
ISSN 1745-3674
Supplementum no 353         Volume 85         February 2014

The effect of erythropoietin on bone

Jan Hendrik Duedal Rölfing



The effect of erythropoietin on bone

Jan Hendrik Duedal Rölfing, MD

Thesis

From the Orthopaedic Research Laboratory,
Aarhus University Hospital and the
Department of Clinical Medicine,

Aarhus University
Denmark

ACTA ORTHOPAEDICA SUPPLEMENTUM NO. 353,  VOL. 85,  2014



Copyright © Informa Healthcare Ltd 2013. ISSN 1745–3674. Printed in England – all rights reserved 
DOI 10.3109/17453674.2013.869716

Printed in England
Latimer Trend & Company Limited
2014

Contact address

Jan Hendrik Duedal Rölfing, MD
Orthopaedic Research Laboratory 
Aarhus University Hospital
Noerrebrogade 44, Building 1A, 1.tv
DK-8000 Aarhus
Denmark

Phone +45 7846 4133
Email jan.roelfing@ki.au.dk 
pubmed: rolfing j

Supervisors
Professor Cody Bünger
Department of Orthopaedics, Aarhus University Hospital, Denmark

Maik Stiehler
University Centre for Orthopaedics and Traumatology and Centre for Translational Bone, Joint and Soft 
Tissue Research, University Hospital Carl Gustav Carus, Technische Universität Dresden, Germany 

PhD examiners
Professor Wiltrud Richter 
Research Centre for Experimental Orthopaedics, Orthopaedic University Hospital Heidelberg, Germany

Professor Benny Dahl
Spine Unit, Department of Orthopaedic Surgery, Rigshospitalet 
and University of Copenhagen, Denmark

Professor Torben Bæk Hansen
Department of Orthopaedics, Regional Hospital Holstebro and
Department of Clinical Medicine, Aarhus University, Denmark



Acta Orthopaedica (Suppl 353) 2014; 85 1

Table of contents

PREFACE, 2

ACKNOWLEDGEMENTS, 2

LIST OF PAPERS, 3

ABBREVIATIONS AND MESH TERMS, 3

SUMMARY, 4

INTRODUCTION, 6
Erythropoietin (EPO), 6

Characterization, production, function and degradation, 6
Erythropoiesis-stimulating agents (ESAs), 6
Units, 7
Safety of EPO and ESAs, 7
Pleiotropic effects of EPO, 7
EPO and bone, 8

Aims and hypotheses, 10

METHODOLOGICAL CONSIDERATIONS, 11
Study design, 11
Observation time, 12
Outcome evaluations, 13

Estimation of bone volume with CT scans, 13
Histomorphometry and its correlation with 3D imaging, 14
Mineralization assays, 15

Ethical considerations, 15
Statistical considerations, 15

Sample size calculation, 15
Multiple testing, 16

SUMMARY OF PAPERS, 17
Paper 1: Erythropoietin augments bone formation in a 

rabbit posterolateral spinal fusion model, 17
Paper 2: The osteogenic effect of erythropoietin on human 

mesenchymal stromal cells is dose-dependent and involves 
non-hematopoietic receptors and multiple intracellular 
signaling pathways, 18

Paper 3: A single topical dose of erythropoietin applied on a 
collagen carrier enhances calvarial bone healing in pigs, 
19

DISCUSSION OF THE RESULTS, 20
Confirming and contrasting literature reports, 20
Internal validity, 20
External validity, 21
Association versus causality, 21
The effect of EPO on bone healing, 22

CONCLUSION AND PERSPECTIVES, 24

REFERENCES, 25



2 Acta Orthopaedica (Suppl 353) 2014; 85

This PhD thesis consists of three papers and an overview, 
which will be presented in the following. It introduces the sci-
entific background and purpose of the PhD project, presents 
the coherence of the papers, thoroughly discusses the choice 
of methodology, shortly presents the main findings, discusses 
the results and, finally, provides an outlook and discusses the 
perspective of the new discoveries presented. 

The presented work is based on research projects carried out 
at the Orthopaedic Research Laboratory at Aarhus University 
Hospital and the Department of Clinical Medicine at Aarhus 
University. At Aarhus University, the Department of Foren-
sic Medicine, the FACS Core Facility and the Department of 
Animal Science in Foulum played a pivotal part in conduct-
ing the experimental studies during my enrolment as a PhD 
student at the Faculty of Health Sciences at Aarhus University. 
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This PhD disseration is based on the following papers:

Paper 1:  Rölfing JHD, Bendtsen M, Jensen J, Stiehler M, 
Foldager CB, Hellfritzsch MB, Bünger C. 

 Erythropoietin augments bone formation in a rabbit 
posterolateral spinal fusion model. 

  J Orthop Res. 2012. 30(7): 1083-1088. 
 doi: 10.1002/jor.22027.

Paper 2:  Rölfing JHD, Baatrup A, Stiehler M, Jensen J, 
 Lysdahl H, Bünger C. 

 The osteogenic effect of erythropoietin on human 
mesenchymal stromal cells is dose-dependent and 
involves non-hematopoietic receptors and multiple 
intracellular signaling pathways. 

  Stem Cell Rev. 2013 Sep 20. [Epub ahead of print]. 
doi: 10.1007/s12015-013-9476-x.

Paper 3:  Rölfing JHD, Jensen J, Jensen JN, Greve AS, 
 Lysdahl H, Chen M, Rejnmark L, Bünger C. 

 A single topical dose of erythropoietin applied on a 
collagen carrier enhances calvarial bone healing in 
pigs. 

 Acta Orthop. In press.

List of Papers Abbreviations and Mesh terms

ALP   Alkaline phosphatase activity
AZR   Alizarin red S staining
BMP “Bone morphogenetic proteins”[Mesh] 
BV/TV   Bone volume fraction 
CD131 “Cytokine receptor common beta subunit”[Mesh]
CI    Confidence interval
CT   Computed tomography
EPO  “Erythropoietin”[Mesh] 
EPOR “Receptors, erythropoietin”[Mesh]
ESAs   Erythropoiesis-stimulating agents, 
 “Hematinics” [Mesh]
FDA   U.S. Food and Drug Administration
HCT “Hematocrit”[Mesh]
HGB   Hemoglobin, “Hemoglobins”[Mesh]
HSC “Hematopoietic stem cells”[Mesh]
JAK “Janus kinases”[Mesh]
MAPK “Mitogen-activated protein kinase kinases”[Mesh]
Mesh   Medical subject headings
MSCs “Mesenchymal stromal cells”[Mesh]
mTOR “TOR serine-threonine kinases”[Mesh]
PCL  “Polycaprolactone”[Supplementary Concept]
PI3K “Phosphatidylinositol 3-kinase”[Mesh]
PLT “Blood platelets”[Mesh] OR “platelet count”[Mesh]
RBC “Erythrocytes”[Mesh] OR “erythrocyte count” 
   [Mesh]
rhEPO   recombinant human erythropoietin
STAT “STAT transcription factors”[Mesh]
TNFα “Tumor necrosis factor-alpha”[Mesh] 
WBC “Leukocytes”[Mesh] OR “leukocyte count”[Mesh] 
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Summary

Erythropoietin (EPO) is a hematopoietic growth factor stim-
ulating the formation of red blood cells. EPO is notoriously 
known as a doping substance in high-performance sports, and 
in cycling in particular. In the clinical setting, this erythro-
poiesis-stimulating agent is utilized to treat anemia, especially 
if caused by a lack of endogenous EPO production due to 
chronic renal failure.

In recent years, the non-hematopoietic functions of EPO, 
also known as pleiotropic functions, have been intensively 
investigated. Of interest for orthopedics and musculoskeletal 
tissue engineering, the non-hematopoietic capabilities of EPO 
include osteogenic and angiogenic potencies. 

The objectives of the present thesis were to address and 
investigate the efficacy of EPO in regenerating bone and facil-
itating bone healing. 

The first paper investigated the effectiveness of continu-
ous low-dose systemic EPO administration to enhance bone 
formation in an autograft posterolateral spinal fusion model 
in rabbits. We observed an increased bone volume and neo-
vascularization compared with saline-treated controls after six 
weeks of observation. 

The second paper set out to investigate the cellular mech-
anisms of the osteogenic action of EPO and to describe the 
dose-response relationship in vitro. Human mesenchymal 
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stromal cells (hMSCs) were exposed to a wide range of EPO-
concentrations for up to three weeks. The lowest effective 
dose was 20 IU/ml EPO, and a proportional dose-response 
relationship was observed. Hence, the highest tested concen-
tration of 100 IU/ml EPO yielded the most pronounced osteo-
genic effect. Regarding the cellular ways of action, two cell 
membrane receptors were observed, namely the EPO recep-
tor (EPOR) and the cytokine receptor common beta subunit 
(CD131). Furthermore, the osteogenic effect was mediated via 
three intracellular signaling pathways: TOR serine-threonine 
kinase (mTOR), Janus kinase 2 (JAK2), and phosphatidylino-
sitol 3-kinase (PI3K). 

The third paper was designed to accelerate clinical progress. 
Before the clinical implementation of EPO it was necessary to 
test EPO in a large-animal model. Systemic EPO administra-
tion can cause severe adverse events such as thromboembo-
lisms. A single, locally administered, low-dose approach was 
therefore chosen. Bone formation was assessed in a porcine 
calvarial defect model. The defects were treated with EPO or 
placebo and in combination either with autologous bone graft, 
a commercially available collagen carrier, or a polycaprolac-

tone scaffold. After five weeks of observation, an increased 
bone volume after EPO treatment was observed in the colla-
gen carrier group. The excellent regenerative potential of the 
autograft was underlined by the fact that the bone volume did 
not significantly differ from that of the healthy reference bone. 
At the other end of the spectrum, bony ingrowth into the PCL 
scaffold was sparse both with and without EPO, which sug-
gests the need to investigate other types of scaffold material or 
modified PCL constructs.

In conclusion, bony ingrowth and vascularization of three-
dimensional scaffolds for bone tissue regeneration remains a 
challenge. The described pleiotropic functions of EPO may 
overcome this limitation of skeletal tissue engineering in the 
future. EPO could potentially facilitate neovascularization, 
and the migration of cells that are directed into the core of 
the scaffold will facilitate bony ingrowth. Moreover, EPO pro-
motes a direct and indirect osteogenic stimulation of hMSCs. 
A clinically safe dose enhanced bone healing in a large-animal 
model. This is encouraging news for the potential direct clini-
cal utilization of EPO. EPO is therefore a promising growth 
factor in regenerative medicine. 
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Erythropoietin (EPO)
Characterization, production, function and degradation
In 1906, Carnot and Deflandre proclaimed the existence of a 
humeral factor (“hemopoietine”) that regulates red blood cell 
production. After a century of extensive research in erythro-
poietin (EPO), its structure, production and hematopoietic 
way of action have been described in detail, while the clear-
ance and degradation of EPO is not yet entirely understood 
(Jelkmann 1992; 2007).

EPO consists of 60% protein and 40% carbohydrates. A 
chain of 165 amino acids constitutes the protein core. The 
peptide terminals of the core mediate functionality via binding 
to the receptor, while the four carbohydrate side chains protect 
EPO from degradation in the blood (Jelkmann 1992). 

In 1985, the discovery of the nucleotide sequence of EPO 
made it possible to produce recombinant human EPO (rhEPO) 
for clinical use (Jacobs et al. 1985). Endogenous EPO and 
rhEPO are identical apart from minor differences in glycosyl-
ation (Koury and Bondurant 1992). 

In 1989, the U.S. Food and Drug Administration (FDA) 
approved the use of rhEPO for the treatment of anemia caused 
by insufficient endogenous EPO production due to chronic 
renal failure. The approval has since been extended to a wide 
range of indications, e.g. anemia induced by chemotherapy 
or HIV, and to decrease the need for transfusion in patients 
scheduled for certain types of surgery (Jenkins 2007). It is also 
used in patients who refuse blood transfusions, e.g. Jehovah’s 
Witnesses.

The kidney is the primary production site of EPO. Upon 
hypoxia, renal peritubular fibroblasts increase EPO gene 
expression via hypoxia-inducible transcription factor and sub-
sequently release EPO into the circulation. Before birth, the 
liver is the primary production site and it still accounts for 
about 10% of production in adult life (Jelkmann 2007). In the 
past decades, it has become well established that EPO is also 
expressed locally in many tissues and that it acts in a paracrine 
fashion. For more information, see Pleiotropic effects of EPO.

Erythroid progenitor cells in the bone marrow express the 
homodimeric EPO receptor (EPOR) on the cell surface. Bind-
ing of EPO activates Janus kinase 2 (JAK2) and downstream 
phosphatidylinositol 3-kinase (PI3K)/Akt, MAP kinase, pro-
tein kinase C and STAT signaling pathways (Jelkmann 2007). 
In the absence of EPO, most erythroid progenitor cells undergo 
apoptosis. A rise in the EPO concentration salvages these cells 
and thereby facilitates the production of red blood cells. 

In health, about 1% of the red blood cells are renewed on 
a daily basis and the plasma level of EPO varies from 10–25 

Introduction

IU/l, but it can rise up to 20,000 IU/l in anemic patients 
(Hellebostad et al. 1988; Jelkmann 2007). Despite the fact 
that only a small fraction of hematopoietic progenitor cells 
express EPOR at any time, only about 3% of the highly affini-
tive EPOR receptors are occupied (Brines and Cerami 2008). 
Notably, the bioavailability of subcutaneous EPO increases 
from 30% at low doses to 70% when high doses are adminis-
tered (Olsson-Gisleskog et al. 2007).

The clearance of EPO from the blood is not completely 
understood, but both renal, hepatic and receptor-mediated 
clearance via internalization and degradation of the EPO-
EPOR complex have been described (Jelkmann 2002; 2007; 
Krzyzanski and Wyska 2007). The last mechanism plays a 
vital role in the clearance of EPO. The half-life of EPO there-
fore depends upon the affinity of EPO to its receptor and the 
level of receptor expression. Degradation in the liver depends 
on the composition of the sugar side chains of EPO. These 
carbohydrates prevent recognition by the galactose receptor 
on hepatocytes and thereby block intracellular uptake and 
degradation. However, the side chains are slowly degraded in 
the blood stream by glycosidases and proteinases, and EPO is 
subsequently degraded in the liver. 

Of interest for pre-clinical animal experiments, the DNA 
homology of EPO among mammals is high. For instance, 
human EPO is 80–82% identical to porcine EPO, and a 
mounting body of evidence describes that rhEPO is able to 
elicit effects in mammals (Wen et al. 1993).

 
Erythropoiesis-stimulating agents (ESAs)   
ESAs are similar to the endogenous EPO and likewise 
increase the production of red blood cells. Epoetin alpha 
(Eprex®, Epogen®, Procrit®) and epoetin beta (NeoRecor-
mon®, Recormon®) are commonly available and were chosen 
for the present studies because they are the most investigated 
types of ESAs and because their non-hematopoietic function 
supposedly does not need repetitive stimulation to be main-
tained (Brines and Cerami 2008). They are produced in Chi-
nese hamster ovary cells and differ from endogenous EPO 
with regards to carbohydrates. Their half-life is approximately 
8 hours (Macdougall et al. 1991; Wu et al. 2012). Because 
of the relatively short half-life of first-generation rhEPO, e.g. 
epoetin alpha and beta, anemic patients need EPO injections 
several times a week.

Later, the clinical feasibility of EPO administration was 
increased by developing ESAs with longer half-lives. Alter-
nations of glycosylation influence both bioavailability, affin-
ity for EPOR and half-lives. Epoetin delta (Dynepo®) is pro-
duced in human cell lines and epoetin omega (Epomax®) in 
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baby hamster kidney cells. The carbohydrate composition of 
epoetin zeta (Retacrit®, EPO biosimilar) is similar to that of 
endogenous EPO. The second-generation ESA, darbepoetin 
alpha (Aranesp®), has a three times longer half-life because 
of hyperglycosylation. Third-generation ESAs have half-lives 
up to 130 hours. This extreme long-lasting half-life of Contin-
uous-Erythropoiesis-Receptor-Activator (Mircera®) is due to 
PEGylation of epoetin beta. Furthermore, ESAs also contain 
non rhEPOs such as EPO-mimetic peptides, GATA antago-
nists and HIF stabilizers (Sølling 2011) . 

 
Units
The bioactivity of ESAs varies; hence, the amount of EPO is 
expressed in EPO units rather than in SI units of mole or kilo-
gram. International units (IU) of EPO have been defined by the 
National Institute for Biological Standards and Controls and 
by the WHO (Storring and Gaines Das 1992). One IU EPO 
elicits the same erythropoiesis-stimulating response in rodents 
as 5 µM cobalt measured with an exhypoxic polycythemic 
mouse assay or similar in vivo assays (Jelkmann 2009). EPO 
is usually calibrated in bioassays against WHO international 
biological reference preparations, in particular the Second 
International Reference Preparation of Human Urinary EPO, 
and the newer International Standard for Recombinant DNA-
Derived EPO.   

Notably, Krzyzanski et al. suggest that 7.7 µg rhEPO 
(molecular weight 30.4 kDa) is equivalent to 1,000 IU when 
conversion from IU/l into pM is needed (Krzyzanski and 
Wyska 2007).

 
Safety of EPO and ESAs
In 2007, alarming data from the Correction of Hemoglobin 
and Outcomes in Renal Insufficiency (CHOIR) study and 
the Normal Hematocrit Study prompted an FDA revision of 
ESA-labeling to include a boxed warning (Besarab et al. 1998; 
Singh et al. 2006). 

In 2012, the Cochrane Haematological Malignancies Group 
published a meta-analysis based on 93 randomized controlled 
trials enrolling 20,102 cancer patients receiving either ESA 
treatment or placebo (Tonia et al. 2012). As intended, ESAs 
reduced the need for blood transfusions and a trend towards 
improved quality of life was observed. However, severe 
adverse effects were documented. Evidence was presented 
that ESAs increase both mortality during the study period 
(hazard ratio (HR) 1.17, 95% confidence interval (CI) 1.06–
1.29), long-term mortality (HR 1.05; 95% CI 1.00–1.11), 
thromboembolic complications such as stroke and myocardial 
infarction (risk ratio (RR) 1.52, 95% CI 1.34–1.74) and pos-
sibly hypertension. The authors concluded that insufficient 
data exist to support an effect of ESAs on tumor progression 
(RR 1.02, 95% CI 0.98–1.06) and warrant further research 
into cellular mechanisms and pathways (Tonia et al. 2012). 
Hence, the matter of debate whether EPO can promote tumor 
growth and induces cancer-therapy resistance continues (Jelk-

mann 2007). Another meta-analysis of the safety and efficacy 
of “erythropoiesis-stimulating agents for myelodysplasic syn-
dromes (Protocol)” is currently being performed (Acevedo et 
al. 2012). 

In off-label use in non-cancer patients, severe adverse effects 
have also been reported. For instance, an attempt was made to 
exploit the tissue-protective action of EPO in a phase II/III 
clinical trial, the German Multicenter EPO Stroke Trial, with 
522 patients suffering from acute ischemic stroke. However, 
a cumulative dose of 120,000 IU EPO intravenously admin-
istered over 48 hours, did not show favorable effects. On the 
contrary, the death rate was substantially increased in the EPO 
group compared with the control group, 16.4 vs. 9.0% (odds 
ratio (OR) 1.98; 95% CI 1.16–3.38) (Ehrenreich et al. 2009).  

The current opinion of the FDA has not significantly 
changed since the director of the Office of New Drugs pointed 
out in 2007 that: “Drug safety is a risk-to-benefit balance. 
[…] Evaluating the benefits and risks of all drug products is 
a dynamic process – and FDA’s ongoing evaluation of ESAs 
is no exception. […] At this time, FDA continues to believe 
that ESAs are safe and effective when used according to the 
recently revised product labeling, at the recommended dose 
and approved indication.” (Jenkins 2007).

Pleiotropic effects of EPO 
In 1990, Anagnostou et al. were the first to observe a non-
hematopoietic effect of EPO (Anagnostou et al. 1990). The 
past two decades have seen mounting evidence that EPO 
exerts pleiotropic effects in various tissues. Today, it is well 
established that EPOR is expressed in endothelium and vas-
cular smooth muscle and that this causes angiogenesis, faster 
wound healing and vascular protection (Jaquet et al. 2002; 
Heeschen et al. 2003). Furthermore, tissue-protective and anti-
inflammatory effects have been described in several tissues. 
Among other functions, EPO elicits neuroprotection after vas-
cular insult, cardioprotection after myocardial infarction, and 
renoprotection after kidney injury (Figure 1) (Prunier et al. 
2007; Arcasoy 2010; Chateauvieux et al. 2011). 

It has been suggested that inflammation is inhibited by EPO. 
The proposed underlying mechanism is that EPO antagonizes 
pro-inflammatory cytokines, such as tumor necrosis factor 
alpha (TNFα) (Brines and Cerami 2008). For instance, TNFα 
is released in the center of injury and diffuses into the sur-
rounding healthy tissue, causing apoptosis and amplification 
of inflammation. This initially viable area is therefore also at 
risk of dying. In this area, EPO could interact with its non-
hematopoietic receptor and salvage the tissue. However, it 
has recently been shown that the inhibition of inflammation is 
likely to be indirect and secondary to tissue protection because 
EPO did not directly affect TNFα or IL-6 production (Cervel-
lini et al. 2013). 

In 2004, Brines et al. proposed that the pleiotropic actions of 
EPO are mediated via a heterodimeric EPOR/CD131 receptor 
instead of the homodimeric EPOR (Brines et al. 2004; Leist et 
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Figure 1. Non-erythroid effects of erythropoietin. Copyright: Arcasoy MO, Haematologica 
2010;95:1803-1805. Obtained from Haematologica/the Hematology Journal website http://
www.haematologica.org

al. 2004; Brines and Cerami 2008). Their experiments showed 
that EPO-related molecules, which were unable to bind to the 
homodimeric EPOR, could exert tissue protection, but not 
erythropoiesis. Details about this receptor were later published 
showing that two EPOR bind to two intertwined, antiparal-
lel CD131 in a covalent fashion via cysteine linkage (Brines 
and Cerami 2008). Compared with the homodimeric EPOR 
known from the hematopoietic system, this receptor has a low 
affinity for its ligand, EPO. Tissue-protective and other pleio-
tropic actions require therefore a higher dosage of EPO than is 
needed to elicit erythropoiesis-stimulating actions (Brines and 
Cerami 2008). The EPOR/CD131 receptor hypothesis was 
tested in several tissues. The most convincing studies docu-
ment pleiotropic effects of EPO-derived components which 
are incapable of binding to the homodimeric EPOR, but can 
only mediate their action through EPOR/CD131 (Leist et al. 
2004; Brines et al. 2008; Bohr et al. 2013). 

Non-hematopoietic intracellular signaling pathways include 
nitric oxide production and signaling via JAK2, STAT3/5, 
PI3K/Akt as well as MAPK pathways (Brines and Cerami 
2008; Burger et al. 2009; Maiese et al. 2012). As reviewed by 
Brines, while some pleiotropic functions have been assigned 
to specific pathways, the activation of multiple of these intra-
cellular signaling pathways is often required for the full pleio-
tropic effect (Brines and Cerami 2008). The role of these path-
ways and their contribution to the net-pleiotropic effect needs 

further elucidation. Of particular interest are JAK2, PI3K, and 
mTOR signaling (Kim et al. 2012; Maiese et al. 2012). 

Reports questioning the pleiotropic potencies of EPO have 
also been published. These papers postulate that EPOR anti-
bodies are non-specific and the papers hence question the 
expression of EPOR on non-hematopoietic cells (Sinclair et al. 
2010; Singbrant et al. 2011). However, this doubt was opposed 
by a collaboration of leading EPO experts who published a 
paper entitled “Erythropoietin: not just about erythropoiesis” 
in the Lancet in 2010 (Ghezzi et al. 2010). These EPO experts 
argue that ample evidence exists and they underline their argu-
ment presenting a PubMed-search for “erythropoietin AND 
protect*” retrieving 863 hits, whereof 346 papers report a non-
hematopoietic or tissue-protective action and only 10 papers 
report the lack of pleiotropic efficacy. Despite the ongoing 
debate about antibody specificity and EPOR expression in 
non-hematopoietic tissue, this is compelling evidence of the 
pleiotropic functions of EPO. 

EPO and bone
When this PhD project was commenced, only two reports con-
cerning EPO and bone had been published. In 2006, Bozlar 
et al. described increased initial bone healing and angiogen-
esis in a tibia fracture model in rats (Bozlar et al. 2006). The 
following year, Holstein et al. described that EPO improves 
early endochondral ossification and mechanical strength 
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after a fracture of the femur in mice (Holstein et al. 2007). 
Daily intraperitoneal injections of 5000 IU/kg EPO for 6 days 
increased torsional stiffness and callus density after 2 weeks. 
Notably, this effect was no longer evident after 5 weeks of 
observation. Later and concurrently with this PhD project, 
these authors reported that daily, systemic injections of 500 
IU/kg/day resulted in a larger bone volume and union rate 
after fracture, which is of clinical relevance (Holstein et al. 
2011). The observation and treatment time was 10 weeks. Fur-
thermore, increased angiogenesis after 2 weeks was observed 
which indicates a potentially indirect way of osteogenic action. 
Moreover, direct cellular mechanisms were investigated, but 
the expression of endothelial and inducible nitric oxide syn-
thases as well as the angiopoietin receptor revealed no statisti-
cally significant difference between EPO-treated and placebo-
treated animals. In a third murine femoral fracture model, 
all animals receiving 500 IU/kg EPO daily obtained fracture 
union, while the fusion rate was only 50% in the control group 
after 5 weeks (Garcia et al. 2011). In contrast to their previ-
ous study, the authors rejected the hypothesis of increased cell 
proliferation as a means of facilitating the osteogenic action 
of EPO. However, increased levels of circulating endothelial 
progenitor cells were observed along with decreased levels of 
the pro-inflammatory regulator NF-kB.

In conclusion, this group believes that the osteogenic 
potency of EPO is rooted in its ability to decrease inflammation 
and downregulate NF-kB in particular (Garcia et al. 2011). In 
contrast to their first study, no decline in the osteogenic effect 
of EPO was observed in their latest study; however, a seri-
ous drawback for clinical translation was the extremely high 
hemoglobin levels (see below). 

In a rabbit mandibular distraction model of osteogenesis, 
four injections of a physiological dose of 150 IU/kg EPO 
increased the number of osteoblasts and blood vessels 30 days 
after the operation (Mihmanli et al. 2009). The number of 
osteoclasts was also reduced.

The described net bone-forming capacity of EPO is not 
unopposed. Singbrant et al. raised the intuitive hypoth-
esis that EPO primarily increases erythropoiesis in the bone 
marrow. It follows that expansion of the bone marrow cavity 
at the expense of trabecular bone is a plausible consequence. 
Accordingly, their published results show a decrease in trabec-
ular bone and an increase in bone remodeling in mice. They 
also found that EPOR is restricted to the hematopoietic linage 
and that osteoblast progenitors, Kusa4b10 cells, did not dif-
ferentiate into osteoblasts when stimulated with EPO. Finally, 
they reported that because of the lack of EPOR on mesenchy-
mal cells, osteoclastogenesis only took part in vivo, but not in 
vitro. They conclude that EPO negatively regulates skeletal 
homeostasis (Singbrant et al. 2011).   

A Canadian research group, led by Taichman, has also pub-
lished several papers regarding the effect of EPO on bone. 
In 2008, they showed that hematopoietic stem cells (HSCs) 
are capable of inducing osteogenic differentiation of murine 

MSCs via paracrine stimulation with bone morphogenetic 
protein 2 and 6 (BMP-2, BMP-6) (Jung et al. 2008). This 
finding was substantiated in a subsequent paper which dem-
onstrated that EPO activates JAK/STAT signaling in HSCs 
leading to BMP secretion (Shiozawa et al. 2010). In that 
study, daily EPO injections of 1500–6000 IU/kg for 28 days 
increased bone volume and the number of osteoblasts and 
osteoclasts in mice. Opposing the results of Singbrant et al., 
EPO increased the bone volume and decreased bone marrow 
cavity in the examined murine vertebra. Furthermore, these 
authors were the first to describe a direct osteogenic effect on 
MSCs and osteoclasts. While EPO increased the number of 
osteoclasts, it impaired their function via down-regulation of 
cathepsin K which resulted in net bone formation (Shiozawa 
et al. 2010; Kim et al. 2012). In their setting, 20 IU/ml EPO 
increased the osteogenic differentiation of hMSCs about 1.7-
fold compared with the positive control group estimated with 
alizarin red staining (AZR) after 21 days (Kim et al. 2012). 
Regarding the intracellular signaling pathway, rapamycin, a 
specific inhibitor of mTOR, reduced the osteogenic differen-
tiation of hMSCs independently of EPO stimulation (Kim et 
al. 2012). Discrepancies between mice and human stem cells 
were also reported in that paper. In another study in which 
a murine cranial defect was used, the very osteoinductive 
BMP-2 response was further augmented after repetitive, site-
specific injection of 1000 IU/kg EPO. Here, EPO was admin-
istered every other day for up to 2 weeks (Sun et al. 2012). 
Besides improved bone formation, increased calcification and 
vessel ingrowth were observed. Interestingly, the cranial bone 
healing occurred via endochondral ossification rather than via 
intramembranous ossification (Sun et al. 2012). This treat-
ment regime significantly increased erythropoiesis in spite 
of the authors’ effort to limit the erythropoiesis-stimulating 
action and the potential side effects by decreasing the EPO 
dose compared with their prior study. The clinical feasibility 
of this approach is therefore limited. In conclusion, the current 
working hypothesis of Taichman’s group is that “osteoclasto-
genesis is the primary means for EPO-improved bone regen-
eration” (Sun et al. 2012).

Sufficient blood supply is critical for bone regeneration in 
fracture healing and for musculoskeletal tissue engineering 
(Hankenson et al. 2011). Two main mechanisms are respon-
sible for the formation of new blood vessels, also known as 
neovascularization. In angiogenesis, new vessels sprout from 
existing blood vessels. In vasculogenesis, on the other hand, 
blood vessels are formed from circulating endothelial progeni-
tor cells without initial connection to pre-existing vessels (Isner 
and Asahara 1999). Regarding EPO, both of these mechanisms 
have been observed (Ribatti et al. 1999; Joshi et al. 2010). In 
this light, EPO-induced neovascularization could potentially 
resemble an indirect way of promoting bone regeneration via 
an improved microenvironment and nutrient supply.

Chemotaxis; EPO has been shown to attract MSCs and 
endothelial progenitor cells. Although increased cell migra-
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tion was observed at EPO doses ranging from 1 IU/ml to 
1000 IU/ml, the chemotactic effect peaked at 100 IU/ml EPO 
(Anagnostou et al. 1990; Chen et al. 2008; Koh et al. 2009; Yu 
et al. 2011; Nair et al. 2013). Both this chemotactic potency 
and the angiogenic and osteogenic potential of EPO are of 
utmost interest for musculoskeletal tissue engineering. Nota-
bly, EPO may be utilized to overcome the major limitation of 
large-scaled, three-dimensional cell-based tissue regeneration, 
which is that it fosters vascularization and bony ingrowth in 
large 3D scaffolds. 

In 2012, a summary was published presenting the state of 
knowledge at that time about the effects of EPO on bone and 
the mechanisms involved (Figure 2) (McGee et al. 2012). This 
review was published before the results of Papers 1-3 were 
presented and before the writing of the present thesis. Since 
publication of that review, it has been shown that osteoblasts 
produce EPO, which acted in paracrine and systemic fashion 
(Rankin et al. 2012). In fact, the production of EPO by osteo-
blasts was sufficient to drive erythropoiesis. 

In conclusion, several research groups have intensively 
investigated the osteogenic potency of EPO. Hallmarks on the 
road to clinical translation: firstly, adequate dosing prevent-
ing adverse effects and excessive erythropoiesis; secondly, a 
deeper understanding of the receptors and signaling pathways 
involved; and, thirdly, testing of the efficacy of EPO in large-
animal models, must be accomplished. The aims and hypoth-
eses of this PhD thesis are therefore highly relevant and have 
not been answered before.

Figure 2. The effect of EPO on bone. Mechanisms leading to increased bone formation are illustrated.

Aims and hypotheses

The general aim of this PhD project was to investigate the effi-
cacy of EPO in promoting bone regeneration in pre-clinical 
experiments. Furthermore, the aim was to pave the way for 
clinical translation through the investigation of the cellular 
ways of action, the establishment of a dose-response relation-
ship in vitro, and the application of a clinically safe dose in a 
large-animal study. 

The hypotheses of the three papers were:

Paper 1: Continuous, systemically administered low-dose 
EPO increases bone volume and bone quality after 
spinal fusion. 

Paper 2:  EPO stimulates the osteogenic differentiation of 
hMSCs in a dose-dependent manner through direct, 
receptor-mediated signaling that triggers multiple 
intracellular pathways.

Paper 3:  Site-specific, single low-dose EPO can augment 
bone defect healing.
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Study design
Paper 1
In Paper 1, the following reasoning governed the choice of the 
rabbit as an animal to study the efficiency of EPO in the set-
ting of a posterolateral spinal fusion. First, the fusion rate in 
rabbit is comparable to that in man, the model has been much 
used in the past, and the standard deviation of the primary 
outcome evaluation was well defined which allowed the per-
formance of an accurate sample size calculation prior to the 
investigation (Khan and Lane 2004; Choi et al. 2007). Second, 
compared with large-animals it is a cost-effective screening 
tool and its implementation at our institution was feasible. 

The systemic administration of EPO hindered a paired 
within-subject study design. Hence, an unpaired study design 
that does not eliminate biological variability between animals 
was chosen. The power was 80% and the significance level 
5%. According to past literature, the relative standard devia-
tion was 16% when the same methodology was applied to 
assess the primary outcome measure, bone volume (Choi et 
al. 2007). The estimated effect size was a 20% increase in 
bone formation. According to these parameters, at least 13 
animals needed to be available for analysis in both the control 
group and the treatment group. Taking safety precautions, we 
included 17 animals in each group. This sample size is large 
compared with the median sample size of eight rabbits (range 
2–25) used in this model (Riordan et al. 2013). However, 
many animal studies are underpowered and that may lead to 
false conclusions about the efficacy of a studied intervention 
(van der Worp et al. 2010). 

At the time of the experiment, we were concerned about 
potential limitations of this model which included the sub-
jective evaluation of the fusion rate by manual palpation, the 
potentially negative influence of daily handling when inject-
ing EPO, and, last, the generalizability of the results. How-
ever, the validity of our conscious choices when designing the 
rabbit spinal fusion study was confirmed in a recently pub-
lished meta-analysis (Riordan et al. 2013). We chose to blind 
the surgeons who used a paramedian approach to implant 2.00 
g autogenous iliac crest bone graft per side in treatment-ran-
domized, female New Zealand white rabbits weighing above 
3.5 kg. In comparison, the meta-analysis recommends the use 
of skeletally mature rabbits (>6-months old, >3 kg) and the 
use of 1–2 cm3 autograft in addition to blinding and treatment 
randomization. Furthermore, the feasibility of the subjective, 
but validated evaluation method of manual palpation for the 
assessment of spinal fusion was stressed. However, computed 
tomography (CT) and other analyses should be employed to 

Methodological considerations

study other outcome measures (Riordan et al. 2013). The pri-
mary outcome measure of Paper 1 was bone volume assessed 
with CT (Rölfing et al. 2012).

The pharmacokinetics and pharmacodynamics of EPO in 
animals may differ from those seen in humans. The higher 
metabolism of small animals could potentially imply a faster 
elimination of EPO from the body. Furthermore, the dose-
response relationship could vary. However, this remains spec-
ulation and needs further investigations in other studies.

 
Paper 2
The aim of Paper 2 was to elucidate the cellular mechanisms 
of EPO. We chose commercially available cells (Lonza Inc., 
Allendale, NJ, USA) because the burden of proof to confirm 
that the cells were hMSCs was lifted by Lonza Inc. itself. 
According to Keating, the term human mesenchymal stromal 
cells (hMSCs) should be used if cells exhibit plastic adher-
ence, differentiation to adipogenic, chondrogenic and osteo-
genic cells and if they express the surface markers CD105, 
CD73, and CD90, while hematopoietic markers are absent 
(Dominici et al. 2006; Keating 2012). The term mesenchymal 
stem cell instead of mesenchymal stromal cell should only be 
used if the cells have documented self-renewal and differentia-
tion characteristics. Certificates of analysis are available from 
www.lonza.com. Furthermore, the use of commercially avail-
able cells allows other researchers to repeat our experiments. 
The biological variability and hence the external validity of 
the results was increased by testing hMSCs from two different 
donors. In order to maximize the internal validity, technical 
variability was accounted for by multiple technical replicates 
and by conducting all experiments two or three times. The 
study design secured the comparability of the effect size of 20 
IU/ml EPO with the results published by Kim et al. (Kim et al. 
2012). In fact, they also used cells from the same source, and 
they used a similar positive control and an observation time of 
21 days. Because the dose-response relationship of the non-
hematologic effects of EPO remains undefined, a wide range 
of concentrations (0-100 IU/ml) was applied. 

Paper 3
In Paper 3, a large-animal model was chosen to pave the way 
for clinical translation. The swine compares favorably with 
man in terms of bone healing rate (Schweiberer and Büch-
ner 1977; Hönig and Merten 1993; Bouxsein et al. 2010; 
Dempster et al. 2013). The porcine animal model also fulfills 
many of the requirements of an optimal model as it allows a 
paired within-subject study design with multiple testing sites. 
Furthermore, the required facilities and animals were locally 
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available, and the model had been established at our institu-
tion, which eliminates most learning curve issues (Compston 
et al. 1986; Jensen et al.).

The sample size was guided by our previous experiments 
in which this model was used and by literature reports 
(Compston et al. 1986; Stockmann et al. 2012; Jensen et al.). 
The same power, significance level, and expected effect size 
as in Paper 1 were applied. Our previous data showed a large 
standard deviation in the primary outcome measure, bone 
volume fraction (BV/TV), which denotes the bone volume 
relative to the volume of the bone defect. As the thickness of 
the frontal and parietal bone increases from anterior to pos-
terior, we assumed that the regeneration potential would also 
vary and consequently that the large standard deviation was 
site-dependent. To diminish the standard deviation, Paper 3 
was designed to make three pairwise comparisons across the 
midline. To enable the investigation of the site-dependency 
in a subsequent analysis extending beyond this thesis, each 
treatment group was chosen to be in each position three times. 
Consequently, the sample size of the six groups was equal (n 
= 18). The localization of the three pairs was determined by 
block randomization, and EPO treatment was either random-
ized to the left or the right side of the calvaria. These measures 
ensured that the results were not biased by a possible site-
dependent regenerative potential at the three locations (Baas 
2008).

The limitations of this model include a difference in devel-
opment compared with most other bones. In embryogenesis, 
the calvaria develops through intramembranous ossification 
rather than endochondral ossification. However, endochondral 
healing was observed in a murine calvarial defect model (Sun 
et al. 2012). Another limitation is the absence of weight bear-

ing, which may result in an alternation of the healing response 
in other clinically relevant settings. Furthermore, the mor-
phology and almost avascular nature of the parietal and fron-
tal bone, which become apparent when drilling holes without 
bleeding, is likely to change the bone healing mechanism and 
could potentially limit access to circulating progenitor cells.

The stepwise scaffold insertion of two PCL scaffolds (Ø 10 
mm, height 5 mm), each loaded with 150 µl, and four col-
lagen scaffolds (Ø 10 mm), whereof three were loaded with 
100 µl and the last functioned as a seal, was determined by the 
maximum loading capacity of the scaffolds and the volume of 
the loaded scaffolds (Figure 3). Importantly, the hydrophilic-
ity of the PCL scaffolds was increased with sodium hydroxide 
treatment.

 

 
Observation time 

Holstein et al. described an accelerated bone healing with a 
declining effect size over time (Holstein et al. 2007). Rela-
tively short observation times, e.g. 6 weeks in Paper 1 and 
5 weeks in Paper 3, therefore were chosen to maximize the 
chance of finding statistically significant differences between 
groups. Here, we applied the same rationale as that described 
by Baas (2008). In this time window, in which the slope of 
the healing/bone formation rate is steepest, the likelihood of 
detecting differences between groups peaks (Figure 4). At the 
chosen observation time, healing was expected to be at a stage 
at which differences in bone formation and neovascularization 
between the groups would be identifiable if present. 

Furthermore, it is clinically relevant to assess the time to 
radiological and clinical healing as well as the final result. This 

Figure 3. Insertion and loading of collagen carrier and PCL scaffold.
Left panel: The maximum loading capacity of the collagen scaffold was 100 µl, which caused 

significant shrinkage. Hence, three collagen scaffolds were inserted in a stepwise manner and 
loaded with 100 µl. The fourth scaffold served as a seal. 

Right panel: The maximum loading capacity of the PCL scaffold was 150 µl, which resulted in 
equal distribution throughout the scaffold. The top and bottom of the loaded PCL scaffolds are 
shown. Two PCL scaffolds (Ø 10 mm, h = 5 mm) were inserted in each defect.
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could, for example, involve long-term assessment of fracture 
union and bone quality after healing had ended. Because of 
the initial reports by Holstein et al., we chose to use early time 
points to evaluate the potential acceleration of bone healing 
owing to the use of EPO. In the clinic, an increased initial 
healing rate could potentially shorten the recovery period. 

Regarding Paper 1, it should be noted that the fusion rate 
does not increase any further after 6 weeks of observation 
in the rabbit posterolateral spinal fusion model according to 
Boden et al. (Boden et al. 1995). The meta-analysis confirmed 
that most researchers followed this recommendation, but an 
even shorter observation time of 4-5 weeks might be suffi-
cient to determine the fusion rate in this model (Riordan et al. 
2013). However, this statement is controversial and hence a 
matter of debate (Rölfing and Bünger 2013b). 

Regarding Paper 2, the observation time was chosen based 
on previously published reports using a similar set-up (Kim 
et al. 2012). Moreover, the cultured cells detached from the 
plates at later time points than 14 days in pathway inhibitor 
experiments, which limited the intended observation time of 
3 weeks. 

 Regarding Paper 3, the follow-up time was chosen to match 
the application of a commercially available collagen scaffold, 
which is absorbed within approximately 3 weeks via phago-
cytosis and enzymatic degradation according to its product 
information (Sangustop, Aesculap AG, Tuttlingen, Germany). 
The observation time of 5 weeks was also chosen based on the 
results of a previous longitudinal study in which this animal 
model was used (Stockmann et al. 2012).

Outcome evaluations

Given the different types of pre-clinical studies performed, 
numerous different outcome evaluations were applied. The 
primary outcome evaluations were the estimation of bone 
volume with CT scans after rabbit posterolateral fusion in 
Paper 1, the determination of the mineralization rate with 
Arsenazo III and AZR assays read on an ELISA reader in 

bone healing

intended observation 
time window

Figure 4. The observation time of Papers 1–3 was intended to be within 
the illustrated time window. Paper 2, and the estimation of BV/TV with high-resolution 

quantitative CT and histomorphometry in Paper 3. 
 

Estimation of bone volume with CT scans
Choi et al. described the assessment of the volume of the 
fusion mass after spondylodesis using autograft (Choi et al. 
2007). Post-mortem, neither the radiation dose nor movement 
artifacts are limiting factors and it is therefore possible to 
apply the optimal technical configuration of the CT scanner 
to achieve the best possible spatial resolution. The maximal 
spatial resolution is defined by the minimum slice thickness 
of the CT scanner. Using a 64 Slice Dual Source SOMATOM 
Definition CT scanner (Siemens AG Medical Solutions, Erlan-
gen, Germany), the best technically spatial resolution was 0.6 
mm. Because the animals neither breathe nor move, scans 
could be performed with 50% overlap to further increase the 
accuracy. The acquisition parameters were 150 Eff.mAs, 100 
kV, 0.6 mm slice thickness, 0.3 mm increment, and 0.5 mm 
pitch. Image reconstruction of the acquired raw data is equally 
important. To preserve the high resolution and to achieve an 
isotropic three-dimensional spatial resolution of 0.6 mm, the 
field of view was set to 307 mm, and a B40f medium filter 
was applied. On these axial CT images, the region of inter-
est was defined as previously described (Choi et al. 2007). 
In brief, a blinded observer encompassed the fusion mass 
while having the coronal and sagittal planes on the screen 
at the same time. This procedure was important as defining 
the medial border of the fusion mass can be challenging due 
to the adjacent vertebral body. If the adjacent vertebral body 
interfered with the fusion mass (Figure 5), transversal images 
above or below were taken into consideration when defining 
the medial border. When all sections were encompassed, the 
fusion volume was computed from the two-dimensional areas 
of interest. 

The internal validity of the study could potentially have 
been larger, if the inter- and intra-observer variability had 
been reported after performing multiple independent, blinded 
analyses.

An alternative semi-automatic approach was considered 
when planning the evaluation method. Automatic bone volume 
rendering, in which the observer only defines the cranial, 
caudal, and lateral borders and a threshold of Hounsfield units 

Figure 5. Illustration of the defined region of interest, fusion mass 
(white), and its delineation towards the adjacent vertebral body (grey).
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could have diminished the subjective element of defining the 
borders of the fusion mass. For instance, it would have been 
possible to define a volume of interest from the upper endplate 
of the vertebral body L4 to the lower endplate of L6 and later-
ally bounded by the tip of the transverse processes. This could 
have been followed by computing the bone volume with a 
predefined threshold (Figure 6 lower panels). However, if this 
method had been applied in Paper 1, the contribution of the 
bone volume of vertebra bodies L4–L7 would have biased the 
result. This assumption is based upon the hypothesis that the 
bone volume of L4–L7 is highly correlated with the weight of 
the animal, which was 3.792 ± 0.324 kg. Hence, this standard 
deviation of about 8.5% would have had substantial influence 
on the measured combined bone volume of (L4) + L5 + L6 + 
(L7) + fusion mass (Figure 6 lower panels). This is especially 
important, given the expected effect size of 20% difference in 
bone volume (see sample size calculation). 

In Paper 3, the volume of interest was clearly delimitated 
from the adjacent bone, and this methodology was applied in 
high-resolution quantitative CT analysis because it enjoys the 
advantage of being more objective.

A limitation of Paper 3 was the resolution of the CT scan-
ner (XtremeCT, Scanco Medical AG, Brüttisellen, Switzer-
land). Unfortunately, the µCT scanner (µCT 40, Scanco) used 
in Paper 1 was no longer available. Analyses were therefore 
performed with the best possible, but lower voxel size of 82 
µm3 using an XtremeCT scanner. According to the Nyquist 
criteria, the trabecular thickness and space between trabeculae 
should at least be twice the voxel size to be accurately mea-

Figure 6. 3D reconstructions of vertebrae L4–L6.
Upper panels: The method applied in Paper 1, which estimates the 

volume of the fusion mass only, is shown. The adjacent vertebral 
bodies (grey) are delineated and not measured. 

Lower panels: An alternative semiautomatic method estimating the 
combined volume of the fusion mass and vertebrae (L4) + L5 + L6 
+ (L7) is illustrated.

sured. Fortunately, our previous µCT data have shown that, 
first, a trabecular structure is present after calvarial healing 
and that, second, the trabecular thickness ranged from 150 to 
210 µm. Thus, we were able to avoid that low resolution scans 
relative to the structure of interest may underestimate the bone 
mineral density due to partial-volume effects and overestimate 
object thickness (Bouxsein et al. 2010).

Histomorphometry and its correlation with 3D imaging
Histomorphometry is considered the gold standard for deter-
mining tissue morphology. Stereology allows the investiga-
tor to draw conclusions about the three-dimensional micro-
scopic structures based upon the data from two-dimensional 
analysis of histological sections. The techniques and require-
ments regarding tissue processing including randomization, 
sampling, cutting, and probing have been described in detail 
(Vesterby et al. 1987; Gundersen et al. 1988). The applica-
tion of these stereological principles includes thorough sam-
pling and it is hence extremely time-consuming. Researchers 
therefore often sample only a limited fraction of the volume 
of interest. If the volume of interest is cylindrical (Paper 3), it 
is often the central section of the circle that is investigated; an 
approach that introduces a central selection bias (Schlegel et 
al. 2006; Baas 2008). Fortunately, this bias is negligible under 
most circumstances (Baas 2008). 

Guidelines regarding the planning, conduction, and report-
ing of histomorphometric and quantitative CT analyses 
were followed, and the adherence to stereological principles 
increased the internal validity of the results (Bouxsein et al. 
2010; Dempster et al. 2013). Inter- and intra-observer varia-
tion should be stated if possible, because such variation is 
reported to be substantial even with identical methodology 
(Compston et al. 1986). Depending on the analyzed outcome 
measure, the coefficient of variance may range from 9% to 
69% for inter-observer variance and from 3% to 22% for intra-
observer variance (Compston et al. 1986). These data highly 
threaten the internal validity and hence the external validity 
and generalizability of histomorphometric data in general. 
Nonetheless, it has been shown that correlation of the bone 
structural measurements between µCT and histomorphometry 
is very good, and even excellent when estimating bone volume 
to tissue volume (Müller et al. 1998; Chappard et al. 2005; 
Thomsen et al. 2005). The latter was the primary outcome 
measurement in Paper 3. Consequently, quantitative CT can 
be employed to obtain reliable morphometric results in less 
time than two-dimensional histomorphometry. In the author’s 
opinion, the biggest advantage of quantitative CT compared 
with histological analysis is that the entire volume of inter-
est is analyzed rather than multiple two-dimensional samples, 
and that the analysis is semi-automatic and therefore less sub-
jective. Recent advances in µCT protocols also enabled the 
assessment of the secondary outcome measure in Paper 1, vas-
cularization (Fei et al. 2010). However, that protocol has not 
been implemented at our institution so far. 
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Importantly, the term “bone” is ambiguous and may convey 
one of three different meanings. The first meaning, defined by 
the American Society of Bone and Mineral Research, is: bone 
matrix including mineralized and not yet mineralized matrix 
(osteoid). The second is: mineralized bone matrix excluding 
osteoid; and the third meaning is bone as a tissue including 
bone matrix, bone marrow, and soft tissue; in the interest of ter-
minological uniformity, the third meaning should be referred 
to as bone tissue (Dempster et al. 2013). A major disadvantage 
of radiological analysis is that it can only visualize mineral-
ized bone, but not osteoid. For the quantification of osteoid 
as an indicator of ongoing bone formation, histomorphomet-
ric evaluation is required. Notably, bone remodeling occurs 
throughout life, and bone formation and osteoid will therefore 
always be present to some degree. Furthermore, light micros-
copy enables the observer to discriminate between mineral-
ized bone as either old (lamellar) and newly formed (woven) 
bone because of its morphology, and it allows the observer 
to quantify fibrous tissue, blood vessels, and other outcome 
measures of interest. 

Mineralization assays
Mineralization is an essential step in bone formation. In vitro, 
a large array of methods is available for the determination of 
calcium deposition, including Von Kossa staining, Arsenazo 
III assay, AZR staining and AZR assay (Gregory et al. 2004). 
Both the Von Kossa staining and the Arsenazo III assay have 
certain limitations. Only qualitative or semi-quantitative eval-
uation under the microscope is possible with the Von Kossa 
technique. The Arsenazo III assay estimates calcium deposi-
tion, however its disadvantage is that it is a quantitative method 
only. Consequently, other means to visualize and measure 
mineralization are preferred at our institution. AZR was and is 
still the standard method endorsed at our institution, because 
it is versatile and allows the both quantitative evaluation of 
mineralization with an ELISA reader and inspection under the 
microscope. The basic principle of AZR is that it precipitates 
in the presence of calcium. Previously, the employed AZR 
protocol included the quantitative de-staining with cetylpyri-
dinium chloride (Stiehler et al. 2008). While conducting the 
experiments of Paper 2, the material safety classification of 
cetylpyridinium chloride was unfortunately altered and its use 
was prohibited at our institution. Therefore, before the altered 
version of the AZR protocol using 5% SDS in 0.5 M HCl for 
quantitative de-staining was tested and validated, an Arsenazo 
III assay was used in parts of Paper 2 as previously reported 
(Stiehler et al. 2009).

The limitations of the staining methods include the need to 
wash the cells many times to remove excessive staining. At 
late time points in Paper 2, this repeated rinsing step resulted 
in detachment of the cells from the culture plate, which made 
them unavailable for analysis. 

Other means to verify the osteogenic differentiation of cells, 
such as DNA, RNA, and protein analyses at earlier time points 

are frequently described and often required for publication in 
high-ranking, peer-reviewed journals. However, measuring the 
primary endpoint of mineralization after 10, 14, and 21 days 
fulfills the call to minimize the number of statistical tests, and 
it moreover saves time and financial expenses as compared 
to using the additional methods. Nevertheless, the secondary 
outcome evaluation of alkaline phosphatase assay (ALP) was 
employed to investigate early time points in Paper 2.

Ethical considerations

Under the heading “the removal of inhumanity”, Russel and 
Burch published a concept known as the “three R’s” of labora-
tory animal science in 1959: “replacement” meaning the sub-
stitution of animals of insentient material if possible; “reduc-
tion” meaning limiting the number of animals sacrificed; and 
“refinement” meaning the improvement of animal welfare 
(Russell et al. 1992). These values are today the cornerstones 
of humane animal research.

In order to facilitate implementation of these general aims 
in pre-clinical studies using laboratory animals and to improve 
scientific publication standards, the ARRIVE guidelines and 
the Gold Standard Publication Checklist (GSPC) were pub-
lished (Kilkenny et al. 2010; Hooijmans et al. 2011). While 
the authors of the latter guidelines may provide a more 
detailed checklist, accreditation and pre-clinical use of these 
guidelines favor the ARRIVE guidelines with currently 231 
vs. 47 citations. Either of these guidelines should be followed 
when conducting pre-clinical studies in animals.

The continuous need for improvement of existing animal 
models in orthopedics on the road to clinical translation has 
been described (An and Friedman 1999). To ensure that ethi-
cal considerations are taken into account in animal models, 
minute planning and execution are mandatory. This includes 
the proper selection of animal species, procedure, observation 
time, and sample size calculations to fulfill the requirement of 
“reduction”, which implies using the least number of animals 
to answer the scientific questions with reasonable probability. 

In the present thesis, these principles were followed. In 
brief, we performed sample size calculations, defined humane 
endpoints and applied the stipulated guidelines. Furthermore, 
all experiments complied with local laws and were approved 
by The National Authority, no. 2006/561-1178 and 2012-15-
2934-00362.

Statistical considerations
Sample size calculation
As a direct consequence of the discussed ethical considerations, 
a sample size calculation should be performed before pre-clin-
ical animal studies are conducted. A sample size calculation 
justifies the size of the study populations and demonstrates that 
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the study is capable of answering the scientific questions posed 
(Kirkwood and Sterne 2003). Its key goal is to avoid waste of 
time and resources and it should thus be in the very interest of 
any researcher besides being a requirement of many funding 
agencies, journals, and universities. The factors that determine 
the number of study objects needed are listed below. 

The power of a study is the probability to detect a true posi-
tive effect. The power thus describes a study’s capability to 
reject a false null hypothesis. The power of a study is also 
called the sensitivity of a study meaning the chance of find-
ing that two study populations statistically significantly differ 
when in fact they are not identical. The risk of false negative 
results (type II error) is given by the equation 1 – power. In this 
thesis, a power of 80% was chosen. Given that the effect size 
and standard deviations were as predicted during sample size 
calculations, the chance of success was only 80%. Increasing 
the power or likelihood of success would have had large con-
sequences for the sample size.

The significance level, meaning the strength of the evidence 
required to reject the null hypothesis, is most often 5% (p ≤ 
0.05) in biomedical research, including the present thesis. The 
significance level is also the alpha value, which denotes the 
maximal risk of false positive results, e.g. rejecting a true null 
hypothesis (type I error). If we had chosen a smaller P-value, 
the required sample size would have been larger.

The most difficult part of conducting meaningful sample 
size calculations is to predict the minimal clinically relevant 
difference, e.g. the effect size of the intervention in the popu-
lation. The smaller the true effect size, the larger the sample 
size needed. 

The standard deviation is inversely related to the sample 
size. Both the biological variability between study objects 
and the technical variability, e.g. the precision of the method-
ology applied, determine the standard deviation. Both the size 
of the true effect and the standard deviation should be based 

upon the primary outcome measure of the study. If compa-
rable studies and evaluation methodology have previously 
been published, such literature is the best resource to esti-
mate approximate values of the effect size and the expected 
standard deviation. 

Another important factor to consider is the study design. 
For instance, a paired study design measuring the same vari-
able within a subject at different time points is statistically 
much stronger than an unpaired design analyzing the variable 
in two different subjects. In fact, the sample size needs to be 
doubled if an unpaired design is chosen (Johansen 2002; Baas 
2008). 

The calculated sample size is the number of objects avail-
able for analysis. This number needs to be sufficiently large to 
account for the dropout or exclusion of study objects through-
out the study. Formulae for sample size calculations can be 
found in medical statistics textbooks (Johansen 2002; Kirk-
wood and Sterne 2003). The right formula must be applied 
based on the outcome measure (mean, rate, proportion, odds 
ratio, etc.) (Campbell et al. 1995).  

Multiple testing
Multiple testing, relevant when testing several treatment 
groups or time points, increases the risk of false positive 
results (type I errors) and inflates the significance level. This 
disadvantage can be accounted for with alpha adjustments. 
In this context, the Bonferroni correction is commonly used; 
here the P-value is divided by the number of statistical tests 
performed before statistical significance is reported. How-
ever, statistically stronger means of correction have also been 
published. The preferred solution of the author is to state the 
actual uncorrected P-values, to disclose this approach in the 
materials and methods section, and consequently let the reader 
interpret the significance of the results. In general, the least 
possible number of statistical tests should be applied.
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Paper 1: Erythropoietin augments bone formation 
in a rabbit posterolateral spinal fusion model

Summary of Papers

Figure 7. Study design of Paper 1.

Figure 8. Hematocrit and hemoglobin levels after 20 subcutaneous 
injections of 250 IU/kg EPO.

cm3 (95% CI 2.97–3.55) in the control group (p < 0.01). Bone 
morphometric µCT analysis did not show significant differ-
ences in bone micro-architecture within the fusion mass. 
Notably, a trend was observed towards an increased fusion 
rate, which is of utmost clinical importance. An indirect way 
of osteogenic action of EPO was found, as vascularization was 
doubled in the EPO group (p < 0.01). Other potential ways of 
action were not investigated in this study. The systemic effect 
of EPO was documented. EPO could only be detected during 
rhEPO treatment, because the employed rhEPO ELISA kit did 
not detect rabbit EPO. However, the biological response of 
rhEPO was documented by hematocrit levels reaching 60.6 ± 
4.1% after 2 weeks (Figure 8). 

The need to alter the applied continuous, low-dose treatment 
regime was evident if clinical translation should be possible. 
In conclusion, EPO increased the bone volume and can hence 
be classified as an autograft enhancing factor. Further in vitro 
and in vivo studies were warranted. 

The aim of Paper 1 was to test the efficacy of low-dose, con-
tinuous EPO as an autograft enhancer (Rölfing et al. 2012). 
Based upon the results achieved by Holstein et al., we hypoth-
esized that EPO facilitates angiogenesis and that this leads 
to improved bone formation and consequently an increase in 
the spinal fusion rate. In this unpaired study, 34 adult male 
New-Zealand white rabbits underwent a standardized pos-
terolateral fusion procedure (Boden et al. 1995). The animals 
received subcutaneous injections of either EPO (250 IU/kg 
epoetin beta, n=17) or saline (n=17) for 20 days starting 2 
days prior to operation. The primary outcome measure was 
bone volume assessed with CT evaluation ad modum Choi 
after 6 weeks (Choi et al. 2007). Vascularization was assessed 
with histomorphometry of actin-stained vessels by an inde-
pendent blinded laboratory technician. The fusion rate, which 
is a clinically relevant outcome measure, was determined both 
with CT, X-ray, and manual palpation by two blinded, inde-
pendent observers: a senior radiologist and a spine surgeon. 
Furthermore, the hematopoietic effect was investigated with 
blood samples drawn 2, 4, and 6 weeks postoperatively. Bone 
morphometry within the fusion mass was analyzed using µCT. 

The main finding of this study was that EPO increased bone 
volume to 3.85 cm3 (95% CI 3.66–4.05) compared with 3.26 
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Paper 2: The osteogenic effect of erythropoietin 
on human mesenchymal stromal cells is dose-
dependent and involves non-hematopoietic 
receptors and multiple intracellular signaling 
pathways

Figure 9. Graphical summary of Paper 2.
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ing was exercised through the proposed non-hematopoietic 
EPOR/CD131 receptor (Brines and Cerami 2008). In agree-
ment with a review about the pleiotropic effects of EPO in 
other tissues, we observed that multiple intracellular signaling 
pathways were responsible for yielding the maximal osteo-
genic effect on hMSCs (Figure 10) (Brines and Cerami 2008). 

   

 
.

Figure 10. The osteogenic effect of EPO in vitro. 
Upper two panels: Dose-response relationship on hMSCs and deter-

mination of the lowest effective dose with mineralization assays 
Arsenazo after 14 and 21 days. 

Lower two panels: Investigation of the involved intracellular pathways, 
mTOR blocked with rapamycin (rapa), JAK2 with AG490, and PI3K 
with LY294002 (LY) and Wortmannin (wort). Proliferation medium 
served as negative control (Neg C). Arsenazo and AZR after 14 
days are shown. * p < 0.0001

The main purpose of Paper 2 was to determine the minimum 
therapeutically effective dose also known as the lowest effec-
tive dose on hMSCs and to describe the dose-response rela-
tionship over a wide range of EPO concentrations (0, 5, 10, 
20, 50, 100 IU/ml). Furthermore, the presence and co-expres-
sion of the cell surface receptors EPOR and CD131 and the 
involvement of intracellular signaling pathways were inves-
tigated (Rölfing et al. 2013). Commercially available hMSCs 
from two donors were either cultured in proliferation medium 
(negative control), osteogenic medium (positive control), or 
osteogenic EPO medium for up to 21 days. Mineralization 
assays were used as the main outcome evaluation to determine 
the lowest effective dose and the involvement of the three 
intracellular signaling pathways in pathway blocking experi-
ments. The investigated pathways were (1) mTOR signaling 
blocked with rapamycin, (2) JAK2 abrogated with AG490, 
and (3) PI3K reversibly impeded with LY294002 and irrevers-
ibly impeded with Wortmannin. Quantitative flow cytometry 
and qualitative confocal microscopy for EPOR and CD131 
were utilized in receptor experiments. 

The highlights of this study were that it represents the first 
demonstration of a proportional dose-response relationship 
for the osteogenic effect of continuously applied EPO on 
hMSCs. The lowest effective dose was 20 IU/ml. Both EPOR 
and CD131 were expressed on the cell surface; however, only 
22.3–58.1% of hMSCs expressed EPOR. Qualitative confocal 
microscopy suggested that this percentage in fact was higher, 
and the flow cytometry data were likely to be biased by tech-
nical challenges. This finding in conjunction with the absent 
effect at low doses indicated that the osteogenic function-
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Paper 3: A single topical dose of erythropoietin 
applied on a collagen carrier enhances calvarial 
bone healing in pigs

 

Figure 11. Study design of Paper 3.

Figure 12. BV/TV results assessed with quantitative CT (82 µm3 voxel 
size). Healthy bone comprised a reference (ref.). Median (min-max) are 
given. * p = 0.001.

Figure 13. The systemic effect of a single topical EPO administration of 
18.5 IU/kg on hematocrit and hemoglobin.

In order to enable clinical translation of the promising data 
from cell studies and small-animal studies, it was necessary to 
test the efficacy of EPO in a large-animal model and to use a 
treatment regime that does not increase hematological quanti-
ties to unacceptably high levels (Rölfing et al.). Aiming for 
clinical progress and feasibility, the purpose of Paper 3 was 
to evaluate the efficacy of a single, low-dose EPO to stimulate 
bone healing in swine. 

The hypothesis was that 900 IU/ml site-specifically applied 
EPO increases bony ingrowth in a porcine calvarial defect 
model. The combined dose of EPO per animal was 18.5 IU/
kg. A within-subject study design allowed the pairwise com-
parison of in total six cranial defects (Ø 10 mm, height 10 
mm) in adolescent pigs. The three comparisons were 1) auto-
graft ± EPO, 2) collagen scaffold ± EPO, and 3) PCL scaf-
fold ± EPO (Figure 12). The primary outcome measure was 
the bone volume fraction (BV/TV) assessed with quantitative 
CT (82 µm3 voxel size) after 5 weeks of observation. Second-
ary outcome measures included histomorphometry and blood 
sample analyses to document a potential systemic effect. 

The main finding of this paper was that a single topically 
administered low dose of EPO increased bone healing in the 
collagen group. However, the median effect size was moder-
ate. The gold standard, autograft, exhibited an excellent heal-
ing capacity and was able to regenerate the bone defect almost 

completely. The PCL scaffold inhibited bone regeneration and 
performed worse than the negative control group, a saline-
soaked collagen carrier.

Notably, vascularization did not statistically significantly 
differ between EPO-treated and placebo-treated defects. 

The systemic effects of a single topical dose of 18.5 IU/kg 
EPO are depicted in Figure 13. None of the observed differ-
ences were considered statistically significant after correction 
for multiple comparisons.  

In summary, EPO increased bone healing when applied on a 
collagen carrier. Despite the moderate effect size, the applied 
dose is considered to be safe and could potentially be applied 
in the clinic.
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Confirming and contrasting literature reports

The key findings of this PhD thesis were that continuous, 
systemically administered low-dose EPO increased bone 
volume in a rabbit spinal fusion model. Furthermore, a sig-
nificant increase in vascularization was found as presented in 
Paper 1, but not in Paper 3. EPO stimulated the osteogenic 
differentiation of hMSCs in a dose dependent manner through 
direct, receptor-mediated signaling likely via EPOR and 
CD131 and triggered JAK2, PI3K, and mTOR intracellular 
pathways. Finally, topical, single low-dose EPO augmented 
the bone volume if applied on a collagen carrier, but failed 
to improve the healing capacity of PCL in a porcine calvarial 
defect model.

An extensive exploration of how the results of Papers 1–3 
compare with the published literature is given in the individual 
papers, to which the reader is kindly referred. In the following 
the internal and external validity of the results of this thesis 
will be discussed.

Internal validity

The internal validity of a study is the extent to which the 
observed effect of a treatment can be attributed to the treat-
ment rather than to chance or a systematic distortion of the 
results, i.e. a bias. In other words, the term internal validity 
describes the reliability and reproducibility of a given study. 
The internal validity of a study must be excellent in order 
to allow conclusions to be drawn and generalizations from 
the achieved results to me made. The generalizability, also 
known as the external validity of the presented results, conse-
quently depends upon an adequate study design and a sound 
study conduct. According to van der Worp et al., the internal 
validity is threatened by four types of bias (van der Worp et 
al. 2010). 

Selection bias can arise from biased allocation to treatment 
groups and can be prevented by randomization and concealed 
allocation. Randomization was performed in Paper 1 and 3. 
However, concealed allocation was only feasible in Paper 1. 
Comparable baseline characteristics between groups show 
effective randomization in Papers 1 and 3. In Paper 2, for any 
given outcome evaluation both treated and control cells were 
seeded from the same flask onto the same 96-well plate. No 
selection bias was therefore supervened in Paper 2. 

Performance bias can occur if there was a systematic differ-
ence in care between the treatment groups, other than the stud-
ied intervention. This potential source of bias was accounted 

Discussion of the results

for by placebo treatment in Paper 1 and 3. However, the results 
may have differed if, for instance, control animals were not 
injected with saline and therefore handled and cared for in a 
different manner than the EPO-treated animals in Paper 1. In 
this model, postoperative handling is known to impair bone 
healing (Feiertag et al. 1996; Riordan et al. 2013). The risk 
of performance bias was reduced by blinding the surgeons in 
Paper 1 and by exchanging all media at the same time points 
in Paper 2. 

Detection bias can systematically distort the results if the 
observer assessing the outcome has knowledge of the treat-
ment assignment. The author of this thesis analyzed the main 
outcome evaluations, the bone volume in Paper 1 and the 
bone volume fraction (BV/TV) in Paper 3. In Paper 1, inde-
pendent persons performed randomization and postoperative 
handling. Consequently, both the surgeons and the observers 
were blinded. This measure ensured unbiased analysis. How-
ever, randomization, operation, and BV/TV analysis were per-
formed by the same person in Paper 3. This potential source 
of bias was minimized by consecutive numbering of the 102 
defects, which concealed the treatment information until statis-
tical analysis was performed. Hence, the collection of the data, 
including the BV/TV calculations, was conducted blinded. 

Attrition bias can be introduced by an unequal occurrence 
and handling of deviations from protocol and loss to follow-
up between treatment groups. In Paper 1, 14 of 17 animals 
per group were available for analysis. Loss to follow-up was 
caused by perioperative death due to anesthetic complications 
and bleeding in three EPO-treated animals and two saline-
treated controls, and one deep infection in the control group. 
Because of this and because of the blinding, attrition bias was 
non-existent in Paper 1. Paper 3 utilized a within-subject study 
design, and the loss to follow-up of a single animal therefore 
did not introduce this form of bias. Moreover, none of the 
available data were excluded before statistical analysis. In 
Paper 2, only outliers beyond the 99% quintile were excluded 
from the analysis of the primary outcome evaluation. This was 
primarily the case in very high-end measurements in the EPO 
group. This exclusion could potentially introduce a systematic 
distortion of the results; however, it would minimize rather 
than enlarge the difference between the groups. The correct-
ness of excluding these outliers was confirmed by the fact that 
repetition of the experimental setup resulted in a similar effect 
size.

Besides bias, the internal validity relies also on the appro-
priateness of the method used to measure the outcome. For 
strengths and limitations of the primary outcome evaluations 
of Papers 1–3 please refer to Methodological considerations. 
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In conclusion, the described measures diminished potential 
sources of bias. In this light, the results and answer of the three 
hypotheses of the individual papers are internally valid. 

External validity

External validity can be defined as the extent to which the 
findings of an experiment can be generalized to the human 
condition (van der Worp et al. 2010). The goal of most pre-
clinical research is either to gain a deeper knowledge of the 
mechanisms governing an observed phenomenon or to pave 
the way to clinical translation of new treatment modalities. 
These were also the aims of the present thesis. Notably, the 
generalizability of the pre-clinical, experimental data with 
regards to the human condition is of utmost importance.  

Designing an ideal study that enjoys both a high internal 
and external validity is challenging. In many experimental 
studies, the need to control variation caused by genetics or 
heterogeneity limits the external validity (Festing and Altman 
2002). Hence, the potential disparity between the results of 
pre-clinical studies and clinical trials is partly rooted in the 
design of the pre-clinical studies the aim of which is often 
to maximize the chance of establishing statistical significance 
(van der Worp et al. 2010). Common causes of reduced exter-
nal validity were summarized by van der Worp et al. (2010). 
The causes that also affect the generalizability of the findings 
of the present thesis include:
• First, we only studied degenerative disease in young healthy, 

female animals and therefore cannot necessarily extrapolate 
these findings to older, male animals – or, indeed, man; 

• Second, the animals formed a rather homogeneous group, 
whereas patients comprise a rather heterogeneous group; 

• Third, the induced disease/injuries may differ between ani-
mals and man;

• Fourth, the treatment timing and the doses applied in animal 
studies may not be clinically safe in man; and

• Fifth, there may be disparity in outcome measures in animal 
studies and clinical trials. 
Any generalizability of the performed pre-clinical experi-

ments into clinical practice should therefore be performed 
with caution. Below, these aspects will be discussed for Paper 
1–3.  

In Paper 1, the observed increase in bone volume in the pres-
ence of systemically applied EPO took place in the setting of a 
posterolateral spinal fusion procedure in healthy adult rabbits. 
In humans, this procedure is most commonly performed in 
elderly patients suffering from degenerative spinal disorders. 
Moreover, the main limiting factor for translation of the find-
ings of Paper 1 into the clinical setting is the supra-physiolog-
ical dose of EPO that leads to an extremely high hematocrit, 
which invites a concomitant risk of adverse events. 

In Paper 2, hMSCs of two healthy donors were studied in 
two-dimensional monoculture. Besides the possibility that the 

actual biological variation in cell responses may be more pro-
nounced than that observed in Paper 2, one must be aware that 
EPO elicits its osteogenic action not only through hMSCs. 
EPO also stimulates multiple additional cell-based mecha-
nisms, i.e. osteoblasts as well as hematopoietic and vascular 
progenitor cells (Shiozawa et al. 2010; Guo et al. 2012; McGee 
et al. 2012; Rölfing et al. 2012). As describe above, the applied 
continuous dose is the biggest challenge for in vivo trials. On 
the other hand, in the setting of ex vivo tissue engineering that 
aims at designing three-dimensional bony constructs before 
implementation into the patient’s body, the highest tested 
dose of 100 IU/ml is likely to be applicable without modifica-
tion. Hence, the external validity of that finding of Paper 2 is 
expected to be high.

Paper 3 was designed to overcome the dosing issue of 
Papers 1 and 2 by investigating a single, topical dose in a 
large-animal model. If successful, this approach could be used 
in subsequent clinical trials. As expected, EPO did not have 
a significant systemic effect and the dosing is therefore con-
sidered to be safe. However, the effect size of the osteogenic 
potential decreased compared with the findings of Paper 1 and 
2. Under suboptimal healing conditions, i.e. in the collagen 
carrier group, EPO statistically significantly increased the 
median bone volume fraction. 

As pointed out above, the most important and challeng-
ing step in the clinical translation to determine is the opti-
mal dosage. According to a recently published paper, topical 
EPO treatment reduced the time to clinical and radiographic 
union after tibiofibular fracture from 21.50 ± 3.18 to 19.35 
± 2.66 weeks (Bakhshi et al. 2013). Notably, only two out 
of 30 patients in the EPO group suffered from non-union 
while this was the case in six out of 30 control patients. No 
adverse events were recorded. After personal communication 
with the corresponding author of that study the dosing could 
be vaguely defined as three vials of 4000 IU EPO (unknown 
type and manufacturer) in slim patients and up to five vials in 
obese patients (Rölfing and Bünger 2013a). Injections at the 
fracture site were administered 1-2 weeks after the injury was 
sustained. Regrettably, this double-blinded randomized con-
trol trial did not meet CONSORT guidelines on the perform-
ing and reporting such studies (Schulz et al. 2010). However, 
in agreement with that paper, we believe that the site-specific 
EPO treatment, administered as a single dose or a few repeti-
tive doses, is likely to be the most promising manner in which 
the osteogenic potential of EPO may be directly exploited in 
vivo. However, one should bear in mind that a higher dosage 
and continuous EPO treatment may be applicable in tissue 
engineering. 

Association versus causality

The assessment whether EPO causally contributed to the 
observed effects presupposes that Papers 1–3 were internally 
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valid. As discussed above, the internal validity of the primary 
outcome measures of the individual papers was deemed to 
be high. Hence, EPO caused the observed increase in bone 
volume in Papers 1 and 3, and mineralization in Paper 2. 

However, it may be questioned if the secondary outcome 
measures, for instance the augmented vascularization in Paper 
1, were responsible for the observed osteogenic effect. The 
following section will therefore discuss the secondary out-
come measures and their causality versus association with the 
observed effect. 

In Paper 1, vascularization was increased in the EPO group 
compared with the control group. Vascular ingrowth from the 
decorticated bone and the surrounding muscle were described 
in the studied spinal fusion model (Toribatake et al. 1998; 
Bawa et al. 2006). According to Toribatake et al., a high 
degree of vascularization of the fusion mass is associated with 
union, while a low degree of vascularization is associated with 
non-union. Although this association does not prove causality, 
several papers indicate a causal relationship between a good 
blood supply and improved bone healing. For instance, limit-
ing the main blood supply of the fusion mass by not decor-
ticating the adjacent vertebral body resulted in non-union 
(Boden et al. 1995). However, the causality of the observed 
association of increased vascularization with increased bone 
volume could not be proven with the applied methodology. In 
contrast to our findings in Paper 1, no statistically significant 
difference in blood vessel densities was found in Paper 3. It is 
therefore hardly likely that the observed moderate increase in 
bone volume fraction was caused by neovascularization. How-
ever, in light of the findings of Papers 1 and 3 and the biology 
of healing, it seems plausible that neovascularization is at least 
partly responsible for the osteogenic effect of EPO.

In Paper 2, the presence of EPOR and CD131 on the cell 
surface of hMSCs was detected by means of flow cytometry 
and confocal imaging. However, the detection and quantifi-
cation of a staining-methodology is only valid if the method 
is both sensitive and specific. Regarding EPOR, the specific-
ity of multiple antibodies has been questioned (Elliott et al. 
2006; Sinclair et al. 2010; Singbrant et al. 2011). The care-
ful selection of antibodies and the validated staining protocol 
did increase the likelihood of truly measuring the presence 
of EPOR and CD131 rather than the unspecific presence of 
the stain. The methodology of Paper 2, allows us to conclude 
that EPO increased mineralization of hMSCs. Because only 
hMSCs were present, we may also draw the conclusion that 
these cells must express a receptor to which EPO can bind. 
The fact that low concentrations of EPO (i.e. 5 and 10 IU/
ml) failed to statistically significantly enhance mineralization 
supports the speculation that the low-affinity EPOR/CD131 
instead of the high-affinity EPOR/EPOR receptor facilitated 
the osteogenic response of EPO. However, the paper cannot 
indisputably determine if the observed effect of EPO on 
hMSCs was mediated by the homodimeric EPOR, the het-
erodimeric EPOR/CD131, or a potential third receptor. In 

order to further investigate the involvement of these receptors, 
future research in this field should include receptor-blocking 
experiments. Estimating mineralization after continuous 
blocking of the homodimeric EPOR or the heterodimeric 
EPOR/CD131 could determine if both, either or none of the 
receptors are involved in mediating the increase in mineraliza-
tion after EPO stimulation.

In contrast to the receptor experiments, intracellular path-
ways were investigated with blocking experiments. The 
observed decrease in mineralization after blocking of JAK2, 
mTOR, and PI3K could consequently determine causality. 
Hence, we may draw the conclusion that all three pathways 
contribute to the osteogenic differentiation of hMSCs and 
mineralization. If other potential means to investigate intra-
cellular pathways were applied without performing blocking 
experiments, for instance the determination which signaling 
molecules were phosphorylated, the paper would only have 
been able to document association not causality. 

The effect of EPO on bone healing

Papers 1 and 3 documented that EPO can stimulate bone heal-
ing. This is true for two different species, rabbit and swine, 
and two different dosing strategies, continuous systemic and 
single topical dosing. However, both papers exclusively inves-
tigated early time points. Likewise, Paper 2 had a short obser-
vation time of maximum three weeks. The question therefore 
remains: 

“Does EPO increase bone healing in the long term?” 
The short observation times were used in this thesis to 

evaluate the outcome at the steepest point of the theoretical 
healing curves in order to maximize the likelihood of finding 
statistical differences between the treatment groups (Figure 
14) (Baas 2008). In the clinic, the final outcome is at least as 
important as the initial healing response. This thesis did not 
investigate the long-term outcome and hence cannot provide 
an adequate answer to this important question. 

However, the following theoretical scenarios can be derived 
from Figure 14. After 100% completion of the healing pro-
cess, EPO-treated and placebo-treated bone may have regen-
erated to the same extent. Assuming that the findings of this 
thesis are valid and translate to an improved recovery time, the 
healing process could either have started earlier or progressed 
at a higher pace (Figure 14 left panel). Another scenario is, 
that EPO improves the outcome in the long term if the intrin-
sic healing is compromised (Figure 14 right panel). 

Papers 1–3 support the hypothesis of an improved early 
bone healing process. In agreement with the findings of 
this thesis, the majority of the published pre-clinical stud-
ies document an advantageous effect of EPO on early bone 
healing (Holstein et al. 2007; Garcia et al. 2011; Holstein et 
al. 2011). Taken together with the first data from a clinical 
trial, these findings indicate an improved healing process and 
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Figure 14. Theoretical scenarios about the effect of EPO from the beginning to the completion of the 
bone healing process. The left panel illustrates an improved early healing response and shortened recov-
ery time. The right panel shows a potentially improved outcome after bone healing has ended. The heal-
ing curve without EPO is presented in black. Dashed lines depict theoretical healing curves with EPO.
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shortened recovery time after EPO treatment (Bakhshi et al. 
2013). However, if this effect declines over time, as observed 
in vitro in Paper 2 and in vivo by Holstein et al., there may 
be no difference in the final outcome between EPO-treated 
and placebo-treated bone healing (Holstein et al. 2007). In 
contrast, the fact that Bakhshi et al. report that only two out 

of 30 EPO patients and six out of 30 control patients suffered 
from non-union may imply a beneficial outcome in the long 
term (Bakhshi et al. 2013).  

In conclusion, investigations that can answer the compelling 
questions about the recovery time and the long-term outcome 
in the clinical setting are warranted.
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The general aim of this PhD project was to investigate the effi-
cacy of EPO in promoting bone regeneration in pre-clinical 
experiments. Furthermore, the determination of the cellular 
ways of action, the establishment of a dose-response relation-
ship, and the application of a clinically safe dose in a large-
animal study should pave the way for clinical translation. 

Answering the three hypotheses of the present PhD project, 
the main findings of this thesis are: 
Paper 1: Continuous, systemically administered low-dose 

EPO increased bone volume in the applied rabbit 
spinal fusion model.  

Paper 2:  EPO stimulated the osteogenic differentiation of 
hMSCs in a dose-dependent manner through direct, 
receptor-mediated signaling likely via EPOR and 
CD131, and it triggered JAK2, PI3K, and mTOR 
intracellular pathways.

Paper 3:  Site-specific, single, low-dose EPO augmented the 
bone volume when applied on a collagen carrier, 
but failed to improve the healing capacity of PCL in 
a porcine calvarial defect model. Autograft exhib-
ited an excellent healing capacity both with and 
without EPO. 

EPO is able to enhance bone formation and to increase neo-
vascularization, which is likely to contribute to osteogenesis. 
Moreover, a direct way of action via stimulation of hMSCs 
was documented. 

Besides these advantages, the limitation of repetitive 
systemic EPO administration was highlighted in Paper 1. 
Although no thromboembolisms or adverse effects were 
observed in the wake of EPO treatment, the hematocrit rose to 
a critically high level, which makes the clinical implementa-
tion of this treatment regime impossible. 

For the first time, the lowest effective dose was established 
in vitro. This is a prerequisite for commencing clinical trials as 
adverse effects including thromboembolism were described 
after high-dose EPO treatment. Notably, EPO may be uti-
lized to overcome the major limitation of large-scaled, three-
dimensional cell-based tissue regeneration, which is that it 

Conclusion and perspectives

fosters vascularization and bony ingrowth in cell-loaded large 
3D scaffolds. According to the findings of this thesis, the pro-
portional dose-response relationship can be exploited to its 
full extent in the ex vivo setting, using the highest and most 
effective concentration of 100 IU/ml prior to implantation of 
cell/scaffold constructs. Hence, the primary findings of Paper 
2 constitute an important step on the road to clinical transla-
tion and the paper offers information for a broad audience of 
scientists, who can be inspired to utilize EPO both ex vivo 
and in vivo. Paper 2 also demonstrated that hMSCs express 
the non-hematopoietic cell surface receptor EPOR/CD131 
and that numerous intracellular pathways elicit the osteo-
genic potency of EPO. This also extends the present work 
beyond the past literature and thus becomes of interest for 
basic scientists. 

Paper 3 was an endeavor to directly utilize EPO, and it was 
the first study to examine the osteogenic efficiency of EPO in 
a large-animal model.  A clinically relevant, single low-dose 
of EPO was used. The direct topical EPO administration could 
potentially be employed in the clinic, for instance in the treat-
ment of fractures that do not heal (non-unions) or that have a 
poor prognosis a priori, such as open fractures with limited 
vascular supply due to soft tissue damage. 

Finally, the effect of EPOR/CD131-specific molecules on 
bone could be investigated. These molecules lack the abil-
ity to induce erythropoiesis because they cannot bind to the 
homodimeric EPOR on hematopoietic cells, but they do, how-
ever, possess non-hematopoietic potencies through their affin-
ity to EPOR/CD131. Future research should therefore further 
clarify whether only EPOR/CD131 and not the homodimeric 
EPOR contributes to the pleiotropic effects on bone. If this 
holds true, utilization of EPOR/CD131-specific molecules can 
overcome the safety concerns and still offer the full advanta-
geous effects of EPO on bone healing. Future research may 
also explore the intracellular mechanisms and the cellular 
interplay. However, the translation of the promising data from 
cell studies and animal experiments into clinical practice 
remains a pertinent challenge.
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