The DM
technique provided maximal force resistance until 3
mm and 5 mm of gap formation (90.0+/-18.1N and
128.0+/-32.3 N, respectively) compared with the
CS (72+/-8.9N and 108+/-20.2N, respectively), SM
(66.0+/-8.9N and 90.0+/-26.9N, respectively), and
DP (62.2+/-6.2N and 71+/-13.2N, respectively) techniques (p < 0.05 for each 3 mm and 5 mm of gap formation). The main failure mode was suture cutting
through the tendon. Comparing the four different suture-bridge techniques, we found that modified application of suture-bridge repair with double medial
mattress stitches significantly enhanced biomechanical construct stability at time 0 in this porcine ex
vivo model. This technique increases initial stability
and resistance to suture cutting through the rotator
cuff tendon after arthroscopic suture-bridge repair.
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[Fig. 1] Schematic drawing of the four different suture techniques. a) single-mattress (SM) technique, b) double-mattress
(DM) technique, c) cross-stitch (CS) technique, and d) doublepulley (DP).
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[Table 1] Failure load (N) of 34 kGy Ebeam treated and fresh
frozen allografts (FFA) after 6 and 12 weeks.

[Fig. 1] Myofibroblast staining with an alpha smooth muscle
actin antibody from autografts (a+d), FFA (b+e) and Ebeams
(c+f) at 6 and 12 weeks, original magnification 200 X.

To investigate the biological healing and restoration
of the mechanical properties of a 34 kGy Ebeamtreated tendon allograft 24 sheep underwent ACL
replacement with either a 34 kGy Ebeam treated allograft (Ebeam, n = 18) or a non-sterilised fresh frozen
allograft (FFA, n = 6). Biomechanical testing as well as
histological analysis to investigate blood cell, vessel
and myofibroblast-density were performed after 6 and
12 weeks. Statistics were performed using Mann-Whitney-U-Test followed by Bonferroni-Holm correction.

Therefore, high dose Ebeam irradiation method investigated in this study cannot be recommended for
soft tissue allograft sterilisation.
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Electron beam sterilisation of soft tissue allografts

For increasing allograft tendon
D10 value (kGy)
4log10 (kGy)
4log10 (kGy)
D10 value (kGy)
safety in reconstructive surStandard
Fractionated
Standard
Fractionated
Virus
gery, an effective sterilisation
Ebeam
Ebeam
Ebeam
Ebeam
method achieving an adequaPRV
5.6 ± 0.4
5.8 ± 0.4
20.8 – 24.0
21.6 – 24.8
te sterility assurance without
HAV
6.5 ± 0.2
5.9 ± 0.2
25.2 – 26.8
22.8 – 24.4
impairing the grafts properties
PPV
8.6 ± 0.6
7.5 ± 0.6
32.0 – 36.8
27.6 – 32.4
is needed. Electron Beam has
HIV2
9.0
±
0.5
8.0
±
0.5
34.0
–
38.0
30.0 - 34.0
shown promising in vitro results [1]. However, the in vivo
[Table 1] Overview of the results of the inactivation kinetics for both Ebeam treatments.
investigations showed significantly decreased biomechanical properties of 34 kGy Ebeam treated allografts
in a sheep model. To reduce the detrimental effects
of the irradiation, we modified the procedure and
performed the irradiation in ten cycles of 3.4 kGy
instead of one cycle with 34 kGy (fractionation).
Such treated human patellar tendons showed significantly increased failure load values compared
to standard Ebeam or Gamma treated tendons in
vitro [2]. To control the sterility assurance level of
the procedure, virus inactivation kinetics of the
fractionated (10x3.4 kGy) and standard (1x34 kGy)
Electron Beam irradiation were investigated, showing comparable D10 values for both Ebeam treatments [ ↗Table 1]. For sufficient virus titer reduction of 4log10 a dose of 34 kGy of the fractionated
Ebeam irradiation was necessary in case of HIV-2, [Fig. 1] Example of cytopathogenic effects (CPE’s) caused in cell
which was the most resistant virus investigated in culture by two of the investigated viruses evaluated by light microscopy. On the left side, native cells in cell culture are shown.
this study.
On the right side, cells showing typical CPE’s caused by virus
Our results showed that with both Ebeam treatments
an adequate sterility assurance could be achieved.
The superior biomechanical in vitro results using
the fractionated Ebeam process compared to standard Ebeam or gamma treatment suggest that this
novel procedure is a safe and effective option for a
terminal sterilisation method, which achieves full
pathogen inactivation without impairing the biomechanical properties of the grafts.
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The inactivation effect of electron beam irradiation on enveloped and
non-enveloped viruses

infection like cell lysis, vacuoles and giant cells are shown.
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The main goals of the ISS group are to combine state-of-the-art quantitative
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imaging with numerical modelling to assess the biomechanical competence
of musculoskeletal tissues under normal, pathological, and healing conditions
and to utilize the elastic interaction of waves with matter to stimulate healing.
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Structure and elastic properties of the tissue matrix are keys to the mechanical function of musculoskeletal organs under normal physiological conditions, as well as in the
course of pathologies or during regeneration. The elastic interaction of high frequency
ultrasound waves with tissue offers a wide range of applications in our research that
ranges from non-invasive and non-destructive, and multiscale elastic imaging (from
macro-scale to nano-scale), the development of finite element models based on elastic
and structural data acquired by ultrasound microscopy and micro-computed tomography, respectively, to the controlled mechanical stimulation of stem cells by focused
pulsed ultrasound.
The head of this group is Kay Raum who holds a PhD in physics, habilitated in
“Experimental Orthopedics” and is the German coordinator of the European Associated Laboratory “Ultrasound Based Assessment of Bone”. Before he became Professor
of Engineering at the Berlin-Brandenburg School for Regenerative Therapies in 2008,
he worked at the Laboratoire d’Imagerie Paramétrique at University Pierre et Marie
Curie in Paris and was research head of the Interdisciplinary Center for Musculoskeletal
Diseases of the Martin Luther University in Halle.
kay.raum@charite.de
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Quantitative Bio-Acoustic Microscopy

Monitoring tissue de- and regeneration

complemented by numerical sound propagation modelling based on microscopic structural (histology,
immunohistochemistry) [2] as well as microscopic
and macroscopic elastic data (by means of acoustic
microscopy and bi-phasic mechanical testing).

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.

One of the challenging problems is to decouple structural from matrix properties (e.g. surface roughness
from matrix stiffness) and their respective contributions to ultrasound reflection and backscatter from
surface and matrix of the tissue, respectively [3].

Raum K, Männicke N, Schöne M
[Fig. 1] Example of the ultrasound biomicroscopy analysis of a defect treated

Therefore a noninvasive tool that al- by subchondral microfractures that were covered with a naked Chondrogide®lows the monitoring of the progression collagen membrane. The backscattered amplitude integral is a top view image
of tissue synthesis inside the culture of the total backscattered acoustic energy (a). The circular defect region is highlighted in the central part of the image. The B-mode image (b) represents the
chamber would be invaluable to control cross section along the white line in (a). Depth dependent backscatter ampliand to optimize the tissue engineering tude curves, averaged within manually selected hyaline cartilage regions (C1-3
process. High frequency Ultrasound as indicated in a) and repair tissue areas (D1-3 as indicated in a) are shown for
BioMicroscopy (UBM) is a potential C1 and D2 in (c) and (d), respectively. Cartilage surface reflection amplitude
candidate to fulfil this task, as it i) can (first peak), the depth-dependent decrease of the backscatter amplitude and
the cartilage-bone reflection amplitude (last peak) were used for quantitative
propagate sound waves though the cul- evaluation of ultrasound parameters IRC, AIBslope and AIBdC. From [1].
ture chamber into the culture medium
and the scaffold without the risk of contamination, ii) can provide sufficient penetration and analysis of the backscattered signals reveals addispatial resolution to visualize the internal structure tional ultra-structural information that is related to
of the scaffold, and iii) is in principle possible to de- size, shape and distribution of chondrocytes and
duce quantitative elastic and structural information to the orientation of collagen fibers. In particular,
from sound propagation velocity and spectral analy- spectral ultrasound parameters can be used to distinguish neo-cartilage from the scaffold and hyaline
sis of the backscattered signals, respectively.
cartilage from fibro-cartilaginous repair tissue. We
However, currently the application of ultrasound for have shown that UBM can be used to monitor the
the characterization of articular and TE cartilage is progression of cartilaginous matrix synthesis in a
restricted to the quantitative evaluation of tissue mini-pig model [1].
thickness and the surface reflection. Recently, it has
been shown that in addition to morphological infor- Towards this goal, we use high-frequency spectral
mation obtained by the ultrasound image spectral and cepstral backscatter parameters, which will be
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[Fig. 2] Light micrograph cross-section (top left) and ultrasound
B-mode image (bottom left) of a muscle sample. Stronger bands
in the ultrasound image correspond to borders of muscle bundles. Single fibers can be seen as highly repetitive bands of weaker echogenicity. The color coded cepstral estimates of the fiber
diameter is superimposed on the B-mode image (right). From [2].
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[Fig. 3] Dependence of Integrated reflection coefficient (IRC)
on the ultrasound (based surface) roughness index (URI), measured in cartilage mimicking phantoms. From [3].
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High frequency ultrasound spectroscopy of musculoskeletal soft tissues

Multiscale assessment & modelling of bone

Musculoskeletal mineralized tissues (MMTs) are
examples of natural materials achieving unique
combinations of stiffness and strength. One of the
striking features of MMTs is their ability to adapt to
different functional demands by different structural
arrangements of one common building block, the
mineralized collagen fibril, at several levels of hierarchical organization. Examples of adopting structural concepts from nature for the design of technical
materials and the construction of devices date back
centuries, to e.g. the first concept of a flying machine by Leonardo da Vinci in 1488. However, our current knowledge about natural concepts to achieve a
desired function is still limited and the investigation
of functional consequences of specific design variations is the focus of the rather young and growing
research discipline, called biomimetics.
This project combines multi-scale and multi-modal
experimental assessment of tissue properties [1-3]
with mathematical modelling and micro-mechanical
homogenization approaches from the nanoscale to
the macroscale to describe the tissue elastic behaviour of various MMTs [2, 4]. This “bottom-up approach” allows the decoupling of tissue composition,
structure, and material properties at the various spatial scales involved and hence the systematic evaluation of their relative impacts on the macroscopic
elastic function [ ↗Fig. 1]. Towards this goal, experimental data of heterogeneous elastic and structural
parameters of MMTs at several length scales (from
the centimetre to the nanometre scale) have been
assessed [1-3]. In conjunction to the experimental
data mathematical models at three length scales
(i.e. nanoscale, microscale, and mesoscale) have
been developed that allow the prediction of composite properties at the next hierarchy level. These
methods have been applied for the investigation of
elastic healing in animal models [5].
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Investigation of self assembly mechanisms, construction rules and
physiological boundary conditions of MMTs
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[Fig. 1] Illustration of the interlinked experimental and mathematical methods for the “Bottom-Up” approach. At each model step,
the models are compared with experimental data (not all shown). Experimental data are indicated in black, models in blue and the
combination of both in green.

[Fig. 2] (a) Computed compressive strains in sheep femoral diaphyses during midstance of gait (see p. 51, Fig.1). (b) Part of a crosssection of a mid-diaphyseal sheep femur measured by 50-MHz SAM. The image shows the distribution of the elastic coefficient c33
of the tissue matrix and the transition from plexiform (right) to primary Haversian tissue (left). (c) After numerical homogenization
these structural and matrix properties are incorporated in the mesoscale property maps of the entire cross-section.
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Microelastic imaging of bone

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 are 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 ultra-structural
alterations of the mineralized bone matrix. On the
other hand, bone healing is known to be influenced
by the mechanical conditions. However, the interplay
between macroscopic forces acting at the organ and
the resulting microscopic stresses, strains and fluid
flow acting on the cells in the repair region are still
poorly understood. The aim of this work is the development of novel methods that are suitable to assess
the heterogeneous anisotropic structural and material
properties of cortical bone under normal, pathological, and healing conditions. For the latter, we aim at
quantitative ultrasound (QUS) based, non-invasive,
non-ionising, in vivo monitoring that is combined with
stimulation of early callus formation in a rat osteotomy model. For this, in vitro measurements will be used
to develop 3D micro-elastic models of the osteotomy
region.
In vitro scanning acoustic microscopy (SAM)
[ ↗Fig. 1] is currently the only micro-elastic imaging technique that provides large scale (cm range)
structural and elastic properties at the tissue level
with a spatial resolution down to the µm-range [1].
In recent studies we have demonstrated that this
technique reveals intrinsic microelastic properties
of bone induced by adaptive remodelling process in
response to mechanical loading [2]. Moreover, we
have investigated the spatial and temporal elastic
variations in cortical and callus tissues in the course
of healing [2]. Most importantly, it has been demons190
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Development of methods for assessing structural and material properties of
cortical bone

[Fig. 2] Elastic maps derived from SAM: Left: Transverse sections of a sheep osteotomy (50 MHz, from [1]).
Right: Cross (50 MHz) and transverse (200 MHz) sectional scans of a rat osteotomy are spatially matched with
the corresponding µCT scan data. Courtesy of Bernhard Hesse.

[Fig. 1] Elastic maps derived from SAM: Left: Transverse sections of a sheep osteotomy (50 MHz, from [1]). Right: The evaluation of the stiffness with respect to the cortex-callus boundary
reveals an “elastic handshake” between the two tissues in the
course of healing. From [3].

trated that the gradual softening of the periosteal
cortical tissue results in an elastic “handshake” with
the mineralized callus, which is essential for the mi-

nimization of stress concentrations at the cortex-callus interface. These large scale micro-elastic maps of
the entire fracture zone including cortical and callus
regions are suitable, i) for the interpretation of macroscopic biomechanical data; ii) for the investigation
of mechanical regulation mechanisms at the cellular
level in response to external mechanical forces, and
iii) as input for or verification of numerical simulations. Particularly, in vitro µCT can be enriched by
elastic SAM data to build 3D elastic models of the
repair region [ ↗Fig. 2]. These models will be used
for in-silico sound propagation simulations through
the bone, which are essential for the interpretation
of in vivo QUS data [4].
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Bone optimizes its mechanical performance while minimizing weight by means of
organized hierarchical structure. However, complete understanding of the structurefunction relationship is not yet available. Engineering approaches can help to bridge
the currently existing gaps between biology and mechanics. Experimental measurements can be substituted or complemented with validated numerical models. These
provide insight into previously unobtainable details and may help to achieve a
higher level of understanding.
Dr. Peter Varga received his PhD in Mechanical Engineering (Biomechanics) in 2009
from the Vienna University of Technology. Following a one year post-doctoral training in Vienna, he joined the JWI in February 2011. His research interests include bioimaging, image processing and numerical simulation of musculoskeletal tissues with
emphasis on bone. He has been active in finite element based prediction of fracture
risk and inter-fragmentary motions in wrist fractures. His current research is focused
on multi-scale finite element modelling of mineralized tissues.
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Micromechanical Simulation
of Musculoskeletal Tissues

Incorporation of multiscale tissue-specific properties into musculoskeletal finite element modelling

Bone tissue can be considered as a natural example
of a perfectly designed structure which optimizes its
stiffness and load bearing capacity by minimizing its
weight. The steering forces for remodelling and healing are believed to be, besides biological factors,
certain mechanical boundary conditions like strain
levels at the surfaces where bone cells adhere to.
Despite the remarkable advances in musculoskeletal
biomechanics during the last decade, realistic physiological tissue-level strain fields in whole bones are
not yet known. Experimental assessment of these is
not feasible. Numerical approaches like Finite Element (FE) analysis offer the possibility to predict
stress and strain fields in complex structures like
bone if geometry, material properties and boundary
conditions are known in sufficient details. While assessment and modelling of the exact bone geometry
is relatively straightforward, material properties are
commonly assessed from computed tomography (CT)
scans despite the fact that the relation between elastic properties and X-ray absorption is known to be
only moderate. Furthermore, the applied boundary
conditions are usually idealized and do not represent
physiological loading.
The hypothesis of this project is that incorporation of heterogeneous, anisotropic material properties directly measured using scanning acoustic
microscopy (see research group “Quantitative
Bio-Acoustic Microscopy”) as well as physiological
loads taken from anatomy-specific musculoskeletal
models (see research group Musculoskeletal Analysis) increases the accuracy of the FE results and
lead to more proper conclusions when aiming at
predicting stresses and strains at different hierarchical levels, understanding the structure-function
relationship, or identifying optimal mechanical
conditions for bone healing.
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This hypothesis will be tested using the lower limb
of the well established sheep model used widely at
our Institute.
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Assessment of realistic physiological mechanical environment in intact and
healing sheep femoral and tibial cortical bone tissue

Along this line, the global objectives of this project
are to (I) assess realistic and accurate physiological
mechanical environment in cortical bone tissue of
ovine lower limb to understand the functional adaptation of the intact microstructure and (II) use this
knowledge to investigate the variations observed in
modified conditions, e.g. healing of osteotomies.
In particular, aim (I) will be achieved through two
consecutive steps. Step A will provide access to accurate macro-scale strains and stresses from physiological loads in the intact ovine femur and tibia by
means of macro-scale FE models including directly
measured heterogeneous, anisotropic matrix properties (‚bottom-up‘ approach, [ ↗Fig. 1]). In step B,
detailed and accurate tissue-level strain and stress
fields will be acquired from the results of step A using validated, tissue-type-specific, inhomogeneous
and anisotropic meso-scale µFE models (‚top-down‘
approach).

Varga P, Raum K, Latifi H
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[Fig. 1] Ovine femur imaged with two different modalities involved in this project. A: Volume rendering of a QCT scan with Hounsfield units; B: 50 MHz scanning acoustic microscopy (SAM) images of 11 cross-sections of the femur. Grayscale: acoustic impedance along the long bone axis (Z33) in MRayl, which is
strongly related to stiffens in the same direction. C: An exemplary SAM image
of the complete femoral cross-section with 23µm resolution; D: Magnified view
of C, showing Haversian (lower-left part) and plexiform (upper-right part) tissue
types concurrently present in the ovine femoral cortex. Note that these two different tissue types have usually not yet been considered during FE modelling.
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Tissue Society & International Bone and Mineral Society
Aido M, Birkhold AI, Thiele T, Schill A, Main RP, Duda GN,
Willie BM,
„The adaptive response of cancellous bone to in vivo loading is
diminished in adulthood: a longitudinal study“
ASBMR Raisz-Drezner Journal of Bone and Mineral Research (JBMR)
First Paper Awards, American Society for Bone and Mineral Research
Toben D, Schroeder I, El Khassawna T, Mehta M, Hoffmann
JE, Frisch JT, Schell H, Lienau J, Serra A, Radbruch A, Duda GN
„Fracture healing is accelerated in the absence of the adaptive
immune system“
BIONNALE Speed Lecture Award 2011, BioTOP und vfa bio
Ode A, „Testkit zur Prognose der Knochenheilung“
Posterpreis auf dem Gebiet der Grundlagenforschung 2011
Deutsche Gesellschaft für Osteologie e.V.
Cipitria A, Reichert J, Schell H, Lienau J, Mehta M,
Epari D, Lange C, Fratzl P, Hutmacher DW, Duda GN
„Scaffold-based segmental bone defect healing in sheep tibiae“

Themistocles-Gluck-Preis für Endoprothetik 2010, Deutsche Gesellschaft für Orthopädie und Orthopädische Chirurgie e.V. (DGOOC)
Kutzner I, Heinlein B, Graichen F, Bender A, Rohlmann A,
Halder A, Beier A, Bergmann G, „Loading of the knee joint during activities of daily living measured in vivo in five subjects“
2010 Runner-Up Student Award
European Society of Biomechanics
Westerhoff P, Graichen F, Bender A, Halder A, Beier A,
Rohlmann A, Bergmann G, „In vivo shoulder joint loads during
wheelchair propulsion on a treadmill“
New Investigator Recognition Award 2010
Orthopaedic Research Society
Toben D, Schroeder I, El Khassawna T, Mehta M, Hoffmann JE,
Frisch JT, Schell H, Lienau J, Serra A, Radbruch A, Duda GN
„Fracture Healing is Accelerated in the Absence of the Adaptive
Immune System“
Posterpreis auf dem Gebiet der Grundlagenforschung 2010
Deutsche Gesellschaft für Osteologie e. V.
Lienau J, Willie B, Schell H, Schwarz C, Ellinghaus A,
Schmidt-Bleek K, Mundlos S, König J, Seemann P, Duda GN
„Verbesserung der Knochendefektheilung durch Modifizierung
der BMP-Inhibierung“
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Rohlmann A, Nabil Boustani H, Bergmann G, Zander T.
Effect of a pedicle-screw-based motion preservation
system on lumbar spine biomechanics: A probabilistic
finite element study with subsequent sensitivity analysis.
J Biomech. 2010 Nov 16;43(15):2963-9.

Vester H, Wildemann B, Schmidmaier G,
Stöckle U, Lucke M.
Gentamycin delivered from a PDLLA coating
of metallic implants In vivo and in vitro
characterisation for local prophylaxis of
implant-related osteomyelitis.
Injury. 2010 Oct;41(10):1053-59.

Events 2010 / 2011
Events organized or mainly organized by the Julius Wolff Institute

Scientific Guest
Dr. Anke Märten
Max Planck Institute of
Colloids and Interfaces
05. December 2011,
Berlin
BSRT Nicolaus Lecture
Prof. Abul Abbas
University of California
02. December 2011,
Berlin
2nd BSRT PhD Symposium – Offence
is the best Defence: Immunology,
Tolerance and Regeneration
Prof. Robert Jack
Universität Greifswald
Prof. Arturo Zychlinsky
Max Planck Institute for
Infection Biology
Prof. Sonja Schrepfer
Universitäres Herzzentrum Hamburg
Prof. Kathryn Wood
University of Oxford
Prof. Cliona Rooney
Baylor College of Medicine
Prof. Heike Walles
Universität Würzburg
30. November – 02. December
2011, Berlin
Scientific Guest
Dr. Mohammad Razi
Tehran University of
Medical Sciences
28. November 2011, Berlin
Workshop on Entrepreneurship:
How to survive as a scientist
in business – no fear of
cultural differences
Prof. Liv Kirsten Jacobsen
Europa-Universität Viadrina
Frankfurt/Oder
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Dr. Dirk Dantz
ipal Gesellschaft für Patentverwertung Berlin mbH
Lawrence Oduro-Sarpong
intercultures
11. – 12. November 2011, Berlin
Scientific Guest
Dr. Frank Stief
Technology Transfer of the Charité
07. November 2011, Berlin
Doktorandenkolloquium
20. October 2011 – 26. April 2012,
Berlin
BCRT – Retreat 2011
29. – 30. September 2011, Berlin
Opening Ceremony of the Institutsgebäude Süd and Symposium
„Personalisierte Medizin“
28. September 2011, Berlin

Science meets Art: „In Bewegung“
Norman Gebauer
19. September 2011, Berlin

Scientific Guest
PD Dr. biol. hum. Hendrik Schmidt
Universität Ulm
19. September 2011,
Berlin
Scientific Guest
Dr. med. Christoph Gassmaier
TETEC AG
15. September 2011,
Berlin
Scientific Guest
Prof. John Currey
The University of York
07. September 2011,
Berlin
Workshop
of the International Society
for Fracture Repair
05. – 07. September 2011,
Würzburg
5. Nachwuchsakademie
Medizintechnik
Prof. Lorenz Meinel
Universität Würzburg
Prof. Jan B. Pietzsch
Stanford University
Prof. Aldo R. Boccaccini
Universität Erlangen-Nürnberg
Prof. Viola Vogel
ETH Zürich
Prof. Reinhard Schnettler
Universitätsklinikum Giessen
und Marburg GmbH
Prof. Fridtjof Nüsslin
Klinikum rechts der Isar der TUM
Prof. Keita Ito
Eindhoven University
of Technology
Prof. Michael Raschke
Universitätsklinikum Münster
Prof. Rainer Wessely
Johanniter-Krankenhaus
Duisburg (Rheinhausen)

Prof. Günther Stock
Berlin-Brandenburger Akademie
der Wissenschaften
Prof. Jörg Vienken
Fresenius Medical Care
Deutschland GmbH
20. June 2011, Berlin

22. – 27. August 2011, Berlin
International Summer School
on Innovative Approaches in
Regenerative Medicine
Prof. David Mooney
Harvard University
Prof. Klaus von der Mark
Universität Erlangen
Dr. Twan Lammers
RHTW Aachen
Prof. Dennis Discher
University of Pennsylvania
Prof. Jürgen Groll,
Universität Würzburg
Prof. Carsten Werner
Leibniz-Institut für Polymerforschung e.V.
Prof. David W. Grainger
University of Utah
20. August – 03. September 2011,
Berlin

Dr. Mieke Hazes
Erasmus University Medical
Centre Rotterdam
30. June – 01. July 2011, Berlin

BSRT Summer Block Courses
03. August – 27. October 2011,
Berlin

Opening Ceremony of
the CSSB Sports Hall
30. June 2011, Berlin

Doktorandenkolloquium
18. April – 11. July 2011, Berlin

International Symposium
„Science based Prevention“
Prof. Tom Andriacchi
Stanford University
Dr. Kristin Åkesson
Lund University
Prof. Vasilios Baltzopoulos
Manchester Metropolitan University
Prof. Daniel Liebermann
Harvard University
Prof. Benno Nigg
University of Calgary
Prof. Gustav Steinhoff
Universität Rostock
Dr. Leia Stirling
Children‘s Hospital Boston
Prof. Anthony D. Woolf
Royal Cornwall Hospital
Prof. Martin Fischer
Friedrich-Schiller-Universität Jena
Dr. Steef Bredeweg
University Medical Center Groningen

BSRT PhD Student Retreat 2011
23. – 26. June 2011, Wernigerode

BCRT – Retreat 2011
01. – 02. April 2011, Berlin

BSRT Round table discussion
about the needs for excellent
graduate education
Prof. Albrecht Wendel
Interfaculty Centre for Pharmacogenomics and Pharma Research
Dr. Michael Meyer
Siemens AG
Prof. Klaus P. Schäfer
BioLAGO e.V. – Life Science Network
Dr. Harald Stallforth
Aesculap AG

Scientific Guest
Dr. Cristina Borselli
Harvard University
22. March 2010, Berlin
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2011

Scientific Guest
Dr. Paul Zaslansky
Max Planck Institute of
Colloids and Interfaces
14. June 2011, Berlin
Research Retreat 2011
28. – 29. April 2011, Ziethen
Scientific Guest
Prof. David Mooney
Harvard University
26. April 2011, Berlin

Workshop: Endogenous Musculoskeletal Tissue Regeneration
16. March 2011, South Carolina, USA
Visit and Potential Future
Research Collaboration Queensland University
of Technology
21. February 2011, Berlin
Scientific Guest
PD Dr. med. Kolja Gelse
Universitätsklinikum Erlangen
25. January 2011, Berlin
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BSRT Nicolaus Lecture
Prof. Hans R. Schöler
Max Planck Institute for
Molecular Biomedicine
03. December 2010, Berlin
Scientific Guest
Dr. Klaus-Vitold Jenderka
Physikalisch-Technische Bundesanstalt (PTB) in Braunschweig
02. December 2010, Berlin
1st BSRT PhD Symposium – Stem
Cells: Hopes, Fears and Reality
Prof. Alicia El Haj
Keele University
Dr. George Lacaud
University of Manchester
Dr. Rocky Tuan
University of Pittsburg
Prof. Klaus Tanner
Ruprecht-Karls-Universität Heidelberg
Prof. Elly Tanaka
DFG Research Center for
Regenerative Therapies Technical
University of Dresden
01. – 03. December 2010, Berlin
Visit of the governing mayor of
Berlin, Klaus Wowereit
25. November 2010, Berlin

Scientific Guest
Prof. Dietmar Hutmacher
Queensland University of Technology
05. November 2010, Potsdam
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SFB 760 – Guest Lecture
Prof. Molly Stevens
Imperial College London
01. November 2010, Berlin

Prof. Augustinus Bader
Universität Leipzig
14. – 28. August 2010, Berlin

Doktorandenkolloquium
18. October 2010 – 14. February
2011, Berlin

Roofing Ceremony of the Sports
Research Hall of the HumboldtUniversität zu Berlin
12. August 2010, Berlin

Tag der offenen Tür an der Charité
09. October 2010, Berlin

Research Retreat 2010
09. – 10. June 2010, Reichenow
SFB 760 – Guest Lecture
Prof. Peter Augat
Berufsgenossenschaftliche
Unfallklinik Murnau
02. June 2010, Berlin

Scientific Guest
Dr. Peter Varga
Vienna University of Technology
29. September 2010, Berlin
SFB 760 – Guest Lecture
Prof. Heike Walles
Fraunhofer Institute for Interfacial
Engineering and Biotechnology
07. September 2010, Berlin
BSRT Summer Block Courses
23. August – 09. Nov. 2010, Berlin
International Summer School on
Innovative Approaches in
Regenerative Medicine
Prof. David Marsh
University College London
Dr. Andrew Pitsillides
University of London
Prof. Jürgen Hescheler
Universität zu Köln
Prof. Edwin Horwitz
The Children’s Hospital of Philadelphia
Prof. Steve Weiner
Weizmann Institute of Science
Prof. Michael Raghunath
University of Singapore

BSRT PhD Student Retreat 2010
27. – 30. May 2010, Colditz
Girls Day 2010 – MädchenZukunftstag
22. April 2010, Berlin
Doktorandenkolloquium
12. April – 19. July 2010, Berlin
Scientific Guest
Dr. Yan Chevalier
Ecole Nationale Supérieure
d’Arts et Métiers
06. April 2010, Berlin
Osteologie Congress 2010 – 25
Jahre interdisziplinäre Osteologie
03. – 06. March 2010, Berlin

Project thesis
Katharina Lauritsch
Der Einfluss auf die medio/laterale
Kraftverteilung im Kniegelen
Hendrik Schulze, Hristina Srbinkoska,
Michael Baur
Auswirkungen einer lateralen
Schuhranderhöhung auf die internen
Belastungen des Kniegelenks
Diploma thesis
Christopf Farrer
Bestimmung der glenohumeralen
Gelenksreaktionskraft beim
Bogenschießen
Marcel Dreischarf
Ermittlung der Belastung der Lendenwirbelsäule, die das In-vivo-Verhalten bei
der axialen Rotation realistisch simuliert
Marcel Gätjen
Influence of mechanical loading on
gene expression profile and functional
behavior of rat mesenchymal stem cells
Rieke Petersen
In vivo Belastungsmessungen an
instrumentierten WirbelkörperersatzImplantaten: Analyse der variierenden
Positionswechsel
Hristina Srbinoska
Untersuchung des Zusammenhangs
zwischen der Bewegung der Wirbelsäule
und deren Belastung
Daniel Stephan
Einfluss des Schuhwerks auf die
Belastung des Kniegelenks

Queen‘s Lecture 2010
Sir Martin Evans
Cardiff University
04. February 2010, Berlin

Bachelor thesis
David Volkheimer ↗

Variation des Kraftangriffspunkts auf
dem Humeruskopf bei statischen sowie
dynamischen Übungen
Master thesis
Robert Ackermann
Untersuchung der in vivo wirkenden
Reibmomente am künstlichen Hüftgelenk
Jochen Haake
Einfluss der sagittalen Form der
menschlichen Lendenwirbelsäule
auf ihr mechanisches Verhalten –
eine Finite-Elemente-Analyse
Sascha Lauterborn
Sensitivitätsstudie zur Untersuchung
der Facettengelenkbelastung nach
Bandscheibenersatz

Evgenios Kornaropoulos
Doktor der Ingenieurwissenschaften
The role of static and dynamic frontal
plane and rotational alignment, quadriceps, and lower limb kinematics as key
factors in patello-femoral instability
Liv Matz
Doktorin der Tiermedizin
Osteochondrale Defektheilung nach chirurgischer Versorgung mittels biodegradierbarer synthetischer Implantate im
Schafsmodell: Evaluation des Heilungsverlaufs mittels MR-Arthrographie und
histologischer Untersuchungen
Manav Mehta
Doktor der Ingenieurwissenschaften
Fracture Callus Competence: Factors
influencing the risk of secondary bone
healing

Doctoral thesis
Friederike Bieler
Doktorin der Ingenieurwissenschaften
Angiogenic potential of mesenchymal cells
and T-lymphocytes induced by mechanical stimuli that improve bone healing:
an in vitro 2D and 3D bioreactor study
Sven Geißler
Doktor der Ingenieurwissenschaften
The three modes of mesenchymal
stem cell aging

Andrea Ode
Doktorin der Ingenieurwissenschaften
Functional effects of mechanically regulated cell surface markers in mesenchymal stem cells
Simon Reinke
Doktor der Medizinwissenschaften
Der Einfluss von Belastungsstress und
Erholung auf die Körperzusammensetzung, das Immunsystem, die vaskuläre
Funktion und den Eisenstoffwechsel bei
Spitzensportlern

Aline Groothuis
Doktorin der Ingenieurwissenschaften
Paracrine stimulation of endothelial
cells and mesenchymal stem cells by
the mechanically loaded human
fracture haematoma

Hauke Weber
Doktor der Tiermedizin
Histological analysis of the development
of the soft callus during delayed bone
healing in a sheep osteotomy model

Christian König
Doktor der Ingenieurwissenschaften
The influence of femoral component
malalignment on the biomechanics
of the knee after total knee arthroplasty

Peter Westerhoff
Doktor der Ingenieurwissenschaften
In vivo Messung der Schultergelenkbelastung mit Hilfe instrumentierter
Endoprothesen
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Staff of the Julius Wolff Institute 2010 / 2011

Secretary
Susann Omuya
Barbara Schiller

Scientific Advice

International Scientific
Advisory Board SFB 760
Prof. Dr. Walter Sebald
University of Würzburg, Würzburg, Germany
Prof. Dr. David Grainger
University of Utah, Salt Lake City, USA
Prof. Dr. Robert Guldberg
Georgia Institute of Technology,
Atlanta, USA
Prof. Dr. Rui Reis
University of Minho, Braga, Portugal

Edwin M. Horwitz, MD, PhD
The Children‘s Hospital of Philadelphia,
Philadelphia, USA
Dr. Ulf Landmesser
University Hospital Zurich, Zurich,
Switzerland
Prof. Dr. Cliona Rooney
Baylor College of Medicine,
Houston, USA
Prof. Dr. Gustav Steinhoff
Klinik und Poliklinik für Herzchirugie,
Rostock, Germany
Prof. Dr. Joerg Vienken
Fresenius Medical Care,
Bad Homburg, Germany
Prof. Dr. Klaus von der Mark
Universität Erlangen-Nürnberg,
Erlangen, Germany
Prof. Dr. Albrecht Wendel
Interfaculty Centre for Pharmacogenomics

Appendix

Directors
Univ.-Prof. Dr.-Ing. Georg N. Duda
Prof. Dr.-Ing. Georg Bergmann

Clinical Advisory Board by the
Center of Musculoskeletal Surgery
(CMSC)
Univ.-Prof. Dr. med. Dr. h. c. Norbert P. Haas
Univ.-Prof. Dr. med. Carsten Perka
Univ.-Prof. Dr. med. Klaus-Dieter Schaser

Scientific Advisory Board BCRT
Dr. Werner Wolf
Bio Innovations, Ballwil, Switzerland (Chair)
Prof. Dr. David Grainger
University of Utah, Salt Lake City, USA
Prof. Dr. Arnd Hoeveler
European Commission, Directorate F –
Health, Brussels

JWI Staff
Professors
Univ.-Prof. Dr. rer. nat. Kay Raum
(BSRT)
Univ.-Prof. Dr. rer. nat. Britt Wildemann
(BCRT)
Research Staff
Dr. rer. nat. Alwina Bender
Cristina Borselli, PhD
Sara Checa, PhD
Amaia Cipitria, PhD
Dipl.-Biochem. Anke Dienelt
Dr. med. vet. Agnes Ellinghaus
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Dr. med. vet. Mirja Faßbender
Dr.-Ing. Sven Geißler
Vaida Glatt, PhD
Dr.-Ing. Friedmar Graichen
Kap-Soo Han, PhD
Dr. biol. hum. Markus O. Heller
Dipl.-Ing. Jan-Erik Hoffmann
Dr.-Ing. Manav Mehta
Dr.-Ing. Andrea Ode
Dr. rer. nat. Ansgar Petersen
Catharina Poulet, PhD
Dr. rer. medic. Simon Reinke
Dr.-Ing. Antonius Rohlmann
Dr. med. vet. Hanna Schell
Dr. med. vet. Tanja Schmidt

Dr. rer. nat. Katharina Schmidt-Bleek
Dr.-Ing. Alexey Sharenkov
Dipl.-Ing. Biotech. Catrin Strobel
Dr.-Ing. William R. Taylor
Dr. techn. Peter Varga
Bettina Willie, PhD
Dr. rer. medic. Thomas Zander
Paul Zaslansky, D.M.D, PhD
Rui Zhu (Clinical Scholarship China)
Clinical Scientists (GEROK / BSRT)
Dr. med. Christian Kleber
Dr. med. Bernd Preininger
(GEROK bis 14.03.2010)
Dr. med. Philipp von Roth (BSRT)

Technical Staff
Camilla Bergmann
Antje Blankenstein
Dipl.-Ing. Biotech. Nicole Bormann
Dipl.-Ing. (FH) Jörn Dymke
Kim Eichel
Nahid Hakiy
Dorit Jacobi

Alumni
Alumni Staff 2010/2011
Dr.-Ing. Friederike H. Bieler
Dipl.-Ing. Hadi Nabil Boustani
Dipl.-Ing. Tobias Consmüller
Joshua O. Eniwumide, PhD
Gabriele Hardung
Dr. rer. nat. Juliane Gläser
Ilona Gawronska
Dr.-Ing. Grit Kasper
Dr.-Ing. Christian König
Dr.-Ing. Evgenios I. Kornaropoulos
Dipl.-Sporting. Stefan Kratzenstein

Dipl.-Ing. Biotech. Anke Kadow-Romacker
Gabriela Korus
Zienab Kronbach
Dipl.-Ing. Yasmin Müller
Marzena Princ
Janosch Schoon, B.Sc.
Norma Schulz
Dipl.-Ing. Liliya Schumann
Dipl.-Ing. (FH) Martin Textor
Mario Thiele
Dipl.-Biotech. Tobias Thiele
Steffen Wellsandt
Administration
Stephanie Benusch, M.A.
Johanna Kramer
Bianca Kühn
Dr. Sabine Bartosch (BSRT)
Lina Jankevitch, M.A. (BSRT)
Janet Klonower (BSRT)
Dr. rer. nat. Wolfgang Höckh (CSSB)
Dr. sportwiss. Lars Janshen (CSSB)
Student Research Assistants
Robert Ackermann
Michael Baur
Paul Brankatsch
Hong Hang Bui
Arash Calafi (DAAD)
Marcel Dreischarf
Falko Eckardt
Annika Fröhlich
Christoph Grabau
Tobias Hermann
Marcus Klüsener
Niklas König
Mathias Lauks
Sascha Lauterborn
Rieke Lulu Petersen
Cord Reck

Sannachi Lakshmanan, M.S. Phys.
Dr. rer. nat. Kerstin Lehmann
Dr. med. vet. Jasmin Lienau
Dipl.-Phys. Ferenc Lajos Molnar
Dipl.-Ing. Tobias Oberst
Dr. med. vet. Anja Peters
Dr. med. vet. Angela Polleichtner
Lars Rudolf (BSRT)
cand. Dipl.-Ing. Alexander Schill
Tomasz D. Szwedowski, M.Sc.
Dr. med. Daniel Toben (GEROK)
Cameron J. Wilson, PhD
Dipl.-Ing. Florian Witt
Dipl.-Ing. Dag Wulsten

Martin Rymon
Frauke Andrea Sass
Hendrik Schulze
Ilya Sharenkov
Thomas Sips
Hristina Srbinoska
Susann Thomanek
Nora Wassermann
Anna Woloszyk
Alexander Wurl
Trainees and Postgraduates
Tugba Akcan
Thomas Ambrosi
Christoph Becker
Kathrin Boettcher
Piyachat Chuysinuan
Michèle Demel
Michael Faber
Moritz Giesecke
Lisa Granzow
Marion Hannemann
Franek Haschke
Mark Heyland
Thomas Hildebrandt
Sebastian Kröner
Bettina Kruck
Katharina Lidtka
Linda Maier
Claudia Martin
Michael Pfaff
David Pflanz
Piotr Radojewski
Valentina Rizzitelli
Menja Scheer
Gregor Schmidt
Sophia Schönhals
Anne Slawig
Felix Wauer
Dipl. Mediziner Yanlin Zhong
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Head of the Julius Wolff Institute

PhD Students
Alison Agres, M.Sc.
Marta Aido, M.Sc.
Dipl.-Ing. (FH) Heide Boeth, M.Sc.
Dipl.-Ing. Annette Birkhold
Dipl.-Ing. Philipp Damm
Thaqif El Khassawna, M.Sc.
Dipl.-Phys. Bernhard Hesse
Dipl.-Biochem. Doreen Janke
Pascal Joly, M.Sc.
Dipl.-Ing. (FH) Biotech. Franka Klatte
Dipl.-Biol. Ireen Könnecke
Dipl.-Biologin Darja Könnig
Dipl.-Ing. (FH) Ines Kutzner
Mohammad Hadi Latifi, M.Sc.
Dipl.-Bioinf. Nils Männicke
Dipl.-Ing. Biotech. Susann Minkwitz
Dipl.-Ing. Philippe Moewis
Dipl.-Ing. Berry M. Pöpplau
Hajar Razi, M.Sc.
Dipl.-Bioinf. Daniel Rohrbach
Dipl.-Phys. Martin Schöne
Dipl.-Phys. Susanne Schrof
Dipl.-Ing. Frank Schulze
Dipl.-Sportwiss. Verena Schwachmeyer
Dipl.-Biol. Carolin Schwarz
Navrag B. Singh, M.Sc.
Dipl.-Biochem. Kristin Strohschein
Branko Trajkovski, M.Sc.
Dipl.-Inform. Adam Trepczynski
Dr.-Ing. Peter Westerhoff

Alumni Students
Jonas Brückner, Madlen David, Romain
Filler, Marcel Gätjen, Hinnerk Gerigk,
Jochen Haake, Sebastian Hahn, Dennis
Hamacher, Sebstian Kallenbach, Delia
Könnig, Josephine Laser, Hoang-Dung Le,
Kai Preißinger, Claudia Schaar,
Johannes Schleusener, Thomas Schneider,
Daniel Stephan, Marcel Steinmetz
Alumni DAAD Students
Kyle Krzywosinski, Roman Hochuli,
Benjamin Dulken, David Narrow,
Alexander McMurray
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