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Introduction

After almost a century, spinal fusion has evolved from a highly experimental salvage technique 
to a commonly applied procedure for the treatment of a wide range of spinal disorders (trauma, 
oncology, infectious disease, congenital deformities). The aim of the procedure is to fuse two or 
more vertebrae in order to stabilize the spine and/or to bypass painful or vulnerable segments. 
Permanent fusion is achieved by bridging the vertebrae with vital bone. Spinal fusion can be 
performed by either an anterior approach to fuse the vertebral bodies (anterior spinal fusion) 
or by a posterior approach. The posterior approach comprises techniques to bridge either the 
vertebral arches and the transverse processes (posterolateral spinal fusion) with bone or to fill 
the intervertebral disc space with bone (usually present inside a cage) by posterolateral lumbar 
interbody fusion (PLIF)/transforaminal lumbar interbody fusion (TLIF) in the lumbar area or by 
costotransversectomy in the thoracic area. In most cases, internal fixation with cages (anterior) or 
rods and pedicle screws (posterior) will be used as a temporary stabilizer to allow the formation of 
the bone bridge. The formation of this bone bridge will be dependent upon the local application of 
a bone graft or a bone inducing agent, and to date, the application of autograft bone is considered 
critical for the achievement of a successful spine fusion. This grafting of patient-own bone is a well-
known procedure in orthopaedic surgery and annually performed in an estimated 500,000 cases 
in the USA alone. The vast majority of these procedures are spine fusions (approximately 50%) 
followed by general orthopaedic and craniomaxillofacial procedures(1).
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Although quite successful, several limitations of the autologous bone graft can be identified:

The procedure of bone graft harvesting prolongs the operation: especially for relatively small 1. 
operations, harvesting from the iliac wing or resection of a rib considerably lengthens the 
procedure;
The availability of autologous bone graft is limited: this is a serious drawback for those 2. 
procedures that require large amounts of bone, like multi-segment posterior spinal fusions or 
situations where bone grafts have been used previously;
There is a risk of surgical complications: these include chronic donor site pain in over 10% of 3. 
patients(2-4) and (wound) infections and fractures.

Because of these drawbacks, alternatives for the autologous bone graft have been investigated. Most 
well known is allograft bone (derived from another human) which is especially popular in the 
USA(5). Also synthetic grafts were developed with varying success(6). Although these alternatives 
can be used in less demanding applications, they are generally considered to be inferior to the 
autologous bone graft(7). 

During the last decade, techniques have been developed that go much further than only synthesizing 
materials, but instead, strive to regenerate or engineer living bone tissue. This so-called regenerative 
medicine or tissue engineering research may be the key to generate a potent alternative for the 
autologous bone graft. We investigated a technique that combines living progenitor cells and 
biocompatible scaffolds, to so called hybrid scaffolds, and refer to this technique as cell based bone 
tissue engineering (TE). Since this technology is based on a new concept, the putative mechanisms 
still had to be proven, and many aspects of research had not yet been standardized. Similar to other 
surgical implant technologies it needed thorough testing both in vitro and in vivo, before clinical 
studies could be considered. 

Therefore, the aims of this thesis are: 

To review the literature on the potential and limitations of bone tissue engineering and 1. 
delineate methods for preclinical investigation of the technique;
To investigate the relation between 2. in vitro cell behavior and in vivo bone formation;
To investigate the potential of the bone tissue engineering technique in experimental spinal 3. 
fusion applications.

In Chapter 2 we describe the current alternatives to the use of autograft bone. For bone TE, a 
background is given on its key-aspects: scaffolds, growth factors and cells. Biocompatibility, 
biodegradation and mechanical properties of scaffolds are discussed. A variety of growth factors 
is highlighted and the origin, retrieval and culture of bone marrow derived stromal cells (BMSCs) 
are discussed. In Chapter 3 we review the literature on spinal fusion in both small and large animal 
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models in light of the potential of cell based bone TE. Possible mechanisms of bone formation and 
factors that could influence this in several spine fusion models are discussed. Then, in Chapter 4, 
we discuss the valuable and well-established technique of fluorochrome labelling to investigate the 
dynamics of bone formation. This “classical” technique allows non-invasive visualization of the 
growth dynamics of bone and is therefore most appropriate for in vivo bone tissue engineering 
research. Based on both literature results and the author’s experience in different animal species, 
a standard protocol for the most commonly used fluorochromes and animal models is given. In 
Chapter 5 we describe methodological and design aspects for in vitro and in vivo studies that need 
to be considered in the work-up towards clinical application of bone TE, and subsequently, in 
Chapter 6 we describe an in vitro and in vivo study in which rat BMSC proliferation is studied on 
two different sizes and shapes of 3D hydroxyapatite scaffolds and related to in vivo bone formation 
using three different initial seeding cell quantities. Results are based on a fluorescent dye for 
cell metabolism (alamar Blue™) and bone histomorphometry. Chapter 7 is a first proof of the 
concept study of rat BMSCs on hydroxyapatite scaffolds for both an ectopic implant location and 
a posterior fusion model. We indicate the potency of these constructs for in vivo bone formation 
for both locations. Similarly, to study the feasibility of the concept, we describe in Chapter 8 a 
study of TE bone formation in goats. Both intramuscular and paraspinal bone formation in a 
non-instrumented posterolateral lumbar spine fusion model are evaluated. Finally, in Chapter 9 
we discuss the results of the previous chapters in light of the gap that has to be bridged before the 
technique can be applied clinically, and in Chapter 10, we summarize the work in this thesis.
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Bone grafts/-fillers
For decades, the autologous bone graft has been the golden standard for the vast majority of 
graft applications. This means it is considered the most optimal and alternative grafts should be 
compared to it. However, as already mentioned in chapter 1 there are many reasons to prefer an 
alternative as: autograft harvesting lengthens the operation procedure, availability is limited and 
surgical complications such as chronic donor site pain in over 10% of patients are recognized.

These drawbacks and the estimated economic market value of bone graft substitutes of up to 
$2 billion per year (USA only), have boosted research in this field exponentially(1). Another 
(future) reason for an alternative is that in some occasions the autologous graft fails and requires 
improvement. However, contemporary research aims at equal performance, which has already 
appeared to be very challenging. Currently there are some well established alternatives that 
will be discussed briefly. These alternatives cannot be regarded as a general substitute for the 
autograft, but are indicated for less challenging applications or as an extender to the autologous 
graft volume(8). The potential of graft alternatives are often described in terms of specific qualities 
of the autologous bone. These are osteoconduction, osteoinduction and osteogenesis.  These 
qualities per graft are summarized in table 2.1.

Table 2.1: autograft and allograft bone properties. 

Type of graft: Subtype: Immunogenicity: Mechnical: Osteocondutive: Osteoinductive: Osteogenic:
   propterties

Autograft
      
cancellous fresh 0 0 3 3 3
      
      
cortical fresh 0 3 2 2 2
      
      
Allograft
      
cancellous frozen 2 0 2 1 0
      
 freeze dried 1 0 2 1 0
      
      
cortical frozen 2 3 1 0 0
      
 freeze dried 1 1 1 0 0
      
 DBM 1 0 1 2 0

This table shows the different properties in the use of autograft and allograft bone which may influence clinical deci-
sion making(7, 9). 0=no effect, 1=minimal effect, 2=large effect, 3=very large effect.
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Allografts
Allografts by nature are derived from different human donors. The major concerns are the 
potential transmission of diseases and the immunogenicity of the graft. Therefore allografts 
undergo several treatments. 

The grafts are devitalized by freezing (-80 °C) and often additional procedures like sterilization 
with ethylene oxide and/or high dosage of gamma irradiation are applied. Unfortunately, these 
sterilization steps, however, can significantly reduce the osteoinductivity of the graft(10).

Prior to these steps, physical debridement and ultrasonic baths are applied to remove most soft 
tissue, including the cells. The most common methods of preservation are freezing and freeze 
drying (lyophilization). The latter obviously changes material properties substantially. Another 
treatment is demineralization of the allograft bone which results in demineralized bone matrix 
(DBM). By using a special protocol, the osteoinductive proteins are retained in this material that 
can be applied as putty. With allografts, similar stages of incorporation by the host are observed 
as in the autologous bone graft, however, the whole process is significantly delayed(11). This may 
be explained by the fact that allograft contains no living cells which may be osteogenic or enhance 
osteoinductivity. Furthermore it has been observed that the greater the genetic difference between 
donor and recipient, the more delayed and/or incomplete the repair process. This implicates that 
despite the preparation procedure, some immunogenicity remains(12, 13). Despite these disadvantages, 
bone allografting has increased considerably, especially in the USA(5, 7, 11, 14, 15).

Xenografts
Bovine DBM is also used as a bone graft substitute. Its osteoinductive potential is attributed 
to the remaining extracellular matrix that contains bone morphogenetic proteins (BMPs)(16). 
Clinical outcomes are variable, with moderate to good clinical results in some oral maxillofacial 
applications(17, 18). In contrast, its use in hip revision surgery showed poor results with graft rejection 
(pseudo infection)(19). Immunological responses in vivo can be related to the origin of the donor 
and processing steps such as the use of photooxidation(20). 

Collagen
Collagen is a major component of the extracellular matrix in bone. It plays an important role in 
the vascular ingrowth, mineral deposition and binding of growth factors(21). Clinical applications 
of collagen as bone substitute show disappointing results due to minimal structural support and its 
potential immunogenicity(22). As a composite material with other bone substitutes, it may function 
as an effective autograft extender(23) or stand-alone graft(24). Currently it is often applied as a carrier 
for BMPs (Infuse®).
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Porous ceramics
Ceramics are synthetic materials often made from calcium and phosphate (CaP) that have been 
used extensively in dentistry and orthopaedics during the past three decades(6, 25). Coralline 
hydroxyapatite (HA) is a hydrothermal conversion of the carbonate matrix of natural porous sea 
coral. Its successful use in clinical applications has been reported(26) although its structural support 
is very limited. Some ceramics showed osteoinductive properties(27-30). Tricalcium phosphate 
(TCP) is a ceramic that may be resorbed too quickly in vivo,  HA on the other hand will hardly be 
resorbed. Both materials are biocompatible but due to the slow resorption of HA, the continuous 
stress shielding of surrounding bone is a matter of concern. Therefore combined implants  such as 
Biphasic Calcium Phosphate (BCP; a combination of HA and TCP)(31) are getting more popular. 
High interconnected porosity is considered essential for all ceramic implants to provide good 
surface areas for vascular ingrowth and osteoconduction.

From the above it will be clear that the optimal alternative has all the advantages of autologous 
bone without any disadvantages does not exist. Only recently the scientific world realizes that the 
solution to this challenge requires the input and collaboration of both life scientists and engineers. 
The interdisciplinary research field that has evolved from this insight, striving to create biological 
substitutes to restore or reinforce tissue, is referred to as Tissue Engineering(32, 33).

Strategies for bone TE
In this thesis bone TE will be regarded as any attempt to stimulate bone formation with implants 
that are designed according to principles of life sciences and engineering. In general, TE implants 
are constructs of a carrier (scaffold) and biologically active factors. These biological factors can be (a 
combination of) cells and proteins that stimulate host cells. TE implants are designed to act for one 
or more of the following qualities: osteoconduction; osteoinduction and osteogenesis. Therefore the 
ingredients for bone TE can basically be divided into scaffolds, growth factors and cells. This simple 
division, of course, is not as distinct as it seems and will be outlined in the following sections.

Scaffolds
A well designed scaffold for bone TE serves multiple purposes. One of these is to provide a delivery 
vehicle for osteoinductive molecules and/or osteogenic cells. Furthermore, this component of a TE 
therapy must fill the gap in a bone defect and should facilitate healing. To do so effectively, several qualities 
of an effective scaffold material have been identified and will be discussed including biocompatibility, 
osteoconductivity, porosity, biodegradability, mechanical properties and intrinsic osteoinductivity(27-30). 
Additionally, one must bear in mind the storage, handling, and sterilization of the material prior to its 
final use. Two classes of materials which are widely studied for TE of bone are ceramics and polymers; 
each of these will be discussed in the following sections on the scaffold material qualities. 
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Biocompatibility
Perhaps the most important quality of a bone TE scaffold is biocompatibility. Once implanted, a 
scaffold must not instigate an inflammatory or toxic response that will result in cell death and further 
aggravation of the injury. All components and products of the material must also be biocompatible 
including unreacted monomers, initiators, stabilizers, cross-linking agents, emulsifiers, solvents, 
and released degradation products(34). 
CaP ceramics, such as HA and TCP, are very similar to the inorganic component of natural bone 
tissue. Thus, it is no surprise that CaP ceramics demonstrate exceptional biocompatibility. In fact, 
direct bonding with bone tissue is very possible(35). While biocompatibility is more of a concern 
with synthetic polymers as compared to CaP ceramics, degradable polymers such as poly(L-lactic 
acid) (PLLA), poly(glycolic acid) (PGA), poly(DL-lactic-co-glycolic acid) (PLGA), and poly(ε-
caprolactone) (PCL) are already widely used for certain biological applications.

Osteoconductivity 
Osteoconductivity is essential for successful bone substitution. A scaffold must provide a substrate 
upon which bone cells can adhere, proliferate, migrate and deposit bone without any interposition 
(bone bonding). CaP ceramics offer excellent osteoconductivity, likely because they are chemically 
similar to the inorganic phase of bone. An important characteristic of ceramics that has shown to 
considerably improve the osteoconductivity considerably is a large surface area that is achieved by 
increased microporosity(36). Figure 2.1A shows osteoconduction into the pores of a BCP scaffold in 
an adult rabbit radius defect implanted for 6 weeks(37).
Some biodegradable polymers have shown to exhibit osteoconductivity as well, albeit to a much 
lesser extent than ceramics. Figure 2.1B shows a PPF/PLGA scaffold implanted in a rabbit radius(38). 
The osteoconductivity of many polymers may be enhanced by the attachment of certain peptides 

A B

Figure 2.1: Bone formation in a rabbit radius defect model.
A.  Undecalcified histology of a BCP scaffold implanted in a rabbit radius segmental defect. Newly formed bone is 

indicated with *. Scale bar=1 mm.
B.  PPF/PLGA scaffold implanted in a rabbit radius Scale bar=200 µm. 
S=scaffold structure; B=bone.
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derived from extracellular matrix (ECM) proteins. One such peptide, Arg-Gly-Asp (RGD), is derived 
from the ECM proteins fibronectin and laminin and is widely studied for promoting biomolecular 
recognition, cell attachment and cell function(39). 

Porosity
Another crucial requirement for facilitating bone growth inside a material is an interconnected 
porous architecture. Void space is required to allow blood vessels and surrounding bone to 
grow into the scaffold and to allow implanted and/or migrating cells to deposit bone within it. 
Additionally, porosity increases the available surface area for cell attachment, growth and function 
throughout a defect(34). Various methods may be used to create porous scaffolds depending 
on material properties and desired pore architecture. One such example is the method of salt 
leaching as shown for a PPF polymer in figure 2.2(38). Other methods for creating porous scaffolds 
include hydrocarbon templating (an anhydrous method of particulate leaching in polymers), 
gas foaming and phase separation(40). More recently, electrospinning(41) and stereolithography 
(3D printing) have been added to this list. The latter allowing more specific control of scaffold 
geometry and pore architecture as well as optimization of mechanical properties(42-44). 

Biodegradability
Currently used permanent implant materials, such as metals, are associated with infection, 
corrosion, fatigue or failure, any of which may require implant replacement(34). Additionally, 
non-degradable materials impede the stimuli for growth of the bone around it (so called stress 
shielding). In contrast, biodegradable materials used as bone TE scaffolds temporarily fill a defect 
and gradually degrade as bone is regenerated. While the material degrades, space is created for 

Figure 2.2: Micro-CT image of a 
PPF/PLGA scaffold.
Interconnected porous architec-
ture prepared by salt leaching. 
Scale bar=1 mm. Reproduced 
with permission(38).
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developing tissue and load is gradually transferred from scaffold to bone. Ultimately, the defect 
is replaced by natural bone tissue and the biomaterial is safely broken down and removed from 
the body(45). 
Ceramics and polymers vary widely in degradation behavior depending on composition. As 
mentioned previously, HA is hardly resorbed and is therefore considered practically non-
degradable, whereas TCP degrades quite fast(46). Poly(methyl methacrylate) (PMMA) polymer 
is considered non-degradable while polymers such as PLGA, PCL, and PPF degrade by ester 
hydrolysis. 

The degradation products of these biomaterials must also demonstrate biocompatibility. For 
example, PPF-based polymer networks degrade into fumaric acid and propylene glycol, as 
well as small quantities of acrylic acid and poly(acrylic acid-co-fumaric acid). Timmer et al. 
demonstrated that these individual degradation components induced in vitro cytotoxicity only 
at high concentrations(45). Thus, the expected slow release of these products from the slowly 
degrading polymer is not expected to adversely affect biocompatibility. 

Mechanical properties
The interaction of hard hydroxyapatite crystals and elastic collagen fibers in the nanoscale 
structure of bone contribute to its unique mechanical properties, thus making bone difficult to 
replace using synthetic materials(47). Metals, such as titanium and stainless steel are often used 
in orthopaedics, because of superior strength compared to bone. However, bone tissue relies on 
mechanical stimulation for regeneration and remodelling. Permanent metal implants absorb the 
majority of these stimulating forces. This phenomenon is called a stress shielding effect and results 
in bone resorption around the implant(48). Ideally, a TE scaffold should be designed to match the 
mechanical properties of the specific bone it will replace. One novel strategy to improve the 
mechanical properties of biodegradable polymers is the incorporation of nanoparticle fillers into 
bulk polymers. For example, the incorporation of very low concentrations of surface-modified 
alumoxane nanoparticles or functionalized carbon nanotubes into biodegradable PPF-based 
systems resulted in significant increases in flexural and compressive mechanical properties(49, 

50) (figure 2.3).

Intrinsic osteoinductivity
Bone induction is a phenomenon that is well known for growth factors (see “growth factors’, 
this chapter). However, also without the administration of growth factors, intrinsic bone 
induction is a quality of specifically prepared scaffolds. Recently, it has been shown that this 
quality significantly enhances bone healing(29). In 1969 already, Winter reported on ectopic bone 
induction by a sponge made of a porous polymer, polyHEMA (polyhydroxyethylmethacrylate), 
which showed that not only factors that reside in bone matrix, but also physical structures 
themselves could have bone inductive properties. 
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when implanted extra skeletally. It was demonstrated later that bone induction by biomaterials is 
facilitated both by a specific 3D porous structure of the implanted biomaterial and an in vivo 
remineralization of pore surfaces(54). Also adding trace elements like silicium to the calcium 
phosphate may  induce bone formation (55, 56). The mechanism of this phenomenon has not been 
elucidated yet, although there are indications that CaP dissolution and subsequent reprecipitation 
possibly with the incorporation of inductive factors play a role(57).  Others, however, have postulated 
that a more critical view is in place since no experimental data has been published that claims the 
release of Si ions in SI-substituted calcium phosphates(58). Currently some ceramics are on the 
market that claim to be inductive (OsSatura™ by IsoTis Orthobiologics US) or bone-stimulative 
(Actifuse™ by ApaTech), however, clinical proof of the advantage of these ceramics remains to be 
published. 

Other considerations
Other considerations for scaffold design involve the ease with which the scaffold can be used. 
Injectable materials can be molded into irregular shapes or directly injected into a defect and 
cross-linked in situ, thus enhancing implant-tissue contact and minimizing the invasiveness of 
surgery(34). Both ceramic pastes and polymers are available in injectable formulations and have 
demonstrated these advantages(34). Additionally, the scaffold should be capable of sterilization in 
a manner such that its bioactivity and chemical composition are not modified during sterilization 
and processing. 
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Figure 2.3: Mechanical properties of PPF-based nanocomposites. 
A.  Flexural modulus of PPF-based polymer infused with surface modified alumoxane nanoparticles as a function of 

nanoparticle loading concentration. Reproduced with permission(49). 
B.   Compressive modulus of PPF-based polymer with incorporated functionalized carbon nanotubes as a function of 

nanotube loading concentration. Reproduced with permission(50).

17681_Van Galen.indd   26 08-09-2010   10:17:04



27

Contemporary overview on the biological and mechanical backgrounds of bone TE 

Growth factors
Growth factors are signalling molecules that can influence certain cellular functions through 
their binding to specific cell membrane receptors (figure 2.4). Most illustrative for this function is 
osteoinduction, a phenomenon described almost 50 years ago by Friedenstein(59) and extensively 
investigated by Urist(60), who discovered the presence of BMPs inside the extracellular bone 
matrix. The precise nature of these BMPs remained enigmatic until about 15 years ago, when it 
was discovered that not only each protein separately (especially BMP-2 and BMP-7) but a whole 
class of BMPs can induce bone(61, 62).
Besides the osteoinductive factors, also other factors have been associated to the stimulation of 
bone formation and fracture healing, such as transforming growth factor-beta (TGF-β), vascular 
endothelial growth factor (VEGF), insulin-like growth factor (IGF), fibroblastic growth factor 
(FGF) and platelet derived growth factor (PDGF). 

Osteoinductive growth factors (table 2.2)
The use of growth factors in bone TE is currently mainly focused on the osteoinductive factors. 
Structurally, BMPs appear as dimeric proteins that have multiple signalling epitopes. For these 
ligands, several membrane-bound serine/threonine kinase receptors have been identified. Their 
working mechanism is described in figure 2.4. The effect of BMPs depends on many factors like the 
type and combination of factors, the concentration, exposure time, cell responsiveness and carrier 
type. Although currently over 20 different BMPs have been identified, mainly BMP-2 and BMP-7 
(a.k.a. OP-1) have been used in bone TE(63-70). The concentration is a crucial factor and is species 
dependent. For example in humans, unfortunately, much higher concentrations are needed than 
in rodents and dogs(71) which makes it a financially challenging application(72). The cells that are 
likely most sensitive to induction are close to the osteogenic lineage, like mesenchymal progenitor 
cells, although also osteoinduction of lymphocytes has been reported(73). The carrier material is 
crucial for an optimal release profile, but also the surface characteristics appear to be important. 

Figure 2.4: Growth factor-recep-
tor binding pathway.
Binding of growth factors to 
membrane-bound receptors (1) 
results in receptor oligomeriza-
tion and activation. Phosphory-
lation of the intracellular parts of 
the receptors (2) activates intra-
cellular signalling pathways (3) 
and subsequently results in the 
transcription of target genes (4). 
These transcription products can 
influence cellular behavior (such 
as cell proliferation and cell dif-
ferentiation).
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For example CaP-coated titanium scaffolds showed better results with BMP than similar non-
coated scaffolds(68). Currently two commercial BMPs are available for specific human applications, 
BMP2 (Medtronic INFUSE®) and BMP7 (Stryker’s OP-1 ) and many clinical studies are ongoing 
to extend these applications. One of the main drawbacks of BMPs is the high costs although the 
application may be cost effective (72). 

Osteostimulating growth factors (table 2.3)
In mammals, three isoforms of TGF-β have been identified: TGF-β1, TGF-β2, and TGF-β3. 
Of these, TGF-β1 has been used most frequently to enhance bone formation in bone TE 
approaches. In contrast to BMPs, which can induce osteogenesis, these are not osteoinductive(69, 

74). Nevertheless, TGF-β1 has been investigated frequently and shown to stimulate bone formation 
in titanium or degradable polyester scaffolds at orthotopic sites(65, 70, 74). Fibroblast growth factor 
(FGF) exists in acidic (FGF-1) and basic (FGF-2) isoforms. Both stimulate proliferation of 
endothelial cells, fibroblasts, chondroblasts and osteoblasts and are present in and acting on 
bone. In vivo animal studies have shown the more powerful effects of FGF-2(75, 76) in comparison 
to FGF-1(77). Platelet derived growth factor (PDGF) stimulates replication in osteoblast cell 
cultures in vitro and it increases type I collagen synthesis. PDGF also stimulates bone resorption 
in vitro by a mechanism that involves prostaglandin synthesis (an inflammatory factor). The 
main functions of PDGF are chemotactic: it attracts inflammatory cells to the fracture site and 
stimulates mesenchymal cell proliferation(78). Insulin-like growth factor (IGF-1) promotes the 
proliferation and differentiation of osteoprogenitor cells(79) but has not (yet) convincingly shown 
its effect in large bone healing studies. Recombinant human growth hormone (GH) plays a 
similar role as IGF-1 but seems to show a more potent and dose-dependent effect on rat tibia 
strength (ultimate load to failure) in both intact and healed bones after fracture(80).  

Table 2.2: BMP members of the TGF-B family 

BMP subtype Function

BMP-2 Osteoinductive, osteoblast differentiation, apoptosis
BMP-3 (osteogenin) Most abundant BMP in bone, inhibits osteogenesis
BMP-4 Osteoinductive, lung and eye development
BMP-5 Chondrogenesis
BMP-6 Osteoblast differentiation, chondrogenesis
BMP-7 (OP-1) Osteoinductive, development of kidney & eye
BMP-8 Osteoinductive
BMP-9 Nervous system, hepatic reticuloendothelial system, hepatogenesis
BMP-10 Cardiac development
BMP-11 (GDF-8, myostatin) Patterning mesodermal & neuronal tissues
BMP-12 (GDF-7) Induces tendon-like tissue formation
BMP-13 (GDF-6) Induces tendon and ligament-like tissue formation
BMP-14 (GDF-5) Chondrogenesis, enhances tendon healing and bone formation
BMP-15 Modifies follicle-stimulating hormone activity 

Bone morphogenetic proteins that are members of the large TGF-β family. Their individual functions in vivo are 
indicated. GDF=growth/differentiation factor. BMP-1 is not a member of the TGF- β family, because it has protease 
activity.
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The availability and costs of growth factors remain an encumbrance for their structural 
application in clinical settings. Although prevailing molecular techniques are capable of 
producing recombinant growth factors as an alternative to their isolation from bone (BMP-2 
and TGF-β1) or platelets (TGF-β1), the costs remain extremely high(72) and these recombinant 
growth factors may be less potent(96) in comparison to their bone matrix-derived counterparts. 

Despite these costs, the results of bone TE experiments with BMPs indicated their potential as 
a stand alone graft in a femoral defect(97) or with recombinant BMP-2 in a spine fusion model(98) 
even in a (percutaneous) injectable form(99, 100). More recently, the combination of allograft and 
BMPs was shown to be as good as autograft for recalcitrant tibia fractures in a randomized 
controlled trial(101). Fortunately, despite the high potency of BMP-based bone TE, such implants 
have never shown to grow new bone at undesired sites such as the spinal canal(102) after the 
removal of a vertebral arch (laminectomy) although complications such as local soft tissue 
swelling after anterior cervical spine fusion have been reported (100).

Cells
Cell based bone TE dates back to the discovery that ectopically implanted bone marrow could 
form bone(103)(see also Chapter 9, table 9.1). Interestingly, the purpose of this ectopic bone 
appeared to be a new shelter for bone marrow so that it could continue haematopoiesis. It 
was the Russian scientist Friedenstein, who discovered which cells were responsible for this 
phenomenon. These cells adhered to culture plastic and were present in fresh bone marrow at a 
ratio of 1-10 per 100,000 nucleated cells. Because they formed distinct colonies and resembled 
fibroblasts, they were originally named colony forming unit fibroblasts (CFU-Fs)(104-106). Although 
the initial number is quite limited, they can easily be expanded in culture, which allows sheer 
infinite amounts of bone to develop. Since their discovery, many researchers gave many names to 
(specific subsets of) these CFU-Fs. Some regarded them as (mesenchymal) stem cells because the 
CFU-F populations obviously showed stem cell characteristics, i.e. self-renewal, clonogenicity and 
the potential to form many different mesenchymal tissues. However, they are not homogeneous 
(of one single cell type). This is reflected by the differences in growth potential (colony size) and 
spontaneous differentiation pathways within and between colonies(107-112). Another deviation 
from the definition of mesenchymal stem cell is that not all types of mesenchymal tissues can 
be generated from (all) the CFU-F’s. Therefore, these cells are better referred to as what they are 
essentially: Bone Marrow derived Stromal Cells (BMSCs).

Cell origin 
With sophisticated sublethal irradiation experiments it was proven that the BMSCs constitute 
a separate mesenchymal lineage within the predominantly haematopoietic bone marrow(104). 
In fact, ectopically transplanted donor BMSCs first create the appropriate environment for 
subsequent homing of host haematopoietic cells. Within the bone, the BMSCs are believed 
to be continuous with the cells lining the endothelium of the vascular network, so called 
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pericytes(108). In this context they are referred to as stromal fibroblasts or reticular cells (Westen 
Bainton (WB) cells(113, 114)). The WB cells actively produce a stock of pre-osteogenic cells which 
make them important contributors in bone development. Later in development, the WB cells 
maintain the haematopoietic micro environment(115). When the bone marrow is disturbed these 
cells are easily released into the blood. Other sources of progenitor cells can be found in the 
periosteum that covers the bone. Cell cultures obtained from this source show similar fibroblast-
like morphology and have proven similar osteogenic potential and colony regeneration capacity 
in comparison to BMSCs(116, 117). Recent studies also showed the potential of muscle-derived(118, 

119)and adipose tissue-derived progenitor cells(120), as well as dermal multipotent cells(121) and 
umbilical cord cells(122). Apparently, pluripotent mesenchymal cells are present in many human 
tissues that contain regenerative capacities. 

Bone marrow retrieval
Two different approaches in bone marrow retrieval can be applied: in vivo bone marrow retrieval 
(usually from the iliac crest) and post mortem femoral or tibial marrow cavity flushing, as used 
frequently for research in syngeneic mouse and rat models. With in vivo bone marrow retrieval, 
the sample will predominantly be populated with blood cells and only a minor fraction of 
CFU-Fs with the ability to adhere to culture plastic(115). As an example, only an average of 36 
CFU-Fs that stained positive for alkaline phosphatase (ALP, a marker of the osteogenic lineage) 
were reported per one million nucleated cells in aspirates of 32 middle aged healthy donors(123). 
Interestingly, 70% variation in ALP positive CFU-F content was donor related and 20% resulted 
from the aspiration technique. It was also observed that multiple low volume (< 2 ml) bone 
aspirates yielded higher concentrations of BMSCs than single larger volume aspirates(124). One 
can imagine this is because single bone marrow aspirates only locally disturb the marrow 
stroma. Another method that is frequently used to increase the BMSC content of the aspirate 
is density gradient centrifugation, this method allows separation from erythrocytes and other 
relatively dense blood contents and increases the density about 5 times(107). With respect to post 
mortem marrow cavity flushing, the complete stroma of the marrow cavity is obtained. This 
stroma is primarily the scaffold for haematopoietic cells and contains many cell types such as 
marrow adipocytes, bone-lining cells (inactive osteoblasts), osteoblastic cells and of course the 
Westen Bainton (WB) cells(113, 114). 

Although it has been reported that the structural orderliness of stromal tissue does not need 
to be preserved for the bone marrow microenvironment to be transferred for cell expansion 
purposes(125), mechanical dissociation, by either centrifugation or resuspension through a 
needle, decreased the amount of ALP positive CFU-Fs, as well as their osteogenic potential in 
mice. The gentle use of the trypsin, an enzyme used for cell segregation, as an alternative for 
these methods, successfully counteracted this phenomenon(126).
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BMSC selection
Already in the early work of Friedenstein on the culture of BMSCs, the strong adherence of these 
cells to tissue culture plastic was the main selection criterion for the retrieval of mesenchymal 
cells. After the majority of the CFU-Fs have attached within one day, the contaminating 
cells (mostly of haematopoietic origin) can be easily removed by washing(127, 128). This results 
however in relatively heterogenic BMSC cultures. With the development of new cell-specific 
markers, insight into subgroups within the heterogeneous pool of CFU-Fs is obtained. One of 
such markers, that specifies early and very immature osteoblast progenitors, is the monoclonal 
antibody called STRO-1(129, 130). Other markers of osteogenicity can be found among the non-
collagenous bone matrix proteins, such as osteocalcin, which accounts for 10-20% of all non-
collagenous proteins in bone and is closely associated with bone mineralization. Osteonectin 
is a protein found in bone that has calcium and mineral-to-collagen binding properties, it 
regulates cell shape and cell migration. Osteopontin, a bone matrix protein with integrin (cell 
binding) activity, is related to the regulation of mineral proliferation. In addition, an important 
role in angiogenesis, callus formation and bone remodelling was recently shown in an 
osteopontin-deficient mouse model(131). By using immunolabelling it is possible to isolate the 
BMSCs by either positive or negative selection. In a negative selection a subset of cells can be 
obtained by removing target cells (such as CD45+ and Glycophorin A+, haematopoietic cells) 
from the whole bone marrow cell population to obtain the mesenchymal progenitor cells(132). 
In a positive selection BMSCs are sorted out after labelling with antibodies directed against the 
membrane molecules specific for primitive mesenchymal cells like STRO-1(133). 

The use of Fluorescence Activated Cell Sorting (FACS) seems essential in these developments. 
In this FACS technique, fluorescently labelled antibodies are attached to target cells that are 
sent one by one through a tube at a speed of thousands of cells per second. Per cell, the presence 
of the label can be determined which allows very precise measurements and even sorting of 
the cells (figure 2.5). Less complicated is the addition of small magnetic beads to the antibodies 
that allow cell sorting by magnetic attraction(134). 

Culture Methods
In the last 40 years, generally accepted methods for selection, culture and replating of especially 
human BMSCs have been developed(135, 136). Often whole marrow is separated by density 
gradient (Ficoll(137) or Percoll(138) gradients) to select the mononuclear cells with centrifugation. 
These cells are then usually cultured in medium containing 10-20% Fetal Calf Serum (FCS), 
L-glutamine and antibiotics. Some prefer the use of a standardized synthetic serum such as 2% 
Ultroser(139) instead of FCS, others prefer the addition of FGF-2 to stimulate the proliferation 
of BMSCs(140). Cells are usually cultured in plastic culture dishes (often coated with fibronectin 
for optimal cell adhesion) of varying surface areas with the addition of roughly 1 ml of culture 
medium for each 5 cm2 of culture plastic area. Medium is replaced every 3-4 days until 
cells reach confluency in 7-14 days depending on the initial plating density and species of 
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Saline (PBS), Trypsin 0.25% in EDTA is used as a thin film and incubated for 5 minutes at 
37 °C to detach the cells. Cells can now be counted and replated at the desired density using 
standardized medium or stored in liquid nitrogen using 5% DMSO and 30% FCS.

BMSC differentiation
Although most of the BMSCs can differentiate into the osteogenic lineage in vitro, in vivo bone 
formation remains quite unpredictable especially in constructs with human BMSCs(141). This 
may result from a relatively low commitment towards the osteogenic lineage. A method that 
may overcome this problem is to stimulate the cells by either dexamethasone (dex)(10 nM)
(142, 143)or more persuading factors like BMPs. Even more radical is to genetically modify the 
cells by transducing the cells with growth factor genes(108, 144). This method can be regarded as 
a development in cell based TE but also as an improvement of growth factor-based TE in that 
it finally found the ideal vehicle for regulated factor release in these (mesenchymal) cells.

Figure 2.5: FACS scatter plots.
Two panels showing the result of FACS analysis on cell vitality. On the y-axis the 7-AAD viability staining solution 
indicates the number of positively stained cells (indicating dead cells), on the x-axis the Forward Scatter Height 
(FSC) indicates the size of the cells. In the left panel the separate “clouds” of cells are detected with R2 indicating the 
population of dead cells. In the right panel this population is colored green, whereas the vital cells are indicated in 
red. Black cells are too small and were left out of this analysis. The group of vital cells (red cloud) can subsequently 
be selected for further testing.
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Abstract
In this chapter we discuss the current knowledge and achievements on bone TE with regard to 
spinal fusion and highlight the technique that employs hybrid TE implants of porous scaffolds with 
BMSCs. These hybrid implants potentially function in a way comparable to the present golden 
standard, the autologous bone graft, which comprises besides many other factors, a construct of 
an optimal biological scaffold with osteoprogenitor cells. However, little is known about the role 
of the cells in autologous grafts, and especially survival of these cells is questionable. Therefore, 
more research will be needed to establish a level of functioning of hybrid TE implants to equal 
the autologous bone graft. Spinal fusion models are relevant because of the increasing demand for 
graft material related to this procedure. Furthermore, they offer a very challenging environment to 
further investigate the technique. Anterior and posterolateral animal models of spinal fusion are 
discussed together with recommendations on design and assessment of outcome parameters.
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Bone TE and spinal fusion

The need for graft material in spinal fusion 
Spinal surgery is performed with increasing frequency for many orthopaedic and neurosurgical 
indications. It is estimated that more than 200,000 spinal fusions are performed each year in the 
United States(1, 145). The standard technique of recent years combines pedicle screw instrumentation 
or intervertebral joint screw-fixation with bone grafting between transverse processes and laminae 
if available (Posterolateral Fusion (PLF), figure 3.1)(146). Another technique, with stabilization 
and (some) distraction of the disc space, performs an anterior arthrodesis between the vertebral 
bodies (Anterior Interbody Fusion (AIF), figure 3.1). A third technique, applying smaller cages 
from a posterior approach, is the so-called Posterior-Lumbar Interbody Fusion (PLIF, figure 3.1). 
Anterior implants, alone or in combination with posterior instrumentation in the case of a PLIF 
are thought to be mechanically more stable, as in humans the majority of the compressive loads are 
conducted through the anterior column. 

The increasing frequency of anterior spinal fusion can partially be attributed to the invention 
and commercial promotion of the so-called ‘cages’ for inter-body spinal fusion(145, 147). These cages 
were originally developed to distract and stabilize the cervical spine of horses suffering from the 
“wobbler syndrome”(148, 149). Additional advantages of cages are a reduction of the required graft 

Figure 3.1: Spine fusion techniques.
A.  Posterior view of PLF. Graft material is bilaterally applied between the transverse processes and on the facet 

joints.
B.  Lateral view of AIF. The perforated cage is inserted between the vertebral bodies to distract and stabilize. The cage 

is filled with graft material to stimulate bony fusion through the cage.
C.  Lateral view of PLIF. Two cages are inserted bilaterally from a posterior approach. To create space the facet joints 

need to be removed. 

17681_Van Galen.indd   37 08-09-2010   10:17:15



38

C
ha

pt
er

3

volume, the potential improvement in fusion rate, and the possibilities to insert cages using less 
invasive surgery. None of the current procedures is perfect, as reflected by the nonunion rates 
ranging from between 7-30%(150). Furthermore, the use of cages has not obviated the need for graft 
material, although a reduction was achieved from ±15 ml of graft material for PLF to ±4-6 ml for 
AIF(146). 

As a graft material, the golden standard for most orthopaedic applications is the autologous bone 
graft, which is however inherent to a limited availability and an additional surgical procedure 
with potential complications(2, 151). Therefore, many substitutes have been developed which all 
have specific disadvantages, like immunogenicity for allogeneic bone grafts and unfavorable 
biomechanical properties for most synthetic biomaterials. To be more successful, it is conceivable 
that these substitutes will need one or more of the features that determine the superior functioning 
of the autologous bone graft. Although little is known about the exact mechanisms involved in the 
use of autologous bone graft(152), the osteoconductive and osteoinductive properties, in addition 
to viable osteoprogenitor cells are likely to be such features, and crucial for their clinical success. 
Therefore, substitutes using TE techniques aim at combining two or more of these features. 

Two important findings have propelled the enthusiasm for bone TE research: (1) the identification 
of BMPs by Urist et al.(60, 153) which led to a progressive research program of which many clinical 
studies have been reported(24, 100, 154-156) and (2) the presence of osteoprogenitor cells in bone marrow 
aspirates, and the development of techniques to culture and expand these cells(157-160). In the present 
chapter, we will further address the bone TE strategies based upon the combination of these 
osteoprogenitor cells with synthetic scaffolds to constitute the so called “hybrid TE implants”.

Bone TE with hybrid implants

History 
The osteogenic capacity of viable fresh bone marrow was already demonstrated in 1955 by de Bruyn 
et al., and confirmed during subsequent years by others(103, 158, 161). However, this bone formation 
appeared to be limited in larger animals (162-165). Probably this was related to the more challenging 
environment combined with a very low density of osteoprogenitor cells in fresh bone marrow 
(1-30 per 100,000 nucleated cells)(107, 166, 167). Friedenstein et al. identified in bone marrow aspirates 
the CFU-Fs, with bone forming capacity(73, 106, 128). These cells, having bone forming capacity, 
were easily culture-expanded to increase the yield of TE bone(166-169). Since the early nineties, 
many investigations concerning identification and purification of the CFU-Fs or mesenchymal 
“stem” cells have been performed(125, 134, 160, 169-173). These cells will be further referred to as BMSCs. 
At present, several studies demonstrated the feasibility of hybrid implants in rodent and large 
animal models(140, 162, 167, 174-187). However, studies comparing TE bone to autologous bone grafts in 
a clinically relevant model have been performed to a limited extent(181, 182, 185-187) and none have 
been published on controlled studies in primates. Some case series have been published(188-206) but 
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none of these are Randomized Controlled Trials (RCTs). This relatively slow progression towards 
clinical application may be due to the absence of a clear understanding of how TE bone should 
function, especially when considering the impaired vascularization after transplantation. 

Potential mechanism of bone formation in hybrid implants
In studies where fluorochrome markers were used(140, 169, 207)(see also figure 3.2), it was demonstrated 
in porous, ceramic based hybrid implants that ectopic bone formation starts at the material 
surface, a mechanism similar to bonding osteogenesis(208). This observation however, does not 
explain the exact mechanism by which the bone is formed. To answer this question, first the 
well-known mechanisms of endochondral (with cartilage intermediate) and intramembranous 
(without cartilage intermediate) bone formation(209, 210) have to be distinguished. The occurrence 
of these two mechanisms, together with other contributing factors, may indicate the similarity of 
bone formation in hybrid implants with aspects of the following empirically known processes of 
“spontaneous” post-embryonic bone formation:

1. Fracture repair
2. Osteoinduction
3. Medullar bone formation
4. Bone formation in autografts

In hybrid implants, the cartilage intermediate has never been described convincingly, although 
chondrogenesis from BMSCs without replacement by bone has been consistently observed, 
especially in less perfused areas, such as central regions in diffusion chambers, or inside relatively 
large implants in animal models(128, 160, 178, 211, 212). Therefore, intramembranous bone formation is 
expected to be the predominate mechanism.

Ad 1: Fracture repair is unique when compared to other post-embryonic repair mechanisms that 
result in scar formation, instead of tissue regeneration. The osteogenic process, that commences 
after the inflammatory phase, under the influence of bone-derived bioactive factors(213), is initiated 
by precursor cells from the periosteum adjacent to the fracture, that generate the hard callus by 
intramembranous bone formation. The majority of bone formation however, is by endochondral 
ossification of the soft callus that appears after infiltrated mesenchymal cells are induced to 
chondrogenesis(209, 213-215). Therefore, fracture repair is probably not a predominant process in TE 
bone formation. 

Ad 2: Osteoinduction is most apparent as bone formation in a non-bony environment, described for 
pathologic heterotopic ossification (PHO)(216) and atherosclerosis plaques(217, 218). This phenomenon 
was consistently observed in ectopically implanted DBM and investigated extensively by Urist et 
al.(60, 153, 219). They identified BMPs that induce undifferentiated mesenchymal cells to form bone. 
Depending on the BMP concentration, both endochondral and intramembranous bone formation 
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mechanisms are considered to be involved in this process(220, 221). An interesting and less clearly 
understood observation is that porous ceramics alone, which are often applied as a scaffold for 
TE, can induce bone formation, without a cartilage intermediate(53, 54, 222, 223). Theoretically this 
material based osteoinduction, or the presence of additional inductive factors in the extracellular 
matrix, could be the responsible mechanism of bone formation in hybrid implants. However, this 
is unlikely as in many studies bone was absent in the control ceramics(207, 224), even when cell matrix 
without viable cells was present(140).

Ad 3: Medullar bone formation is an intriguing phenomenon of intramembranous bone 
formation that was observed inside rodent femora, after disruption of the bone marrow stromal 
cavity. Amsel et al. described in detail how the femoral cavity was entirely filled with bone that 
constituted a preliminary scaffold for bone marrow restoration(225, 226). Even when the femora 
were transplanted ectopically, the origin of the bone was typically from the (stromal) donor cells 
while the hematopoietic cells appeared to be host derived(225-227). This resembles bone formation 
described for hybrid implants in many ways. Especially the stromal origin of the bone forming 
cells and the tendency to create a hematopoietic environment(105, 125, 168, 207, 228). However, medullar 

Figure 3.2: Micrographs of hybrid implants intramus-
cularly in goats (9 weeks).
A.  Low-magnification micrograph of a 7x7x7 mm hy-

brid implant. New bone is clearly present as pink on 
the BCP ceramic scaffold surface. Note the typical 
distribution of bone that is present only in the inte-
rior of the scaffold (bar=1.3 mm).

B.  High magnification micrograph showing newly 
formed bone lined by osteoblasts (arrows), on the 
surface of the BCP scaffold (bar=100 µm).

C.  High-magnification micrograph with epifluorescent 
microscopy showing the sequential fluorochrome 
labels in newly formed bone: C=calcein green at 4 
weeks; X=xylenol orange at 6 weeks; T=tetracycline 
at 8 weeks. Mineralization was initiated around 4 
weeks and was directed centripetally (bar=200 µm).

A B

C
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bone formation depends on precursor cells that are capable of extensive proliferation, as was 
determined by irradiation studies(226, 227, 229). This implicates that a well-vascularized environment 
is obligatory, which is definitively not the situation during the first period after implantation of 
clinically relevant sized grafts(230-232). 

Ad 4: Bone formation in autologous bone grafts was shown in ectopically transplanted grafts 
in rodents. The necessity for viable cells in the graft (no bone formation when devitalized grafts 
were implanted), but also the relative contribution of these cells to the newly formed bone were 
demonstrated(103, 231, 233-236). We demonstrated in goats a similar necessity of implant viability for 
ectopic, membranous osteogenesis in clinically sized, autologous bone grafts(237). This observation, 
that viable cells are required initially, does not necessarily implicate the presence of these cells in 
the newly formed bone. In fact, a mechanism where donor cells do not survive, but release prior 
to death a bone inducing substance that activates invading mesenchymal cells, has been proposed 
by many authors(103, 231, 238, 239). 
In conclusion of this section we assume that (the initiation of) bone formation in hybrid implants 
is dependent on, or at least enhanced by viable cells, and progresses with appositional bone 
formation without a cartilage intermediate.

Towards spinal fusion
Spinal fusion is considered to be one of the most challenging applications for bone graft substitutes, 
since even autologous bone, the golden standard, has a relatively high rate of failure. For research 
purposes, this can be advantageous as it allows for critical examination of both positive and negative 
effects. The necessary burden of proof has been discussed at the beginning of this century to decide 
for clinical use of osteoinductive (BMP based) bone graft substitutes(1, 100, 240). For spinal fusion, it 
was recommended by Boden et al. to follow an extensive establishment of efficacy. This starts with 
the proof of the concept, normally in small animal models, followed by feasibility studies in larger 
animals and efficacy studies in non-human primates. In principle, this thorough pathway of pre-
clinical evaluation should also be applicable for the use of hybrid implants. Particularly for spinal 
fusion, where the use of an osteoconductive scaffold material alone is not regarded as an acceptable 
alternative for the autologous bone graft(1, 163, 241) and thus the surplus value of osteoprogenitor cell 
addition becomes essential. In the following sections we will discuss our view on the sequential 
steps needed in the development of a cell based TE technique for spinal fusion.

Proof of the concept
The diffusion chamber assay, where cells are shielded from invading host cells by a semi-permeable 
membrane, can be considered as proof of cell osteogenicity(128, 211, 242). The sc nude-mouse model that 
allows implantation of hybrid implants of other species’ cells, due to the immune-compromised 
status of these mice, is a scientifically well-established test for construct osteogenicity(228, 242, 243). 
Rodents however, do not fully represent the situation in larger mammals. For example, we observed 
that hybrid implants of goat BMSCs with a certain type of hydroxyapatite ceramic scaffold yielded 
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always bone in nude mice, but almost never when implanted autologous in the goat muscles. Another 
scaffold type showed comparable osteogenicity in both species(140). To investigate osteogenicity in 
larger mammals, and to optimize the characteristics of a construct, ectopic implantation models 
are of great value, as these allow paired comparisons of many parameters, without the disturbing 
influence of surrounding bone(219, 244). However, successful ectopic performance does not guarantee 
adequate orthotopic activity. For instance, we found consistent TE bone formation ectopically 
in 12 out of 12 goats, whereas identical implants showed no bone formation when implanted 
in a femoral segmental defect(140). On the other hand, other investigators claimed the opposite 
experience in sheep (orthotopic functioning without ectopic bone formation)(176, 245). 

Feasibility studies
To investigate the feasibility of TE grafts, models in larger animals, where both donor cell survival 
and host response are more comparable to the human situation are required. Critical size defect 
studies with hybrid implants have been promising, and there are indications of an enhancing effect 
of cell based bone TE compared to the scaffolds-only for spinal fusion(167, 174, 177, 246, 247). However, as 
long as the mechanism of TE bone formation is largely unknown, and therefore the functioning 
cannot be predicted, the comparison with the autologous bone graft seems more than relevant. In 
the paragraph below, considerations and prerequisites for such models are discussed. 

Spinal fusion models
Since the investigations of Albee(248) on canine spinal fusion almost a century ago, many 
animal models for spinal fusion have been developed and used. This has resulted in increased 
knowledge of the healing process and the role of surrounding tissue. For example, Hurley et al. 
showed by interposing permeable and impermeable sheets between the host and grafted bone, 
the essential role of the surrounding tissue in the provision of nutrients through diffusion(249). It 
was demonstrated in rabbit posterolateral fusion studies, that the vascular supply of the fusion 
mass originated from the decorticated transverse processes(250, 251). Furthermore, histology revealed 
that bone formation in the fusion mass was mainly intramembranous, but with a central “lag 
effect” meaning that maturation of the fusion was most advanced near the transverse processes 
and delayed centrally(252, 253). Largely unknown, but crucial for cell based TE, is the mechanism of 
bone formation in autologous bone grafts, especially with regard to osteogenicity as a function of 
residing osteoprogenitor cells.

Bone TE is primarily a biologic process in which various other aspects such as biomechanics, play 
an important role. Therefore, to study the feasibility of this technique in spinal fusion, biologic 
similarity and non-union rates analogous to the human situation are considered to be of utmost 
importance(1, 254, 255). Furthermore, understanding of the many factors that influence spinal fusion 
is essential to optimize and identify the effect of TE. In table 3.1A and 3.1B we summarize some 
potential posterior and anterior spine fusion models. 
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Table 3.1: Overview of different animal models in spine surgery.
AG is derived from the iliac crest, rib or spinous process. BMP is BMP-2, BMP-7 or extract. Instr.=instrumentation. 
Flex.=flexible. Decort.=decortication. References(86, 102, 164, 241, 252, 253, 256-282). 
 
A: Posterolateral fusions

Species (Surg. Model) Reference Segment Follow up  time Conditions 
   (weeks)

Rabbit Boden 1995 L5-L6 2-10 Sham +/- decort, AG
(Non-instrumented) Boden 1995  1-10  AG
 Boden 1995  5 AG, DBM, Ceramics +/- BMP 

Mini-Pig Christensen 2000 L3-L4 12 AG, PLA,Coll 
(Decort. Instr.)    BMP's

 Dog: Mongrel Frenkel 1993 T1-8 6 AG, DBM
(Decort. Non-instr.) Lovell 1989 T6-13 3, 6, 12 AG, PLA, BMPs
 Cook 1994 T13-L7 6, 12, 26 AG, Coll, BMPs

Dog: Beagle Sandhu 1997 L4-5 12 AG, PLA, BMPs
(Decort. Non-instr.) David 1999  4, 8, 12 AG,Coll, PLA BMPs

Goat Johnston 1990 T3-13 6, 12 AG
(Decort. instr.) Johnston 1995 L3-5 12 AG

Sheep Kotani 1996 L3-4 5-6 16 Sham, AG,
(Decort. instr.) Kanayama 1997  4, 8, 12, 16 Sham, AG,
 Baramki 2000  20 Sham, AG, Ceramics
 Walsh 2000  24 AG, Coll/Ceramic, +/- BM
 Steffen 2000  12, 20, 36, 72 Sham,AG, Ceramics

Non-human primate Boden 1995 L4-5 12 DBM +/- BMPs
(Decort. Non instr.) Boden 1999  12, 24 AG, Ceramics +/- BMPs

B: Anterior interbody fusions
    
Dog Cook 1986 C2-3, 5-6 1-24 Stand alone Ceramics
 Cook 1994  6, 12, 26 Stand alone AG, Ceramics

Goat Zdeblick 1992 C2-3, 3-4, 4-5 12 Sham, AG, Allo
 Zdeblick 1994   AG, Allo Ceramics +/- plate
 Zdeblick 1998   Cyl. cage with AG and BMP
 Toth 1995 C2-3, 5-6 12, 24 Stand alone AG, Ceramic
 Pintar 1994 2x separate  6, 12, 24 Stand alone AG, Ceramics
  cervical
  2x separate
  lumbal
 Brantigan 1994 L4-L5 24, 48, 96  Allo, Flex. box cage
 Van Dijk 2001 L3-4 12, 24 Flex. and Titanium box  cage

Sheep Cunningham 1998 T5-6, 7-8, 9-10 16 AG +/- plate, Cyl. cage with AG 
 Cunningham 1999   Cyl. cage with AG or BMP
 Steffen 2000 L2-3, 4-5  8, 32 Box cage with Ceramics
 Steffen 2001  8, 16, 32 Box cage, empty 
    with AG or Ceramics
 Sandhu 1996 L4-5 24 Sham, AG dowel
    Cyl.  Cage with AG

Non-human primate Hecht 1999 L7-S1 12, 24 Allo dowel with AG or BMP
 Boden 1998 L6-S1 12, 24 Cyl. cage with Coll +/- BMP
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Factors that influence experimental spinal fusion 
There are numerous factors that influence the success rate of experimental spinal fusion. These can 
be divided into animal and surgery related factors. Animal related factors are the variations between 
different species, as a result of evolutionary complexity and the varying pace and degree of skeletal 
maturity. For example, in rats the fusion rate is much higher than in mature non-rodent mammals, 
including humans, where spontaneous fusion after decortication of the facet joints and lamina is 
exceptional(283). Surgery related factors include the location and number of fused segments(249, 275, 

284), and the use and rigidity of instrumentation(263, 265, 266). For instance, the lumbosacral junction is 
exceptionally prone to non-union, potentially as a result of excessive motion(284). Vascularization 
is critical for the osteogenic process and is greatly influenced by the regime of decortication. In 
the case of PLF, the pars interarticularis preferentially is not decorticated(250), contrary to the facet 
joints and transverse processes, where decortication facilitates vascular ingrowth into the fusion 
mass(251). Medication is another important issue, for example non-steroidal anti inflammatory 
drugs (NSAIDs), that are normally used for post-operative pain relief, have shown to negatively 
affect osteogenesis(285-287). Finally, postoperative handling also appeared to influence the outcome, 
as was shown by the negative effect of regularly lifting rabbits that underwent non-instrumented 
PLF from their cages in comparison to a non-disturbed group(288). 

Posterolateral fusion (table 3.1A)
Spine surgeons are aware of the difficulties of achieving successful fusion, therefore they 
meticulously decorticate the facet joints, transverse processes and laminae, and commonly use 
rigid instrumentation to keep the segments fixed during the critical period during which the 
fusion mass forms. The animal models simulating this challenging surgical practice, however, 
have not consistently reproduced these surgical techniques. In the frequently used rabbit model, 
decortication is restricted to the transverse processes and no instrumentation is applied. In most 
sheep models, extensive decortication, facetectomy and rigid instrumentation (although not 
always(266)) have been reported. One general advantage of the PLF model for TE research is that it 
can be regarded as both orthotopic and ectopic(283). This allows to some extent the evaluation of 
a potential osteogenic process per se, with limited confusion by osteoconductive bone formation. 
Although dogs and sheep approximate the human size and anatomy better, they do not simulate 
the graft healing environment of humans any better than rabbits(252, 255). This was one of the reasons 
why Boden et al. chose to validate a non-instrumented posterolateral intertransverse model in 
rabbits (see table 3.1A). In dogs and sheep no such validated models exist. 

Anterior interbody fusion (table 3.1B)
Most AIF study models are reported for larger mammals, like dogs and goats. The erected goat cervical 
spine is popular for its analogy with the human cervical spine. Zdeblick et al. developed a three level 
goat cervical AIF model and investigated the effect of plate instrumentation on stand alone grafts and 
the use of interbody cages. When ceramics were used as stand alone grafts, fragmentation was shown 
for porous and even dense blocks(241, 271, 275). Cages offer a unique, well nourished, relatively small 
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and shielded area, which is especially interesting for the application of hybrid implants. Considering 
the much larger graft volumes applied for other spinal fusion techniques, cell survival inside the TE 
implants in cages is more likely and little restrictions on scaffold biomechanical properties exist. 

Study design
The design can vary from multilevel left-right comparisons to a single condition per animal. In pilot 
experiments, left-right comparisons can be performed. However, especially when no instrumentation 
is used, the left-right comparison can be misleading, because fusion on one side will influence the 
mobility and thus the fusion rate on the contralateral side(255). Potential biomechanical differences 
between segmental levels should also be carefully balanced in the design(284). Most authors leave 
one segment intact between two operated levels. As with all experiments, a conservative power 
analysis should be made. Based on histomorphometry results that were published on TE bone, the 
coefficient of variance (SD/average) was about 0.2 in the experimental groups compared to about 
0.5 in the scaffold-only groups(138, 167, 174, 289). Precise power calculations therefore cannot be made, 
but unpaired studies exceeding twenty animals per treatment group are not overdone.

Outcome parameters
Radiographs, CT and MRI can provide relevant information on fusion mass and progression. 
However, determining spinal fusion is complicated and controversial(290). Particularly when ceramics 
or hardware are used, current imaging techniques become unreliable and other techniques such 
as manual palpation or more sophisticated biomechanical testing become necessary(1, 252, 269, 272, 273, 

290). Brantigan et al. demonstrated that post mortem radiographs and CT scans correlate well with 
histology, when radiolucent cages were used(276). This supports the opinion that histology is of great 
importance as an outcome tool to evaluate the quality and quantity of bone formation in spinal 
fusion(240, 290). Additionally, other tissues like cartilage can be identified and a detailed examination 
of the host response and scaffold behavior can be made. Finally fluorochrome labels can be applied 
which indicate the direction and rate of mineralizing bone (figure 3.2)(140, 291, 292).

Prerequisites for research on TE hybrid implants
To investigate bone TE in any spinal fusion model, a reproducible osteogenic construct should 
be selected. Although the well-established rabbit spinal fusion model is highly preferable, our 
experience with rabbit BMSCs is that the criterion of reproducibility could not be fulfilled. Rabbit 
BMSCs are extremely variable both in vitro and in vivo, as was also shown by others(293). In addition, 
animal losses exceeding 10% are not exceptional. Sheep and goat BMSCs are increasingly popular 
in the literature(139, 140, 167, 176-178). In our own experiments using goat bone marrow aspirates, we 
found these cells to be easily selected and culture-expanded. When seeded on appropriate scaffolds 
and implanted ectopically, the hybrid implants were almost 100% osteogenic(140, 244).  

From a clinical perspective, it is debatable whether the TE construct needs to proof osteogenicity 
ectopically in the animal of investigation. It can be argumented that the local conditions are so 
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different between the ectopic and orthotopic implant location that this influences local osteogenicity. 
Furthermore it should be realized that not all implants allow ectopic evaluation, such may be the 
case with fast degrading scaffolds like hydroxycarbonate(167). 

Discussion
In the present chapter we reviewed the current knowledge and achievements on cell based bone TE with 
regard to spinal fusion. Because cell survival in large graft applications is questionable, and therefore 
a simple cell derived bone formation is unlikely, emphasis was put on the potential mechanisms by 
which the technique should function. Although the exact mechanism is not elucidated, there are 
indications that TE bone formation resembles the appositional osteogenesis described to occur in 
ectopic autologous bone grafts(234, 244) and in disrupted bone marrow cavities(225-227). In both processes, 
viable cells were shown to be crucial. This might be a serious limitation for the TE technique, because 
in many studies substantial loss of viability has been reported in the weeks after transplantation of 
autologous bone grafts that, with respect to cell survival, can be considered as cell implants(232, 239, 294). 
Furthermore, in studies where autografts were implanted orthotopically for several months, the added 
value of viable cells in the grafts was considered insignificant. In these studies, viable autografts were 
compared to autografts that were devitalized by freezing in liquid nitrogen, before transplantation(232, 

295-297). On the other hand, the functioning of hybrid implants might be possible with relatively few 
surviving cells, as an increasing number of reports of successful critical-size defect studies in large 
animals has appeared(167, 174, 176-178). These findings are promising and make spinal fusion studies a 
logical next step in research on feasibility of the technique.

Although AIF with the application of cages has many advantages, researchers should realize that 
the ability to discriminate between the long-term effects of TE and simple osteoconduction may 
diminish. Therefore, the more challenging posterolateral model seems initially more appropriate. 
Besides construct osteogenicity, successful spinal fusion will also rely on functionality of the newly 
formed bone and integration in the surrounding bone. This is a concern, because hybrid implants 
have the tendency to form individual ossicles(105, 125, 207, 228, 298) with mainly central bone formation 
and only occasional bridging of individually implanted granules (figure 3.2)(140). Therefore not only 
the percentage of bone, but also these aspects of functional behavior should be studied.

As soon as the feasibility of the technique has been established, the question will arise whether safety 
and efficacy studies in non-human primates are necessary, as was done extensively for BMPs(30, 86, 

282). According to our opinion, the need for primate models is defendable for BMP studies, where 
the risks of (uncontrolled) bone formation may be higher as compared to cell based TE. Especially 
when non-stimulated cells are applied, this risk seems reasonably low and from this perspective, 
does not necessarily legitimate primate models. On the other hand, the risk of inadequate bone 
formation in human applications of hybrid implants cannot be ignored, as the differentiation of 
the cells cannot be predicted. This is reflected by the finding that only half of the implants from 
patients above 50 years showed to be osteogenic in the nude mice model(299). 
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In conclusion, since the potentials of cell based (bone) TE are only emerging recently, a humble 
research attitude to primarily gain insight in the technique should be applied. Then, the challenge 
is to establish a level of functioning at least as good as the autologous bone graft in a feasibility 
model of spinal fusion.
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Abstract
The use of fluorochromes in bone research is a widely accepted technique that dates back to 
the 1950s. Several pioneers, such as Harold Frost, have thoroughly investigated the potential of 
fluorochrome use for the study on bone formation and bone remodelling dynamics. Since the 
development of bone TE, a renewed interest in the benefits of fluorochrome use is perceived. 
Fluorochrome use in animal models makes it possible to determine the onset time and location of 
osteogenesis, fundamental parameters in bone TE studies. There is however a lack of standardized 
procedures for using this technique. In addition, many types of fluorochromes exist and one 
could be confused upon selecting the appropriate type, the appropriate concentration, the route of 
administration and methods of visualization. All these variables can potentially affect the outcome 
during fluorescence microscopy. This work aims at providing the bone TE researcher with an 
overview of the history, working mechanism and the potential pitfalls in the use of fluorochromes 
in animal studies. Experiments using some of the more frequently used fluorochromes are 
explained and illustrated. 
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Introduction
Bone TE is a rapidly emerging science that applies the principles of engineering and life sciences to 
investigate the potential of bone regeneration(32). Since the early work of Friedenstein(104) and Urist(60) 
in the early 1960s, major achievements have been made and an exponentially increasing amount of 
scientific papers is published each year(300). A cornerstone of bone TE research is histology, which 
renders crucial information regarding the nature, quality and amount of the engineered bone. A 
major disadvantage of histology, however, is the need for explanting the tissue which inherently will 
stop the dynamic process of bone formation and subsequently means the end of the experiment. 
Therefore histology only provides an endpoint measurement. This problem has been recognized 
for many decades and several methods that allow monitoring of the growth dynamics of bone have 
been developed. Most well known are the non-invasive radiological, nuclear and bioluminescence 
imaging methods. However, these do not allow detailed examination of the tissue. Fluorochrome 
labelling is a widely used standard technique in skeletal research, which is simple and efficient for 
the investigation of the dynamics of bone formation in combination with plain histology. In human 
studies for example, fluorochromes are used for the assessment of cancellous or endocortical bone 
turnover in iliac bone biopsies(301). In animal research this technique is used for a much broader 
range of applications such as the measurement of the cancellous, endocortical, intracortical, and 
periosteal bone formation rate(302) for the evaluation of bone elongation(303) and for the assessment 
of bone resorption(304). 

With respect to bone TE, fluorochrome labelling allows the determination of the onset time and 
location of mineralization and the direction and speed of bone (spicule) formation(305-307). In spite 
of the fact that this technique has been applied in bone TE research for years now(29, 36, 224, 305, 306, 308-

310), it lacks a standardized protocol. Frequently, the background on choices for labelling techniques 
is not described, making it difficult to compare study results. Likely, this is a consequence of 
unfamiliarity with this technique and the difficulty to find adequate information in the literature.

The aim of this chapter is to give a comprehensive overview of the fluorochrome labelling literature, 
with respect to the working mechanism, the available fluorochromes and established protocols of 
application. This will help choosing the most appropriate protocol and highlight the pitfalls. In 
addition, information on sample embedding and processing for epifluorescent microscopy is given 
based on the literature and our own experience. Finally we propose a protocol for preparation and 
application of four different labels in several animal models.

History
The use of fluorochrome labelling techniques for in vivo bone studies is not a new development. 
Already from the 1770s alizarin, a madder dye, was described by John Hunter in bone remodelling 
studies(311, 312). It shares its calcium chelating and fluorescent properties with the tetracycline 
antibiotics family, in the form of chlortetracycline described in 1948(313), oxytetracycline in 1950(314) 
and subsequent tetracyclines in 1953(315-317). Tetracyclines, fermentation products of Streptomyces 
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bacteria, are strong chelating agents, capable of binding metallic ions such as calcium into their 
ring structure(317). From archaeology it has been found that human bones from the ancient Egypt and 
Sudan were stained with fluorochromes similar to the tetracyclines, most likely based on consumption 
of bacterially contaminated grain products(318, 319). In 1956 the first application of fluorochromes 
in in vivo experiments was reported. Andre found that tetracycline intravenously in mice is 
concentrated in bone(320). In 1957, the work of Milch on the uptake of tetracycline, chlortetracycline 
and oxytetracycline in bone in several species of laboratory animals, caused a significant increase in 
fluorochrome use for research purposes(321). Tetracycline was found to be deposited in areas where 
both bone and cartilage were mineralizing, similar in patterns seen previously with radiolabelled 
calcium(322). This finding made the application of fluorochrome labels also possible in man, whereas 
previously used heavy metals and alizarin were only applicable in animal models due to toxicity 
issues. Frost especially became a pioneer(322-325) investigating several diseases such as osteopetrosis and 
osteogenesis imperfecta as well as osteomalacia and osteoporosis in humans(326). 

Mechanism and fluorochrome use

Working mechanism
Epifluorescence microscopy transmits light through the objective lens onto the sample, rather 
than through the sample towards the objective lens (fluorescence microscopy). In this way, 
epifluorescence microscopy eliminates the need to filter out unwanted light directly from the source. 
Fluorochromes contain fluorophores which are the molecules with fluorescent properties. For the 
excitation and emission principles of fluorophores, fluorescence detection and the description of 
an epifluorescence microscope set-up, the article of Lichtman et al. is recommended for further 
reading(327). In brief: a strong excitatory light beam is passed from above through filters and a 
specific dichroic mirror, through the standard objective onto the specimen. The light is partially 
absorbed and reflected by the specimen. The fluorophores in the specimen, by definition, emit 
light of a longer wavelength than the light that is needed to excite the fluorophore. The reflected 
and emitted light can be observed after focusing through the same objective as used for excitation. 
By choosing the proper light filters and mirror, only the emitted fluorescent light is allowed to pass 
through to the eyepiece or detector (figure 4.1).

Fluorochrome labels, when bound to calcium ions, can be incorporated at sites of mineralization in 
the form of hydroxyapatite crystals Ca5(PO4)3(OH)(292, 328). This means that the label indicates all sites 
of mineralization in the body, be it a site of bone formation or dentin deposition, but also hypertrophic 
cartilage in the growth plate. In the first 24 to 36 hours after administration, the label is stabilized. The 
unincorporated label is rapidly excreted by the kidneys, which results in a peak concentration in urine 
ranging from 225 minutes in monkeys(329) to 30 minutes in mice(328). As a result, the fluorescent label 
demarcates the mineralization front at the time of administration and can be detected in histological 
sections without any further staining or decalcification. By administrating different labels at specific 
time intervals(302) (see also timing), bone formation can be followed in time.
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Potential side effects
Although fluorochromes are generally safe, tetracycline should be used cautiously as it can cause 
severe diarrhea with potential effects on bone remodelling(326, 330). Demeclo(tetra)cycline can 
be hepatotoxic in rats and can be lethal in amphibians(302). Furthermore, the administration of 
tetracycline has been described to affect the circadian rhythm of osteoblasts, which may be a 
secondary effect due to hyperparathyroidism caused by a relative hypocalcaemia as a result of 
binding free calcium(331). In rat in vitro cultures with osteoblasts, oxytetracycline was shown to have 
a proliferative effect at low concentrations (10-7-10-5 M) and a toxic effect at high concentrations 
(10-3 M)(329). The ratio between the lethal dose (LD50) and the labelling dose for oxytetracycline 
is much lower (=4.8) than for calcein (=60). This indicates that oxytetracycline is relatively unsafe 
in rats(329). Alizarin and hematoporphyrin are still considered potentially harmful for animal 
use and are nowadays replaced by alizarin complexone which is much less toxic(332). Binding of 
fluorochromes with a relatively high affinity for calcium (e.g. calcein) slightly affects the process of 
mineralization. This was shown with spectral image analysis on sequential labelling showing that 
a second fluorochrome had a smaller label width after prior administration of a high affinity label 
such as calcein(333). Other side effects can be related to the speed of administration and the solvents 
that are used (see also sections on ‘method of administration’ and ‘solvents’).

Fluorochrome choice
The label color is relevant when several labels at different time intervals are to be used (and thus 
should provide sufficient contrast), and when autofluorescence of the tissue investigated may 
be an issue (see also ‘autofluorescence’). In general, emission spectra of tetracyclines are in the 
yellow range (DMTC being orange-yellow), xylenol orange fluoresces orange, calcein green green, 

Figure 4.1: Epifluorescent microscopy principle.
Schematic representation of epifluorescent micros-
copy. Calcein green is used as an example. The bar-
rier (or excitation) filter (1) lets through only blue 
light with a wavelength between 450 and 490 nm. 
A beam-splitting mirror (2) reflects light below 510 
nm to the object (blue lines) but transmits light 
above 510 nm (green line). Reflected light is shown 
here to illuminate the object (blue lines) contain-
ing in this case a section of tissue with the calcein 
fluorescent label. Emission light (wide green line) is 
transmitted to the second barrier (or emission) filter 
(3) that filters out unwanted fluorescent signal, pass-
ing the specific calcein green emission light (small 
green line) between 520 and 560 nm to the camera. 
A indicates objective, b indicates objective lens.
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both calcein blue and BAPTA emit blue light, and alizarin red/complexone, procion H8-B and 
hematoporphyrin are seen in the red spectrum. In the group of tetracyclines, at least 10 different 
types were described and used in a variety of species, such as amphibians(334), mice(335, 336), rats(333, 

337-341), guinea pigs(342), rabbits (309, 331, 343, 344), (mini) pigs(345, 346), dogs(347-350), sheep(351-353), goats(244, 354-356), 
horses(357), monkeys(329) and man(301, 324, 358, 359).
The label width is the result of the bone mineralization rate multiplied by the period of time 
during which the labelled calcium is present in the extracellular fluid. The route of administration, 
the label clearance and calcium affinity all affect this. A single intravenous administration will 
show a sharper label band than oral administration(302). Calcein and alizarin complexone have 
shorter plasma half-lives than tetracyclines(360), therefore less time to be incorporated after a single 
administration which results in smaller band widths. However, calcein has a high calcium affinity 
which translates into a relatively broad fluorescent band(333). 

Solvents
In general, the fluorochromes require considerable amounts of aqueous solution to be dissolved 
in (table 4.1). Tetracyclines in powder form can be dissolved in physiologic saline up to a 
concentration of 10-25 mg/ml(302). Simple tetracyclines can be dissolved in distilled water. As these 
are insoluble at pH 7 (resulting in precipitation), the pH should be adjusted to either 6.0-6.5 (higher 
concentrations) or 8.2-8.5 (lower concentrations). Aqueous solutions of tetracyclines are generally 
unstable and should not be stored for long times. In addition, commercially available pharmaceutical 
oxytetracycline (OTC) solutions at 100 mg/ml are a practical alternative. Alizarin complexone 
can be dissolved in distilled water or NaHCO3

(302) at a concentration of 15-30 mg/ml. Calcein, 
hematoporphyrin and xylenol orange need alkaline solvents, such as KOH(340, 361) or NaHCO3

(302, 

337, 340, 343). Using 1.4% (v/v) (or 0.17 mM) NaHCO3, calcein can be dissolved to concentrations of 
10-20 mg/ml and xylenol orange to 90 mg/ml(302). Because dissolution in NaHCO3 produces CO2, 
repeated opening of vials during dissolution is recommended. The dissolved fluorochrome should 
be neutralized using HCl titration. It is recommended to store calcein and alizarin solutions at 4 ºC 
in the dark. As a general conclusion, to minimize the injection volume, the fluorochromes should 
be dissolved in specific buffered media. When the solution is stable it can be stored for weeks, 
preferably in a cool and dark environment. We recommend filter-sterilisation of all fluorochrome 
solutions through 0.22 µm filters prior to use.

Method of administration
Parenterally administered fluorochrome labels have the most predictable and powerful effect 
as compared to enteral administration(335). Oral administration leads to weak signals when 
compared to parenteral methods(332) and additionally intravenous (iv) administration is superior to 
intramuscular (im) administration when visibility of the label is concerned(335). Iv administration 
has the potential risk of causing severe hypocalcaemia because the fluorochromes form complexes 
with blood-ionized calcium. Therefore iv administration should be performed slowly(302). Further, 
iv administration to rodents may be technically difficult. Ip injections have the potential risk of 
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injecting into the intestines, leading to label absence or fade signals in addition to a potentially 
lethal peritonitis in the animal. A safer, more reliable option is sc administration in these species. 
In larger animals, sc and im administration is troublesome for most labels because of the high 
volume (>500ml) that needs to be given. As a general advice, small animals up to the size of rabbits 
and mini pigs can receive their fluorochromes sc whereas large animals should be slowly dosed iv 
(see also table 4.1). 

Dosage
Table 4.2 shows the different fluorochromes described for their lowest effective dose based on a 
literature search comprising 40 publications including some of our own work in bone histology. As 
mentioned earlier, this table is restricted only to labels that are given either sc to small animals or 
im/iv to large animals. Amphibians and primates were not included in the table since limited data 
on fluorochrome use in these species are available. Solheim et al. studied the minimum dosage for 
adequate fluorescence(340). In their work in rats using ip injections, the hematoporphyrins gave only 
satisfactory fluorescence at a dosage that caused several animals to (reversibly) lose weight (150 
mg/kg) and even one animal to die (200 mg/kg). The other fluorochromes that were tested were 
well visible at relatively low concentrations without causing side effects. Therefore it is advisable to 
use alizarin complexone instead of hematoporphyrin, to consider the dosages as described in table 
4.2 (sc for small animals and im or iv for large animals only) and to first test these in a pilot study 
for optimal animal safety and epifluorescence results.

Timing
When working with animals, one should realize that changes in the environment, diet or activity 
levels of the animals after transportation from the stock breeder to the experimental facilities may 

Table 4.1: Overview of 4 frequently used fluorochromes.
An overview of oxytetracycline (OTC), calcein green, alizarin Red (S or complexone) and xylenol orange, based 
on the authors’ experience in bone TE studies. Suppliers, solvents and dosage used for small and large animals are 
indicated(36, 305, 310, 341, 362, 363). * Engemycine: Mycofarm, De Bilt, the Netherlands. ** This OTC % solution was used for 
antibiotic prophylaxis purposes, administered im according to the animal housing facilities protocol and found to 
label our explanted tissues upon epifluorescent microscopy.  

Fluorochrome Supplier Solvent gr/l Dosage Admission Animal

OTC Merck PBS/Demiwater 50/50 2 20mg/kg sc rat
      
Calcein Green Sigma  NaHCO3 2% 3 10mg/kg iv goat/dog
  NaHCO3 2% 3 10mg/kg sc mouse/rat/rabbit
      
Alizarine S Merck PBS/Demiwater 50/50 4 35 mg/kg iv goat
  PBS/Demiwater 50/50 4 35 mg/kg sc rat
  NaHCO3 2% 5 30 mg/kg sc mouse/rabbit
      
Xylenol orange Sigma  NaHCO3 1% 20 80 mg/kg iv goat/dog
  NaHCO3 1% 20 100mg/kg sc mouse/rat 
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have significant effects on bone remodelling activity. These effects could potentially exceed the 
effect that is caused by the experimental variable. 

Therefore it is advised to keep the animals for at least one sigma period (= the index of time taken to 
make a unit amount of bone in vivo at a cellular level) in their new housing facilities prior to the start 
of the experiment(326). In general, the larger the animal the longer this sigma period which means the 
longer it takes for the bone metabolism to reach a state of equilibrium. This may range from 5-10 days 
in young mice to 75 days in sheep(302). Additionally, sufficient time between the last label and the biopsy 
or sacrifice of the animal should be allowed. This will prevent the loss of the label due to dissolution 
into the fixative. In general, 1-2 days in mice and several days in large animals should be enough. 

When the onset of bone formation is investigated, the administration of one bone label may be 
enough if the label is administered at the right moment (which is empirically determined)(224). In our 

Table 4.2: Working scheme for fluorochrome use in small and large animals.
Overview of the sc administration of fluorochromes in small animals (rodents and other small animals up to the 
size of a mini-pig) and the im and iv administration in larger animals (from cats up to the size of a horse). The 
lowest available dosage in these animals based on the literature or our own unpublished data (*), is indicated in the 
table. Data represent mg/kg.  

Tetracyclines Xylenol Calcein Alizarin Calcein BAPTA Refs.
 Orange Green Complexone/- Blue
   Red

Mouse 20 80 10 30   *

Rat 25 90 10 30 75 Pautke ‘07
      Pautke ‘05
      Kruyt ‘06

Guinea pig   20 100  Takumida ‘97

Rabbits 25 90 10 30  Frosch ‘03
      Olerud ‘70

Mini-pigs 12  20 30 30 Parfitt ‘91

Cats 30  30   Aaron ‘84

Dogs 20 80 10   Schwartz ‘82
      *

Pigs 25  15   Iwaniec ‘98

Goats/Sheep 20 80 10 25 30 Kruyt ‘07
      Lee ‘02
      Sakkers ‘97

Horse 10  10   Savage ‘91
      Svalastoga ‘83
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experiments, using multiple labels, the onset of bone apposition in ectopically located bone grafts 
in mice and ectopic bone formation in TE implants was shown to occur before 2 weeks in rats (the 
time point of the first administered label)(341) and before 3 weeks in rabbits (v Gaalen, unpublished 
data; figure 4.2). In goats, the 2 weeks label was not found in TE bone, occasionally a 3 weeks label 
was found and the 4 weeks label was consistently present. This could be clearly distinguished from 
osteoinduction in control scaffolds (without cells) in the same animals, where bone formation 
occurred between 6 and 7 weeks after implantation(306, 365). An important benefit of different sequential 
labels is to visualize the direction of new bone formation (e.g. as the result of osteoconduction) by 
identifying different onset times of bone formation within one construct. We found for example that 
in ectopic cell-seeded constructs, early (<4 weeks) bone formation was limited to the peripheral 1-2 
mm whereas after 7 weeks this was also observed at >3 mm from the periphery (figure 4.2)(306, 366). 

Figure 4.2: Epifluorescent microscopy examples of in vivo bone formation. 
A.  Image of vital goat bone transplanted sc in a nude mouse. Obviously bone mineralization continued after trans-

plantation as the calcein green (2 weeks), alizarin red (3 weeks) and xylenol orange (5 weeks) are deposited in a 
layered fashion (original magnification 400x). 

B.  Image of a BCP (60/40 wt% HA/TCP) granule precultured with goat BMSCs and implanted sc for 6 weeks in nude 
rats. Calcein green was administered sc after 2 weeks, xylenol orange after 4 weeks (200x). 

C.  Image of a HA scaffold implanted im in a rabbit for 6 weeks. Calcein green (3w) and alizarin red (4w) can be 
traced showing that new bone was formed as a surface related phenomenon but also more centrally located in 
the pores of the HA (200x). 

D.  Sequential fluorochrome labels in TE bone in a pore of a BCP construct with BMSCs implanted im for 9 weeks in 
a goat. Calcein green was given at three weeks and is incorporated in bone closest to the ceramic scaffold. OTC 
was given at 5 weeks and xylenol orange at 7 weeks. The image clearly shows bone formation started at the cera-
mic surface before 3 weeks and progressed away from it (40x).

E.  Image of a ceramic scaffold mounted on a transverse process (TP) in a goat. The migration of bone from the TP into 
the scaffold is clearly shown by the presence of the 3 weeks calcein green label closest to the TP and the subsequent 
OTC label (5 weeks) and xylenol orange label (7 weeks) at a more distant location away from the TP (10x).

F.  Image of a BCP scaffold implanted im. in dogs for 9 weeks with calcein green at 3 weeks, tetracycline at 5 weeks 
and xylenol orange at 7 weeks (300x).

S =scaffold. P=pore area, a=alizarin red. c=calcein green. x=xylenol orange. o=oxytetracycline(OTC).
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When mineral apposition rate, or bone formation dynamics are to be investigated, preferably 2 
labels should be administered at at least 2 different time points. The time interval between the bone 
labels is called the “marker interval”. The timing of the marker interval can be crucial depending 
on the outcome parameters of the study. In general, a longer interval will increase the chances 
for “label escape”(326) or “skewed sampling error”(302), shorter intervals will make discrimination 
between the labels technically more difficult even at high magnification. 

Sample processing and visualization

Autofluorescence and filter recommendations
In general autofluorescence is not a problem as it is not confined to specific regions of bone and can 
thus clearly be distinguished from the distinct bands that are characteristic for fluorochrome labelling. 
Most tissues in mice have some blue autofluorescence using a mercury UV light source(335), except 
for tissues like bile and liver which have an orange color. Also in the rat femur, blue autofluorescence 
became apparent upon irradiation by ultraviolet light, appearing brighter in the aged than in the young 
animals. Similar observations of increased brightness in the aged were found in 1967 by Prentice et 
al. in man(368). Autofluorescence appears to be dependent on the composition of the collagen bone 
matrix and not the mineral itself, as the phenomenon is also observed after demineralization(368). 
For these reasons the calcein green, and xylenol orange are best visualized with a FITC (fluorescein 
isothiocyanate) filter block, applying a longer wavelength than UV light for excitation(302).

In general, the wavelength of the exciting light and the dichroic mirror threshold should be as close 
as possible (within 20 nm) to the optimum for excitation and emission respectively in order to 
optimize detection of the used fluorochromes. Combinations of different fluorochromes may best 
be visualized with duo-/triple-/quadruple blocks, combinations of which were proven successful to 
distinguish even up to 8 different fluorochromes(333). For specifications of excitation and emission 
wavelengths for several fluorochrome labels we refer to table 4.3.

Fading/photobleaching
Fading or photobleaching is the decrease in fluorescence intensity with time under constant 
exposure to the light used for excitation(302, 319). This process is affected differently depending on 
the light source used for excitation. Blue light excitation causes less fading than UV light. Different 
fluorochromes have different intrinsic fading characteristics: e.g. calcein green fades more slowly 
than oxytetracycline(329). In contrast, calcein blue shows rapid fading under UV illumination. In 
general we did not find fading to be a problem, after >5 years, all labels are well visible in slides 
stored in standard non-transparent boxes.

The following paragraph is a suggestion based on the authors’ experience using the technique of 
fluorescence microscopy in bone TE with oxytetracycline, calcein green, alizarin red and xylenol 
orange.

17681_Van Galen.indd   58 08-09-2010   10:17:30



59

The use of fluorochrome labels for in vivo bone TE research

PMMA embedding and preparation of sections
Smaller samples (<1 cm3) can be fixed in 10% (v/v) neutral buffered formalin or 4% (v/v) 
paraformaldehyde in PBS, for larger samples a combination of 4% (v/v) glutaraldehyde and 5% 
(v/v) paraformaldehyde (Karnovsky’s fixative) is recommended. Dehydration does not influence 
the label when the standard method of gradually increasing ethanol concentrations is used. 
Decalcification obviously is not an option as it will dissolve the fluorochrome label from the 
bone. For PMMA embedding, the ethanol needs to be replaced with the monomer solution of 
80% (v/v) methyl methacrylate and 20% (v/v) dibutylphtalate with several refreshment steps. Then 
polymerization is started by warm water (37 °C) heating of the samples that are kept in closed 
glass jars. Before the jars are closed they are placed in an excicator for a minimum of four hours 
to remove air. The actual dehydration, infiltration and polymerization times are dependent on the 
size and nature of the samples and can take between 1-14 days per step. After polymerization, the 
PMMA block can be trimmed to the required size for sectioning. To minimize sample loss we 
use a sawing microtome with a 300 µm thin blade (Leica, Nussloch, Germany)(369). This is only 
possible when a glass slide is mounted prior to sectioning. To mount the glass slide we prefer 
to use a UV light curing glue (Permacol, Ede, The Netherlands) because of its short curing time 
and high bond strength. Even prolonged exposure to the UV light source (model PS135, Matcon, 
Middenbeemster, The Netherlands) of >5 minutes at ± 10 cm distance (irradiating >13.5 J/cm2 in 
these 5 minutes at >38 cm distance according to the PS135 manufacturer’s specifications) did not 
influence the visible label intensity. This method provides 10-20 µm sections that need no further 
grinding. We found excellent label intensities and good histological details with the 10-20 µm slides 
(figure 4.2). The sections for fluorescence microscopy should be made before any staining of the 
specimen to prevent quenching of the fluorescence, subsequent sections can be stained for basic 
histology. Alternatively, the same sections can be counterstained after epifluorescence microscopy 
and imaging. For maximal label intensity, monofilters selected for the specific label should be 
used (table 4.3). However, to visualize the dynamics of bone formation by polychrome labelling, 
more expensive and sophisticated multiple filter blocks that meet the excitation and emission 
characteristics of the fluorochromes are required. The authors have good experience with the 
duoblock FITC/Texas red, dichroic mirror 505/595 nm (Nikon, Tokyo, Japan), to visualize calcein 
green, xylenol orange and alizarin red simultaneously. To visualize also tetracycline we used the 
triplefilter block Chroma 104158, dichroic mirror 415/510/590 nm (Chroma Technology Corp, 
Rockingham, VT, USA) or the Omega quadrupleblock XF57, dichroic mirror 400/485/558/640 
nm (Omega filters, Brattleboro, VT, USA).
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Table 4.3: Filter settings for most commonly used fluorochromes.
Excitation and emission wavelength filter settings used for several of the most commonly used fluorochromes with 
their references. These all indicate settings as used with monoblock filters.   

 Excitation (nm) Emission (nm) Reference

Calcein Blue 373-375 420-440 Lee ‘03
   Pautke ‘05

Xylenol Orange 377-570 610-615 Lee ‘03
   Pautke ‘05

Calcein 436-495 517-540 Lee ‘03
   Pautke ‘05
   Solheim ‘74

Alizarin Complexone/-Red 530-580 600-645 Lee ‘03
   Pautke ‘05
   Solheim ‘74

Tetracycline 365-436 570 Blomquist ‘66
   Solheim ‘74

Lysine conjugated tetracycline 365-366 NS Blomquist ‘66

Oxytetracycline 365-490 520-570 Lee ‘03
   Blomquist ‘66
   Parfitt ‘91
   Aaron ‘84

Demeclotetracycline 400-490 NS Parfitt ‘91

Doxycycline 390-436 520-570 Pautke ‘05
   Solheim ‘74

Chlortetracycline 436 570 Solheim ‘74

Demethylchlortetracycline 365-490 >530 - 570 Blomquist ‘66
   Solheim ‘74
   Parfitt ‘91
   Aaron ‘84
Rolitetracycline 390-425 520-560 Pautke ‘05

Metacycline 436 570 Solheim ‘74

Hematoporphyrin 436-560 580 - >600 Pautke ‘05
   Solheim ‘74

BAPTA 200-325 410-550 Pautke ‘05

Procion H-8B 546 >600 Solheim ‘74
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Conclusion
The use of fluorochromes in bone TE is a relatively simple technique to considerably increase 
insights in the dynamics of in vivo bone formation. Especially in bone TE, where the onset time 
and location of osteogenesis are fundamental parameters and the characterization of directed 
bone formation are important parameters for determining osteoinductive and osteoconductive 
properties of scaffolds. A wealth of experience together with the exact procedures for using this 
technique are now brought together, including the large variation in the types of fluorochromes, 
concentrations, methods of administration and methods of visualization. All these variables can 
potentially affect the outcome during epifluorescence microscopy. Hopefully our suggestions may 
reduce the above mentioned difficulties for using the technique and stimulate researchers to apply 
fluorochrome labelling as a standard method in bone TE histology. 
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Introduction
Bone TE is a promising technology that may obviate the need for the autologous bone graft in 
the future. At this very moment, thousands of scientists are investigating many aspects of it on a 
worldwide scale, of which biomaterial engineering and cell biology are most prominent. Biomaterial 
technology can nowadays produce scaffolds shaped precisely according to a pre-designed 3D 
virtual model, which can carry cells, growth factors or both(44, 370). However, the optimal material 
configuration for the scaffolds still has to be defined. Cell biology has made great advancements 
in the isolation and functional differentiation of adult bone marrow stromal cells (BMSCs)
(371). However, the exact role of the cells, the optimal cell concentration and the optimal level of 
differentiation still have to be determined. Despite these uncertainties, the separate disciplines 
have come a far way in cell based bone TE. 

Preclinical TE research is typically done at different levels of resemblance to the clinical situation. 
At the first level, “in vitro studies” are performed, and then “the proof of the concept” is evaluated 
in small animal models, followed by “feasibility studies” with more clinically relevant sizes and 
locations. Finally “efficacy studies” may be required that mimic the clinical situation as much as 
possible (e.g. primate studies). It is important to recognize these different levels in order to use 
the appropriate models. For example, to investigate the differentiation and proliferation of cells in 
combination with the scaffolds, in vitro studies will be informative and preferable. On the other 
hand, to asses the feasibility of TE bone as a graft substitute in spinal fusion, models that mimic 
the biomechanics and size of the clinical situation are needed. In the following sections, different 
subsets of studies are discussed that will be required to bring TE to the patient. 

In vitro models
In vitro models are the corner stone of all developments in TE. Every idea should first be tested 
thoroughly in vitro before even thinking of in vivo tests. With respect to growth factors, this 
involves the purification, screening of release systems and effect on BMSCs or characterized cell 
lines like 3T3 fibroblasts. With respect to BMSCs, extensive in vitro research has been done, to 
identify these cells and to assess the interaction between these cells, scaffolds and (growth) factors. 
Such studies also give insight in the osteogenic potential of the cells themselves and the benefits 
of additional treatments, i.e. drug or gene therapy. Some essential in vitro techniques to study the 
cells in culture are discussed below.

Cell Counting 
Obviously this is essential for standardizing and optimizing culture and cell seeding procedures. 
It seems easy, but it is in fact rather complicated. Until now, it is even impossible to accurately 
quantify the cells in a 3D environment such as a hybrid implant. Moreover, most of the methods 
are end-stage investigations involving cell lysis. In the 2D culture environment counting by 
using an inverted contrast phase microscope is most widely used when the density is not too 
high. Detached cells are counted by a cytometer chamber, with a predefined volume and grid. 
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When cells are in suspension, also automated systems like FACS, as discussed in Chapter 2, for 
cell selection, and cytometers are convenient. DNA quantification is applied when individual cells 
cannot be observed. This is usually the case in TE implants where information on cell attachment, 
proliferation, survival and differentiation is essential. The cells are lysed to release the DNA that is 
subsequently colored and quantified by photospectrometry. Many commercial kits are available. 
To relate the DNA content to the amount of cells, it is necessary to make a standard curve of 
reference and to calibrate the assay according to the cell type and scaffold that is used. Alternatively, 
one can use metabolic assays, where a substrate is converted by viable cells into a product of a 
specific color or fluorescence. Subsequently the reaction is stopped and the product is measured 
by spectrometry(372, 373). A pitfall of this technique is that cell metabolism changes with cell density. 
Most assays require cell lysis, e.g. tetrazolium salt assays, although, non-lethal assays based on 
REDOX indicators have been developed(374). 

 CFU-F efficiency assay 
To determine the quality of bone marrow aspirates, the CFU efficiency (CFU-E) is determined. 
This is the fraction of nucleated cells that adheres to plastic and forms a colony (CFU-F, see also 
Chapter 2). After the bone marrow is harvested, the nucleated cells are plated at different densities, 
from about 103-105 cells/cm2, the medium is refreshed after 3-5 days and at 7-10 days relatively 
small colonies can be stained and counted. The number of colonies per initially seeded number of 
nucleated cells aspirated from bone marrow appears to vary with species, technique and age and 
lies between 1-10 per 100,000 seeded cells(73, 108). 

Differentiation assays
The most specific markers for cell differentiation towards the osteogenic lineage obviously are 
mRNA probes or specific antigens as discussed in Chapter 2 of this thesis. For a fair indication of 
osteogenicity, easier in vitro assays that also allow quantification exist. Most well known is coloring 
the characteristic product of osteogenesis i.e. calcium deposition. This can be done with alizarin 
red (figure 5.1) or calcein green. More specific is to quantify the activated form of the characteristic 
enzyme ALP. Many commercial ALP kits exist. By division with the simultaneously obtained 
amount of DNA, the ALP/cell number gives a reasonable indication for cell differentiation. 
Another assay focuses on hydroxyproline, an important component of the triple-helix of collagen 
and therefore a collagen quantifier(375). However, hydroxyproline is not collagen type I specific (the 
predominant form of collagen in bone) and can therefore not be used as a single indicator for the 
presence of bone matrix producing cells.

In vivo models: proof of the concept 
This type of study is designed to prove the hypothetical working mechanism (concept) of a 
technique. In case of cell based bone TE, most researchers believe the cells are responsible for new 
bone formation in the sense that these cells create the new bone. This concept is straightforward 
and seems easy to prove. However, despite the fact that many studies show indeed an increased 

17681_Van Galen.indd   66 08-09-2010   10:17:31



67

Steps in bone TE research, from idea to patient

amount of bone when BMSCs are added, only few researchers really managed to prove the direct 
relation between the cells and new bone(228, 376). The reason why this is rather difficult, is because of 
the observed bone formation is not by definition derived from the implanted cells. As we know, it 
can be derived by at least two other mechanisms: osteoconduction or osteoinduction. Therefore, 
the proof of the concept of cell based bone TE needs to exclude these mechanisms as much as 
possible. In practice, implantations are made preferably in a non-bony environment to exclude 
osteoconduction. This is referred to as an ectopic location, contrary to the orthotopic location (inside 
the bone) that should be used for functional studies. A control condition without cells, or even 
better, with devitalized cells should be incorporated to serve as a control for osteoinduction(140). 
Even more effective to investigate the contribution of the implanted cells is to place the implants 
in an environment shielded from the influx of surrounding cells, so called diffusion chambers. A 
disadvantage of these however, is that there can be no vascularization inside the chambers. Well-
established ectopic models are sc and im implantations in small animals, such as mice and rats. 
Immunodeficient strains of these animals are available, which is advantageous to overcome the 
problems linked to implantation of genetically different cells. Another advantage of small animal 
models is the almost complete absence of osteoinduction by the biomaterial itself which largely 
excludes this confounder(28). 

With simple in vivo models however, the proof of osteogenesis promoted by BMSCs remains 
indirect. Even when both requirements of an ectopic location and absence of bone induction in 
the controls have been fulfilled, the only way to directly address the conceptual mechanism of 
osteogenesis is to identify the original BMSCs inside the new bone. An elegant method consists in 
identifying genetically different cells in immunodeficient animals(228), for example human cells in 
mice or male cells in a female (gender mismatch). However, when immune competent models are 
used, labelling of the cells is the method of choice. Such a label should neither affect, nor select the 

Figure 5.1: Alizarin Red staining 
of mineralized rabbit ECM.
Low magnification image of a cul-
ture disk containing rabbit cells 
within mineralized matrix (*) af-
ter several days of culture. Stain-
ing performed with Alizarin Red 
to indicate mineralization of the 
ECM. Scale bar =2 mm.
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cells in any way. It should not fade with cell divisions and it must be compatible with bone histology. 
Obviously, the label should be specific and not transfer to neighboring cells. Currently there are 
only a few potential off-the-shelf labels available, which are still far from ideal. Most well known 
labels are fluorescent dyes that can be incorporated inside the membrane bilayer or inside the 
cytosol(377). At each division, these labels are divided equally over the daughter cells, which allows 
tracing of the cell progeny, but decreases the label intensity over time. Unfortunately, these labels 
are not reliable in the long term because of label transfer(165, 378). In recent years, genetic marking 
has become available and was shown to be compatible with bone histology. This technique applies 
the ability of (retro) viruses to introduce marker genes into the cells without apparently disturbing 
these cells(379). The marker genes can encode for short amino acid sequences that result in proteins 
which can be revealed by immunohistochemistry. Alternatively the specific proteins are released 
in the circulation and can be measured in the blood (e.g. interleukin 3). Recent techniques use 
proteins that constitute enzymes such as the firefly luciferase, which produces long wavelength 
light that penetrates through the bone and can be measured outside the animal(380, 381) by non 
invasive bioluminescence imaging.

In vivo models: feasibility studies (figure 5.2)
In a next step, a proof of feasibility is needed to determine whether the technique results in 
functional bone. Many models have been developed, ranging from radius defects in mice to equine 
knee models (table 5.1 and figure 5.2). In general, the feasibility models can be divided into several 
groups: bone augmentation models e.g. posterior spinal fusion, transverse process cassettes and 
mandibula onlays; non-weight bearing defect models; segmental defect models and functional 
joint models. The segmental defect appears to be most popular to study bone TE in clinically sized 
models. In 1998 Bruder was the first to show an effect of BMSCs in a dog segmental femur defect, 
later this study was repeated with allogeneic cells that yielded a similar effect(174, 175, 179, 182). Currently, 
sheep and goat segmental defect studies represent the majority of successful cell based bone TE 
publications. These involve defects in the cranium(177), mandibula(178, 187), femur(184), tibia(176, 183) and 
metatarsals(167, 181, 382).

An important advantage for any model is the potential to evaluate multiple (different) samples 
in the same animal. This not only fractionates the number of animals needed by the number of 
implants per animal, but also reduces the sample size (n) because the inter-animal variance is 
excluded with paired comparisons. Recently, a model that allows simultaneous assessment of many 
conditions was introduced for bone augmentation on the transverse processes in the spine(36, 305). 
Naturally, in the case of paired comparisons, the samples should not influence each other in any 
way. Therefore, functional spinal fusion models should not have different conditions on each side 
of the spine, as fusion on one side gives stability and therefore influences fusion on the other side. 
For similar reasons, some authors advocate the use of only one-level spinal fusion models. With 
respect to segmental or non-load bearing defect models, it is preferable to use critical size defects, 
meaning that the defect will never heal spontaneously. This is a fundamental quality that permits 
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Table 5.1: Feasibility models for bone TE.
Overview of feasibility models used in bone TE including their locations, types of grafts used and animal models. 
References(167, 177, 181, 363, 383-387). 

Type Location Graft type Intra-animal Animals Reference Yr 
   control

Posterolateral Thoracic Augmentation uni and multi mice, rat,  Review Kruyt 04
spinal fusion Lumbar of cancellous segmental sheep, dog
  bone  rat,  rabbit,  Review Kruyt 04
    sheep, goat  
Segmental CSD Ulna/Radius  Corticocancellous yes mouse, rat Gazit  99
  cylinder  rabbit , dog,  Review An  00
    monkey
 Metatarsus  no sheep Petite/Bensaid 00/'05
 diaphysis
 Femur diaphysis  no dog, goat  Review An  00
 Tibia diaphysis  no rabbit, dog,  Review An  00
    sheep
 Mandible  no minipig, goat Review An  00
      
Non weigt Cervical/thoracic Cancellous in uni and multi dog, sheep,  Review Kruyt 04
bearing CSD Lumbar spinal cages segmental goat
 Frontal or Cancellous yes dog, sheep Review Kruyt 04
 parietal bone disks  rat, rabbit,  Review Schmitz 86
    dog, monkey
   yes sheep Shang 01
 Iliac wing Cancellous disks yes goat, dog Anderson 99
 Femur condyle Cancellous rods yes/no dog, goat,  Overgaard 00 
    rabbit

Figure 5.2: Graft feasibility ani-
mal models.
Animal models to test graft feasi-
bility, for references see table 5.1:
(a) posterolateral intertransverse 
spine fusion (PLF); (b) anterior 
interbody fusion (using a cage) 
(AIF); (c) os ilium defect; (d) skull 
defect; (e) mandibular segmental 
defect; (f) femoral segmental de-
fect; (g) intracondylar metaphy-
seal defect; (h) tibial segmental 
defect; (i) metatarsal defect.
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the conclusion that, in case of success, the therapy healed a defect instead of only enhanced its 
spontaneous healing. A rule of thumb (which should never be applied as a law and needs verification 
in case of new defect models) is that segmental defects in the mature skeleton are critically sized 
when they are 2.5 times the diaphyseal shaft width. Advantages of segmental defects are the good 
possibilities for radiological evaluation in time and to finally evaluate the bone functionality by 
mechanical tests. Despite hardware support, diaphyseal defects are usually unilateral. However, 
ulnar and radial defects may be tolerated bilaterally. Non-weight bearing defects obviously are less 
complicated and usually can be paired. Well known examples are skull defects, which allow up to 
quadruple evaluations (4 defects in one skull). More functional are the cage assisted anterior spinal 
fusion models. Within the cage the graft is shielded but the intervertebral body fusion allows for 
mechanical testing. Relatively new are total joint models, which combine bone and cartilage TE to 
create functional joints. The potential of this was shown in a clinical case study(196). Efficacy studies 
are preferably done in non-human primates. So far none have been reported for cell based bone 
TE. BMP-based bone TE, however, has already been investigated in non-human primates(86). 

Following successful feasibility and/or efficacy studies (e.g. with the BMPs when potential bone 
formation inside the spinal canal was investigated(102)), one could decide to take the experimental 
technique into the clinical practice. Relevant issues on upscaling to the human size and the current 
status of these clinical studies for bone TE are discussed in Chapter 9.
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Abstract
Most current methods for cell monitoring on 3D porous scaffolds involve end-stage investigation 
of scaffolds. Repeated measurements on scaffolds, without disturbing cell vitality and proliferation, 
are needed to relate in vitro to in vivo data. Alamar Blue™ was used for this purpose. Two different 
CaP scaffolds were studied, using rat BMSCs with three different seeding cell quantities (2.5 x 
104 (CQ1) – 2.5 x 105 (CQ2) - 2.5 x 106 (CQ3) cells). Alamar Blue™ readings were done on days 
1, 3, 5 and 7. After 7 days all 96 scaffolds (n=16) were implanted in 16 mice for 4 weeks. Bone 
histomorphometry was performed. For both scaffolds, seeding efficiencies were highest with CQ1 
and CQ2, cell proliferation was optimal in CQ1 whereas CQ3 resulted in an initial drop in vital 
cell number in the first 3 days. In vivo, upscaling from CQ1 to CQ2 lead to significantly more 
bone-scaffold contact percentage in both scaffolds. Alamar Blue™ was shown to be a valuable tool 
in relating in vitro to in vivo data. Cell proliferation may differ depending on seeding density and 
scaffold type used. Seeding more cells may not necessarily result in more in vivo bone-scaffold 
contact percentage. 
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Introduction
The in vivo success of bone formation by seeded BMSCs on a scaffold material is subject to a 
certain number of variable in vitro factors. Several of these factors are known. Culture medium 
additives for species-specific bone marrow cell cultures are an example of these in vitro factors 
affecting the in vivo bone formation. Several of these culture medium additives are known based 
on optimized cell cultures over the years in different species such as rats(142), mice(388), rabbits(389), 
goats(390) and humans(391). Another example is seeding density. Used primarily in 2D cell cultures, 
this is related to the amount of cell doublings needed to obtain sufficient cell numbers for the 
seeding experiments under investigation. Effects on in vitro cell behavior using different seeding 
densities in both the primary and subsequent passages have been found. Purpura et al. showed for 
rat OPCs (osteoprogenitor cells) an increase in Colony Forming Unit-Osteoblast (CFU-O) number 
when increased seeding densities were used in the primary passage(392). A seeding density effect 
in subsequent passage numbers is also well documented for human cells. Some found a positive 
effect of increasing seeding density in subsequent passage numbers on the in vitro ECM deposition 
using human OPCs(391). Others showed that just 100 cells/cm2 were found to be optimal in cell 
proliferation in 2D culture conditions, leaving the in vivo osteogenic potential unaffected when 
similar seeding densities were used upon 3D scaffold seeding prior to in vivo implantation(393). 

Seeding cells on 3D scaffolds (instead of the 2D culture plates) introduces additional factors affecting 
cell behavior in the final stage prior to implantation that could overrule the cell proliferation and 
differentiation features observed in the 2D culture conditions prior to seeding. It is likely that an 
optimal scaffold-specific seeding density will exist for scaffolds of different types and structures, 
and for different species. This optimum may be different for factors such as seeding efficiency, cell 
proliferation and cell differentiation which may all affect in vivo bone formation to a certain extent. 
Data concerning these parameters on 3D scaffold seeding were shown for instance in rabbit OPCs 
on HA scaffolds(162), rat OPCs on polymer scaffolds(394), rat calvarial cells on polymers (395), human 
OPCs on collagen scaffolds(396) or goat OPCs on HA scaffolds(372). Unfortunately the participation 
of the examined scaffolds in in vivo bone formation was never feasible once in vitro testing was 
performed since all of these tests involved terminal investigation of the scaffolds. This calls for less 
invasive methods for cell proliferation studies on 3D porous scaffolds. The introduction of the 
fluorescent dye alamarBlue™ (aB) has offered new opportunities in 3D cell seeding research(372, 397, 

398), allowing the continued study participation of the scaffolds for in vivo use.  
The purpose of this study was to monitor rat OPC proliferation behavior on two geometrically 
different types of HA scaffolds in vitro, in response to three different seeding densities with the use 
of this aB assay. Subsequent in vivo bone formation was related to in vitro cell proliferation using 
histomorphometry data obtained after sc implantation of the same scaffolds in nude mice. 
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Materials and methods

Animals and study design
A total of 3 young syngeneic Fisher rats (100-120 grams, F344N:Hsd, Harlan, The Netherlands) 
and 16 mice (10-12 weeks of age, HsdCpb:NMRI-nu, Harlan, The Netherlands) were used for 
the current experiment, after approval was obtained from the local animal care committee. Third 
passage cells were obtained after pooling rat femoral bone marrow that was flushed from the 
marrow cavities using a syringe and needle. Cells were used for static seeding on rapid prototyped 
HA –rectangular shaped- scaffolds (group A)(44) and on conventional –granular shaped- porous 
HA scaffolds (group B)(399). Three different seeding cell quantities (CQ) were used for each group 
of scaffolds: 2.5 x 104(CQ1), 2.5 x 105(CQ2) and 2.5 x 106(CQ3) cells per scaffold, corresponding to 
1 x 103, 1 x 104 and 1 x 105 cells per mm3 of scaffold A and an estimated 1.6 x 103, 1.6 x 104 and 1.6 
x 105 cells per mm3 of scaffold B (based on average weight of the scaffolds and mercury intrusion 
data(400)). During the 7 days of seeding, aB readings were performed on days 1, 3, 5 and 7. On day 
7, all scaffolds were implanted sc in nude mice. Each mouse was implanted with all three seeding 
densities for both group A and group B scaffolds (n=16). This accounts for the total of 96 scaffolds 
implanted for the in vivo part of this study. In each mouse, scaffold position was randomized with 
3 scaffolds of the same group sc on each side of the midline. Outcome parameters in this study 
were vital cell numbers on days 1, 3, 5 and 7 in the in vitro part and bone-scaffold contact length 
percentage for the in vivo part based on histomorphometry readings.

Scaffolds (figure 6.1A-E)
A: Group A scaffolds (rapid prototyping)
Commercially available HA powder (Merck Eurolab BV, The Netherlands) was used for the 
fabrication of these scaffolds. XRD (XRD; Miniflex, Rigaku, Japan) was used to determine 
crystallinity, chemical composition was determined by Fourier Transform Infrared spectroscopy 
(FTIR, Spectrum 1000, PerkinElmer USA) and scaffold dimensions were studied using Scanning 
Electron Microscopy (SEM) (Philips XL 30; ESEM-FEG, The Netherlands). The calculated porosity 
of the scaffolds (based on SEM 2D data) was 52 ± 2%. The designed surface area was 2.5 cm2. Pore 
sizes were 286 ± 15 x 280 ± 16 µm in the x-y plane, 352 ± 28 x 339 ± 17 µm in the x-z plane and 394 
± 24 x 376 ± 30 µm in the y-z plane. For detailed information on XRD patterns we refer to Wilson 
et al.(44). The scaffolds were steam sterilized for 20 minutes at 121 ˚C. 

B: Group B scaffolds (conventional scaffolds)
For the preparation of these scaffolds the same commercially available HA powder was used as 
in group A. Similar studies were performed on these scaffolds using XRD, FTIR and SEM as for 
group A. The average porosity of the scaffolds was 67±3 % as determined by mercury intrusion(400). 
The surface area of this scaffold was unknown. The pores had an average pore size of 436µm and 
a range of 300-800 µm. For further details we refer to previous work(399). The granules were steam 
sterilized for 20 minutes at 121 ˚C. 
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In vitro scaffold seeding
Bone marrow cells from the rats were harvested and culture expanded in vitro according to standard 
conditions(399). At the end of passage two, when cells were near confluency, a cell suspension of 5 
x 107 cells was created in order to seed 50 µl per scaffold in the group of 2.5 x 106(CQ3) cells per 
scaffold and subsequent dilutions were performed to create 2.5 x 105(CQ2) and 2.5 x 104(CQ1) cells 
per scaffold. The cell densities per mm3 of scaffold were calculated based on the 52.3% porosity in 
scaffold group A with an average block volume of 47.3 ± 1.1 mm3 per sample (= 25 mm3 of scaffold 
volume)(44), leading to 1 x 103, 1 x 104 and 1 x 105 cells/mm3 of scaffold A. For scaffold group B the 
same procedure was applied. With the same bulk material for the fabrication of these scaffolds, 
presuming a similar amount of shrinkage in both scaffold groups, the true density of scaffold A 
(71.2 ± 4.2 mg (=average weight)/47.3 ± 1.1 mm3 = 1.5 mg/mm3) was applied to calculate the 
scaffold volume of scaffold B. In scaffold B, with a 67% porosity, the same seeding procedure lead 

Figure 6.1: Scaffold type A and B micro-/macroscopic images.
A. Macroscopic image of scaffolds from group A, fabricated using the technique of rapid prototyping with an open 
pore structure and regular shape with known surface area.
B. Macroscopic image of a scaffold from group B, a granular shape with unknown scaffold surface area. 
C. Microscopic image (SEM-backscattering technique) with details from group A scaffolds showing the open, fully 
connected, pore structure. 
D. The same image as C, now showing a horizontal section through the area containing the back-bone of the same 
scaffold. The scaffold structure is white, the pores are black.
E. Microscopic detail (SEM-backscattering technique) of a scaffold in group B. The scaffold structures are white, the 
pores are black. 
Scale bars represent 1 mm in all the above images.
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to an estimated 1.6 x 103, 1.6 x 104 and 1.6 x 105 cells per mm3. For this purpose, the cell droplets 
of 50 µl were immediately resuspended throughout each scaffold and incubated for 2 hours in 
a 25-well plate, prior to adding fresh culture medium to each scaffold. On days 1, 3, 5, and 7 all 
scaffolds were transferred to new plates for the aB assay in order to avoid any potential metabolic 
effect on the aB assay of cells present in the culture dish. For the assay, a 10% aB culture medium 
solution was made simply by adding 10 volume percent of aB (Biosource International, USA) to 
fully supplemented rat culture medium. The added volume of aB medium (37 °C) was 3 ml per 
scaffold to each well for an incubation period of 2 hours on an x-y-z shaking platform at low speed. 
After 2 hours, 200 µl duplicate medium samples were obtained from each well and transferred to 
the appropriate microwell plates. A minimum of 6 blanks were included for each plate. The plate 
was then covered with aluminium foil and placed on the counter for one hour to equilibrate with 
room temperature. The plate was subsequently analyzed by a fluorometer (Perkin-Elmer, USA) 
with the settings as prescribed by the manufacturer of the aB assay and as performed previously(372). 
Fluorescence values were related to standard curves obtained with cells from the same study and 
passage number that were plated in 6-well culture plates. Linear standard curves from these cells 
were derived in quadruplets based on initial plating cell quantities of 5 x 104, 1 x 105, 2.5 x 105, 5 x 
105 and 7.5 x 105 cells per well. The amount of cells present on the scaffolds on day 1 in comparison 
to the amount of cells seeded was considered as our seeding efficiency. Population doublings in the 
different seeding density groups for both scaffolds were calculated based on the following formula: 
population doubling= (log Nt – log N0)/log 2.0 with Nt representing the cells on day 7 and N0 

representing the cells on day 1(401).

In addition to the cell proliferation assay using aB, a few scaffolds from both groups were used for 
staining purposes on day 7 using a cell attachment staining solution of MB and a vitality staining 
using MTT(399).

In vivo sample processing and histomorphometry
After 6 weeks, the mice were killed by cervical dislocation and explanted samples were fixed in 
1.5% glutaraldehyde, dehydrated by ethanol series and embedded in poly(methyl methacrylate). 
Semi-thin sections (10 µm) were made with a Leica sawing microtome, stained with MB and basic 
fuchsine for routine histology(369) and histomorphometry. All scaffolds were fully sectioned with 
scaffold type A always sectioned in the x-y plane(44). Samples were first evaluated for general tissue 
response and bone formation using a light microscope (E600 Nikon, Japan). The mid-sections 
for both scaffold groups were carbon-sputter-coated and evaluated using a SEM- backscattering 
technique. Digital images (75dpi) were loaded into a PC running the KS400 program (Zeiss, 
Oberkochen, Germany). 

All implants were analyzed for bone scaffold contact length percentage (Cont. % = percentage of 
total available scaffold contact length occupied by the contact with the newly formed bone)(402). In 
standard nomenclature(403) this could be formulated as:
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Cont. % = B.BCP.Bd % = [BCP.Pm in contact with B.Pm ] x 100%
        [BCP.Pm total]
(B=Bone, BCP=Biphasic Calcium Phosphate, Bd=Boundary, Pm=Perimeter)

Based on the surface-related process of de novo bone formation in TE scaffolds the cont.% 
is considered more accurate as compared to the bone per pore area percentage since it allows 
for structure-independent comparison of bone formation within scaffolds in 2D histology 
sections(402).

Statistics
SPSS 10 was used for statistical analysis. In vitro cell proliferation data (growth curves) for the in 
vivo implants (n=16 for each seeding density in each scaffold group, in total 96 scaffolds) were 
analyzed overall using a Repeated Measures Test. Cell number comparisons between different 
seeding densities for the in vitro aB analysis were compared using a one-way ANOVA. In vivo 
histomorphometry data were analyzed using a (nonparametric) Friedman and Wilcoxon test for 
related samples, since these data were not normally distributed. All comparisons between different 
seeding densities were Bonferroni corrected. No statistical comparisons were made between the 
two different scaffold type groups. The level of significance was kept at p≤0.05. 

Results

In vitro 
Table 6.1 shows the seeding efficiency results for both scaffolds. For both scaffold groups, CQ3 had 
the lowest seeding efficiency. Cell proliferation (figure 6.2): cell numbers for CQ1 and CQ2 in both 
groups showed an increase between days 1 and 7 with CQ2 in group B reaching a plateau phase 
between days 5 and 7. CQ3 showed an initial decline in cell number between days 1 and 5 followed 
by an inclination in cell numbers for both scaffold groups. 
Overall, population doublings on the scaffolds in this study were highest in the lower cell quantities 
(CQ1) and negative in the highest cell quantities (CQ3) used for both scaffold type groups (table 
6.1). On the day of implantation, in scaffold group A, the largest number of cells on the scaffolds 
were present with CQ2, followed by CQ3 and CQ1 (p<0.001 for all). Scaffold group B on the 
day of implantation had the largest number of cells on scaffolds present with CQ2, which was 
significantly more than CQ1 (p<0.001) but not different from CQ3 (p=0.07). 

In vitro scaffold staining
Figure 6.3 shows images from group A and group B scaffolds seeded with CQ1 for Methylene Blue 
(MB) staining on cell attachment, MTT staining on cell vitality and Trypan Blue (TB) staining for 
non-living cells. MB and MTT images on both types of scaffolds indicate that the majority of the 
attached cells are vital. This is confirmed by the low amount of TB-positive cells. CQ2 and CQ3 
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Table 6.1: In vitro cell parameters aB study.
Overview of the seeding efficiency (SE), population doublings (PD) and cell numbers (x 104) on the scaffolds on 
the day of implantation (day 7) from the in vitro part of the study based on the aB readings. Numbers are indicated 
± standard deviations. Negative numbers in population doublings indicate a decrease in total cell number from 
day 1 to day 7. Group A and B indicate scaffold type A and B respectively. CQ indicates cell quantity. For statistical 
comparisons in cell numbers see also in vitro results. 
 
 Group A Group B

 CQ1 CQ2 CQ3 CQ1 CQ2 CQ3

SE% 28.3 ± 5.9 26.6 ± 4.0 5.9 ± 0.7 15.8 ± 4.3 17.6 ± 6,5 5.2 ± 1.0

PD 3.4 1.2 - 0.3 4.3 1.2 - 0.5

Cells x104 7.3 ± 1.5 15.1 ± 1.3 12.1 ± 1.6 7.9 ± 1.2 10.4 ± 1.5 9.3 ± 2.3

Figure 6.2: Scaffold cell proliferation numbers for groups A and B.
Cell numbers based on repeated aB readings on the same group of scaffolds (n = 16) on days 1, 3, 5, and 7 that were 
used for in vivo implantation on day 7. Lines are extrapolations of the data obtained on days 1, 3, 5, and 7. Results 
are given as the mean ± standard deviations. CQ 1, 2, and 3 indicate cell seeding quantities 1, 2, and 3. C/p indicates 
the number of cells per scaffold.
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scaffolds (data not shown) contain more confluent layers of attached and vital cells with only a 
modest increase in the number of non-vital cells on the TB staining images.

In vivo 
All the implanted mice survived the end of the study and remained in good health. On the day of 
explantation, all scaffolds appeared to be well incorporated into the sc host tissue, without fixation 
to the underlying fascia of the paraspinal musculature. Figure 6.4 shows an example of a backscatter 
scanning electron micrograph representing optimal bone formation for both groups. In group 
A, with CQ1 no bone was formed in any of the mice (table 6.2). With CQ2 in 7/16 mice bone 
formation occurred in the scaffolds with an average cont.% of 1.6 ± 3.4% (table 6.2). With CQ3 in 
11/16 mice bone in the scaffolds was observed with an average cont.% of 3.1 ± 7.4%. CQ2 and CQ3 
both showed a significant difference as compared to CQ1 (p=0.02 and p=0.003 respectively), CQ2 
and CQ3 were not significantly different (p=0.6). In group B, with CQ1 in 3/16 mice bone was 
formed in the scaffolds with an average of 0.3 ± 0.8% cont.%. Using CQ2, in all (16/16) mice bone 
formation occurred in the scaffolds with an average of 11.0 ± 10.3% cont.%. With CQ3, in 13/16 
mice bone was observed with 5.3 ± 7.4 cont.%. Again, CQ2 and CQ3 both showed a significant 
difference when compared to CQ1 (p<0.001 and p=0.002 respectively), however CQ2 and CQ3 
were not significantly different (p=0.07).

Figure 6.3: Cell attachment and vitality staining.
MB staining for cell attachment, MTT staining for cell vitality and TB staining for non-vital cells on scaffolds from 
groups A (bottom row) and B (top row) for CQ1. Note that few cells are stained with TB. Scale bars represent 1 
mm.

17681_Van Galen.indd   79 08-09-2010   10:17:44



80

C
ha

pt
er

6

A

B

Figure 6.4: In vivo bone for-
mation in scaffold groups A 
and B.
Backscattering images of mid-
sections of a scaffold in group 
A (A) and group B (B). Both 
images represent the more op-
timal results of bone formed 
in these scaffolds after 6 weeks 
of in vivo implantation (exam-
ples represent CQ3 for scaffold 
group A and CQ2 for scaffold 
group B). White arrows indi-
cate new bone formation on 
the scaffolds. Scale bars repre-
sent 1 mm.

Table 6.2: In vivo mice bone score in aB study.
The in vivo bone score in mice indicates the number of mice showing bone in the specific CQ for both material 
groups A and B. Only SD2 in group B showed bone in all of the 16 mice. The bone-scaffold contact length 
percentage (cont.%) indicates the amount of bone in contact with the scaffold as a percentage of the total available 
scaffold contact length. Standard deviations are included for the cont. %. Statistical significant differences between 
the different seeding densities in each material group are here indicated in bold with their individual p values: 
Group A: a-b = 0.018; a-c = 0.003; b-c = 0.64. Group B: d-e < 0.001;  d-f = 0.002; e-f = 0.069 
 
 Group A Group B

 CQ1 CQ2 CQ3 CQ1 CQ2 CQ3

Bone Score 0/16 7/16 11/16 3/16 16/16 13/16

Cont.% 0.0 ± 0.0a 1.6 ± 3.4b 3.1 ± 7.4c 0.3 ± 0.8d 11.0 ± 10.3e 5.3 ± 7.4f
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Discussion
Relating in vitro cell proliferation data to in vivo bone formation in an ectopic mouse model was 
shown to be feasible using the aB assay. Sequential 10-fold increases in the initial number of 
seeded cells on two geometrically different CaP scaffolds did not result in a steady increase in bone 
formation. Therefore, seeding more cells does not automatically relate to more bone formation. 
However, seeding CQ1 for 7 days in this study was shown to be suboptimal for both groups. 
Further increases from CQ2 to CQ3 did not differ significantly. Looking at the results for scaffold 
group A, one could speculate that a more favorable seeding technique (without an initial drop in 
vital cell numbers for CQ3) could result in more vital cells per scaffold on day 7 and perhaps more 
optimal bone formation in this seeding density group. For scaffold group B it could be speculated 
that this optimum was already reached with CQ2 since aB readings showed that no more than 
approximately 10.5 x 104 cells could be hosted on average on these scaffolds (figure 6.2). Whether 
the time of constant cell numbers between days 5 and 7, which could indicate a state of “confluence” 
on these scaffolds, was of any influence on the optimal results in this seeding density group can 
not be concluded at this moment. Cell confluence in osteoblastic 2D cultures is directly related 
to a conversion from cell growth to cell differentiation with concomitant extracellular matrix 
deposition(404). Cell characterization, such as an increase in the ALP activity or BMP production, 
could help to resolve this issue. If cell confluence on the scaffolds would be an important factor in 
relation to bone formation, optimization of seeding techniques (preventing an initial drop in cell 
number such as observed with CQ3) and establishing an early scaffold cell-confluence could be 
crucial.

The use of aB on rat BMCs has permitted us to compare between in vitro cell behavior in 3D 
scaffolds and in vivo bone formation on these same scaffolds. The ability to continue with a specific 
scaffold in a “repeated measures” method for cell quantification purposes and to apply this scaffold 
for subsequent in vivo implantation makes this method a strong alternative in comparison to the 
“terminal” use of scaffolds with e.g. Cyquant(405) or MTT(406) methods that necessitate comparisons 
between groups of different scaffolds with subsequent risks in losing statistical power. Whether the 
reliability in the aB readings remains constant with increasing ECM formation potentially leading 
to a relative loss of scaffold permeability is unknown.

In conclusion, scaffold structure and in vitro cell behavior (such as seeding efficiency and cell 
proliferation) can not be considered as two separate entities when the effects on in vivo bone 
formation are concerned. aB was shown to be a valuable tool in the study on cell proliferation on 
our 3D implants. 
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Bone TE for spine fusion: 
an experimental study on ectopic 
and orthotopic implants in rats
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Abstract
Alternatives to the use of autologous bone as a bone graft in spine surgery are needed. In this study 
the potential of TE bone implants in comparison to control implants without cells was studied in 
two ectopic locations and in a posterior spinal implantation model in rats. 
Syngeneic bone marrow cells were cultured in the presence of bone differentiation factors and 
seeded on porous HA particles. Seven rats underwent a posterior surgical approach, where 
scaffolds with (5 rats) or without cells (2 rats) were placed on both sides of the lumbar spine. 
Additionally, separate scaffolds were inserted im and sc during the surgical procedure. After four 
weeks, all rats were killed and examined radiographically, by manual palpation of the excised spine 
and histologically for signs of bone formation or spine fusion. All rats that received cell-seeded 
scaffolds showed newly formed bone in all three locations, while none of the locations in the 
control rats showed bone formation. The results of this study support the concept of developing 
TE techniques in posterior spine fusion as an alternative to autologous bone. 
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Introduction
Spine surgery with the goal to achieve spine fusion is responsible for a majority of the bone grafting 
procedures worldwide. The use of autologous bone is still considered to be the golden standard in 
spine surgery(407). The rate of non-union ranges nevertheless from 5 to 35%(408). Alternatives such 
as allograft bone, bone marrow cells (alone or in combination with a carrier material), porous 
calcium phosphates, demineralized bone matrix and bone inducing growth factors such as BMPs 
have been investigated with varying success(6, 11, 24, 86, 102, 163, 246, 253, 275, 282, 409-416). A novel approach is 
to create a hybrid graft by combining expanded and selected viable autologous osteoprogenitor 
cells with a ceramic scaffold, which is commonly referred to as bone TE. Cui et al. reported on 
a similar study in which an osteoprogenitor cell line (D1-BAG) was cloned from mouse bone 
marrow cells and transplanted on a Matrigel carrier into the paraspinal bed in nude rats(212). It 
appeared to be a potent bone graft in achieving successful fusion. Other studies using ectopic and 
orthotopic implantation sites showed successful bone formation with autologous bone marrow 
derived osteoprecursor cell populations(138, 142, 167, 174, 176, 224, 228, 298, 376, 417-419). We use a technique of 
selecting this multipotent mesenchymal derived precursor cell population, present at a low density 
in fresh bone marrow aspirates(167, 169) and expanding these cells selectively into the osteogenic 
lineage by the addition of differentiation factors. After seeding onto a ceramic scaffold, the cells 
are subcultured for seven days in order to continue cell proliferation and differentiation and 
allowing for ECM deposition(169). The purpose of the present study was to evaluate this approach as 
a potential technique for posterior spine fusion in rats. As a first step, we placed scaffolds with and 
without cells next to the spinous processes with the aim to study bone formation in the implanted 
scaffolds (with or without seeded cells) without the local influx of host osteoprogenitor cells caused 
by a decortication of the spine(250).

Materials and methods

Animals and design
A total of 9 Fisher rats (F344N:Hsd, Harlan) were used for the current experiment after approval 
was obtained from the local animal care committee. Two young rats (weight range, 100-120 grams) 
were used as bone marrow donors; the other seven adult rats (weight range, 200-250 grams) 
were used for the actual implantation studies. Bone marrow derived stromal cells were selected, 
expanded in vitro and seeded onto porous HA granules. The same kind of granules was used for 
the control scaffolds. After 7 days of subculture, to allow for differentiation and ECM production, 
the granules were implanted next to two lumbar spinous processes (10 particles on each side), (sc 
hind leg, 2 particles) and im (contralateral hind leg, quadriceps muscles, 2 particles) in each rat. 
Five rats received on all locations cell-seeded granules, while two control rats received unseeded 
granules. After 4 weeks, all rats were killed and examined for signs of bone formation and spine 
fusion using radiography, manual palpation, histology and histomorphometry.
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Scaffold material
Porous granules of HA (IsoTis SA, The Netherlands) were used as scaffold material (figure 7.1 A-D). 
The processing included the preparation of the HA slurry and mixing of the slurry with PMMA resin 
(volume ratio of HA/PMMA 1:1) and wax beads. After shaping the mixture in a mould, polymerization 
was initiated and then subjected to drying. The bulk material was pyrolyzed (to remove all organic 
phases) and sintered at 1250 ˚C for 8 hours in stages. The porosity of the specific batch that was used 
was ± 65-70% as determined by mercury intrusion, the pores had an average pore size of ±436 µm 
and a range of 300-800 µm as determined using SEM on 2D sections (Philips XL 30 FEG). The size 
of the implanted particles was determined by sieving at 2-3.2 mm diameter. Crystallinity of the HA 
was analyzed with XRD (Miniflex, Rigaku, Japan), chemical composition was determined by FTIR 
(Perkin Elmer 1000 Infrared Spectrometer). The crystallinity of the material was 83% with >95% 
pure HA. The granules were steam sterilized for 20 minutes at 121 ˚C.

Cell culture
Bone marrow cells were obtained after killing the two young rats by CO2 inhalation and excision 
of both femora. The femoral cavities were flushed with 5 ml aliquots of culture medium containing 

Figure 7.1: HA scaffold characteristics.
A. Macroscopic image of the porous HA scaffold used for implantation, Ø 2-3.15 mm.
B. The macropore structure of the material visualized by SEM is shown with an average pore size of ±436 µm. 
C. The micropore structure of the material is shown at 2500x magnification.
D.  XRD analysis of the HA material used.
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alpha – Minimum Essential Medium (α - MEM, Life Technologies, The Netherlands), 15% of a 
selected batch of FCS (Life Technologies, The Netherlands), 0.1 mM L-ascorbic acid-2-phosphate 
(AsAp, Life Technologies, The Netherlands), 2 mM L-glutamine, 0.1 mg/ml penicillin G and 100 U/
ml streptomycin, 10-8 M dex (Sigma, The Netherlands) and 10 mM βGP (Sigma, The Netherlands). 
Each cell suspension obtained from one femur was plated in one T75 culture flask at 37 °C in 
95% air with 5% CO2. The culture medium of the primary culture was refreshed after 4 days and 
cells were trypsinized for the first time after 1 week of culture. Cells were pooled into the next 
passage and medium was changed twice weekly. The adherent cell colonies were briefly washed 
with PBS (Gibco Paisley Scotland U.K.) solution prior to adding 1.5 ml of 0.25% trypsin-EDTA 
solution (Sigma, The Netherlands), in each culture flask with a 15 minute incubation time at 37 
°C. Cells were counted using a Burker Turk counting chamber and replated at a density of 5000 
cells per cm2. First passage cells were trypsinized at 80-90% confluency and seeded at 2 x 105 cells 
in 100 µl per scaffold (2 x 106 cells/ml seeding solution) using a static seeding technique(420). After 
4 hours, 3-4 ml of fully supplemented culture medium was added to each scaffold. All implants, 
including the control scaffolds, were kept in culture medium for seven days prior to implantation, 
refreshing the medium once after three days of culture. On the day of implantation, medium was 
replaced with serum-free transport medium containing α-MEM and antibiotics only. Prior to 
implantation, scaffolds were thoroughly washed in PBS. Additionally seeded scaffolds were studied 
microscopically using MB solution for cell attachment, MTT and TB solutions to determine cell 
vitality and a Naphtol AS/B1 stock solution as a substrate for the histochemical detection of ALP 
activity on the scaffolds.

Surgical procedure
For the rats that underwent spine surgery, an intraperitoneal injection of 25% Hypnorm and 25% 
Dormicum in aqueous solution (0.3 ml per 100 grams of body weight) was administered. Surgery 
was performed under sterile conditions. After dissecting the muscles away from the spinous 
processes at L5-L6, the facet joints were located and carefully cleared from muscle using a scalpel 
blade. The spinous processes were not decorticated since the purpose of the study was to study 
bone formation by the cell-seeded or control scaffold itself. On each side of the spinous processes 
between L5 and L6, on the dorsal aspect of the facet joints, ten particles were implanted in each 
rat. Subsequently, muscles and skin were separately closed using Vicryl sutures. In addition, two 
particles were implanted in both an im (mm. quadriceps femoris) and sc implantation site in the 
hind legs of the rats. Five of the animals received particles seeded with cells and two controls 
received particles that were not seeded with cells. Four weeks after implantation, the animals were 
killed by CO2 inhalation. 

Analysis techniques
Postero-anterior radiograms were taken to study the location of the particles and the presence of 
callus. The lumbar spines were cleared from musculature and excised between Th12 and S1 after 
which manual examination was performed for determination of a fusion or a non-union(409). Spines 
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were excised en bloc from all animals and they were manually palpated by 2 blinded observers by 
flexion-extension at each level. The arthrodesis sites were considered fused when no motion was 
detected or not solid when any motion was detected. Samples from all three of the implantation 
sites were studied histologically for the presence of bone tissue. Samples were fixed for 2 days 
in 1.5% glutaraldehyde in 0.14 M cacodyllic buffered solution (pH 7.2-7.4) and subsequently 
dehydrated in alcohol series before embedding in MMA solution for several days at 37˚C. After 
polymerization, ±10 µm semi-thin sections were prepared on a Leica sawing microtome (Leica 
SP1600, Leica, Germany), and stained with 1% MB and 0.3% basic fuchsine. All sections were 
evaluated for general tissue response and bone formation inside and next to the granules. Bone 
formation in the im and sc implants was examined histomorphometrically using a VIDAS analysis 
system (KS400, Zeiss, Munich, Germany). For this, the bone area per available pore area was 
measured on selected slides taken through the center of a particle. For the paraspinal implants, we 
used a semi-quantitative scoring method to relate bone formation to various steps in the process 
of spinal fusion. The following characteristics were scored for a “yes/no” appearance for newly 
formed bone: BIP - Bone Inside the Particles = new bone present inside the pores of one or more 
particles; BBP - Bone Between the Particles = next step in the process of solid fusion mass, where 
particles are connected with each other by bony bridging; BSP - Bone in contact with the Spinous 
Process = observation where particles are connected by bony bridging with the spinous process; 
BS - Bridging of the Spine = where a continuous bony bridge has been formed on a single section 
between the two processes. Three observers were involved in the blinded scoring of an average of 
four slides per rat.

Statistics
Histomorphometry data on the cell-seeded implants in both the sc and im implants were compared 
using a paired Student’s-t test. A Pearson Chi Square test was performed on the outcome of BIP, 
BBP. BSP and BS in the cell-seeded group of rats using the SPSS 10 program for Macinstosh.

Results

General
All rats were successfully implanted with either the controls or the cell-seeded implants in three 
different locations. They were mobile the day after surgery and remained in good health during 
the four weeks of follow-up.

In vitro results
Microscopic analysis of the additionally seeded and MB stained particles showed that the seeded 
and subcultured cells were homogeneously attached to the HA particles (figure 7.2). Vital and ALP 
positive cells were present on the surface and inside the pores of the implant, however, the TB 
staining demonstrated also the presence of several non-vital cells. The control implants were found 
negative for all staining conditions. 
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Post-mortem sample evaluation
On the radiograms, no signs of callus formation in or near the implants were present in either the 
cell-seeded (figure 7.3) or control animals, and manual palpation did not demonstrate solid fusion 
in any of the segments. Macroscopically, the mass of HA scaffolds next to the spinous processes 
appeared to be encapsulated by a layer of fibrous tissue in all rats. Some of the outer granules for 
both treatment groups felt mobile at the time of palpation, when the inner aspect of the scaffold 
mass felt solidly fixed to the spine. Histology of the TE samples showed large amounts of bone 
present in all three implantation sites. In the sc and im locations, bone covered the implants both 
inside the pores and on the outer surface (figure 7.4). This was confirmed by histomorphometry, 
where the sc implants contained 21 ± 11% of bone, and the im implants 25 ± 15% of bone (table 7.1, 
p=0.7). In the control implants, no signs of bone formation in either the sc or the im implants were 
seen, and the scaffolds were invaded by fibrous tissue (figure 7.4). In the paraspinal implants, all TE 
scaffolds demonstrated bone formation in the pores and on the surface, as well as between some 
of the individual implants when the edges of the scaffolds were in close contact with each other, 
appearing as if it were one large scaffold. Bone formation was evenly distributed over implants 
both in close proximity to the spine but also in locations most lateral to the implantation site, in 
close contact with the paraspinal musculature. These observations were confirmed by the semi-
quantitative scores: 5/5 rats were positive for bone formation in the pores (BIP) on both sides of 
the spine, 4/5 for bone between the particles unilaterally and 3/5 rats bilaterally (BBP), and 3/5 for 
bone in contact with the spinous process unilaterally and 1/5 rats bilaterally (BSP). For the results 
on both sides of the spine there was a significant decline in bone formation with more advanced 

Figure 7.2: Scaffold cell attachment with methylene blue.
MB stained particle of HA after 1 week of subculture with 
BMSCs. Cells are evenly distributed over the surface of the 
scaffold and inside the pores. Multilayers of cells are vis-
ible as dark blue areas covering the pores in this stereomi-
croscopic image. 
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Figure 7.3: Radiogram obtained 
after 4 weeks of implantation.
The granules at L5-L6 are located 
in groups of 10 particles on each 
side of the spine without any signs 
of callus formation in either the 
TE group (shown here) or the 
control rats. The subcutaneous 
and intramuscular implants can 
be observed in both lower limbs

Figure 7.4: In vivo bone forma-
tion in the sc and im location.
Sections of sc and im implants 
after 4 weeks of implantation in 
each rat for both the TE and NC 
conditions. The TE implants show 
bone formation both on the outer 
surface and the inner (pore) sur-
face in equal amounts for both 
ectopic locations, whereas the 
control implants are invaded only 
by fibrous tissue and no signs of 
bone formation can be detected.
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stages of fusion, when moving from BIP towards BSP (p=0.008). For the unilateral results this 
effect was not observed (p=0.3). None of the rats in the cell-seeded group showed bridging of bone 
between two spinous processes (BS). The control rats showed no bone formation in any of the 
implants, and in this group no signs of bone ingrowth into the scaffolds were seen from the cortex 
of the spinous processes (figure 7.5). A thin layer of fibrous tissue was always present between the 
non-seeded implants and the spinous processes. This was also seen in 2/5 rats with cell-seeded 
implants next to a spinous process (figure 7.6).

Figure 7.5: In vivo bone scores 
in the rat paraspinal location.
Data represent the total score 
in paraspinal bone formation 
for all rats. On the y-axis the 
number of rats positive for 
each category, on the x-axis the 
individual scored categories. 
Unilateral scores indicate posi-
tive categories on at least one 
side of the spine within each rat 
(p=0.3), bilateral scores indi-
cate both sides (p=0.008). The 
NC rats did not have a positive 
score on either side of the spine 
and are therefore only depicted 
with a unilateral score. No his-
tological signs of complete fu-
sion were observed in any of the 
rats. Black bars indicate the TE 
implants, grey bars indicate the 
NC implants.

Figure 7.6: Histological sections of 
paraspinal implants.  
A. Cell-seeded implant (TE group) 
with bone bridging between the HA 
and the spinous process (SP), indica-
ted by two arrows. 
B. Control implant (no cells) with 
neither signs of bone formation in 
the HA particles nor in the area bet-
ween the HA and the spinous pro-
cess, indicated by two arrows. 
C. Cell-seeded implant (TE group) 
with bone present on the HA im-
plant but no signs of bone bridging 
with the spinous process. Fibrous 
tissue present between the HA and 
the SP is indicated by two arrows.

A B

C
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Discussion and conclusion
Hybrid implants consisting of bone marrow derived osteoprogenitor cells, seeded on porous 
HA granules and subcultured for one week were able to form bone in all three locations used. 
Control scaffolds without cells failed to form bone, indicating the crucial role of the cultured 
osteoprogenitor cells for bone formation. Ectopic bone formation by porous ceramics seeded with 
rat culture-expanded osteoprogenitor cells was consistent with the results shown previously by 
Yoshikawa et al. who found bone as early as 1 week and up to one year after implantation sc in 
syngeneic rats(421). The presence and the amount of newly formed bone was not dependent on the 
ectopic implantation site, since the amount of bone in scaffolds implanted im was comparable 
to the amount of bone formed sc. Our goal was to study the potency of the hybrid implants to 
actively form bone as compared to the scaffold without cells. We found in all rats bone formation 
in all three implantation sites with scaffolds seeded with cells and no bone in the scaffolds without 
cells. This indicates that the presence of the seeded cells with their extracellular matrix(169) on the 
material used in this study is a prerequisite for bone formation in vivo in all three implantation 
sites, including the interface between the vertebral bone and the paraspinal muscles. We attempted 
to leave the spinous processes intact but found nevertheless a bony contact between the cell-seeded 
scaffolds and the spinous processes in 3 of the 5 rats on at least one side of the spine in the cell-
seeded group. This presence of contact could be explained by several reasons. The presence of the 
seeded scaffolds could have induced bone formation by local host progenitor cells in (remnants 
of) periosteal tissue or paraspinal musculature that were left behind on the spinous processes. 
Another reason could be that new bone was formed, initiated by a surgical trauma which was 
not present in the other rats (due to inter-animal surgical variation) or a trauma to the spinous 
process inflicted by in vivo movement and scraping of the edges of the scaffolds. A random effect 
independent of the treatment used can not be excluded due to the overall small number of animals 
used in this study, in particular in the control group. In addition, the presence of a bony contact 
with a spinous process in only 1 of the 5 cell-seeded rats on both sides of the spine (figure 7.5) 

Table 7.1: Bone fill percentage in sc and im implants.
Histomorphometry data on scaffolds implanted sc and im for both the TE and control (NC) groups. Data represent 
the percentage of bone per available pore area with the mean ±standard deviation. The sc and im bone fill 
percentages were not significantly different (p=0.7). 

Rat No.     Subcutaneous    Intramuscular
 TE NC TC NC

1 18  26 
2 38  19 
3 19  16 
4 22  14 
5 7  50 
6  0  0
7  0  0

Overall: 21 ± 11% 0% 25 ± 15% 0%
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does support an effect caused by the variation in implantation technique. However, several steps 
that are required to reach a spine fusion were already achieved in this study by bone formation in 
and in-between particles, in most rats bilaterally present, and in some rats a bone connection to 
the spinous process. Actual fusion as represented by a continuous bridging between the cortex of 
a spinous process through the fusion mass to the next spinous process was not expected and was 
not found. 

When studying the role of the preparation of the implantation site for spine fusion in literature, it 
was indicated by Boden(422) that grafts placed posteriorly in the spine will not depend primarily on 
mechanical load but on biologic factors such as the presence of osteoinductive factors. The role of 
the adjacent soft tissue in providing nutrition and possibly diffusible growth factors is indicated by 
Hurley(249) who used a dog posterior spine fusion model and who showed that impermeable silicone 
sheets interposed between the fusion site and overlying muscle mass prevented a solid fusion, 
whereas a Millipore permeable plastic membrane filter did not. In our study the vascularization 
from the overlying muscles was apparently adequate to allow for bone formation in the pores and 
between the seeded implants. Bone formation between particles was however not always present in 
all of the rats, even in the situation where adjacent individual particles were fully loaded with newly 
formed bone. In the histology it was apparent that with the selected particle size there were many 
gaps between the individual implants. The aspect of bone graft volume and particle fit could play 
a crucial role in this, since void space between individual small grafts can be invaded by fibrous 
tissue and can negatively influence the bone contact needed to develop a solid fusion mass(422). We 
demonstrated in the current study the added value of culture-expanded osteoprogenitor cells in 
order to achieve paraspinal bone formation using porous HA scaffolds. In this study, a first step 
towards a potential application of TE in experimental spine fusion was taken.  
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Abstract 
The aim of this study was to investigate the effect of implant location on bone formation in goats 
using autologous BMSCs in porous calcium phosphate scaffolds. Intramuscular locations were 
compared to posterolateral spine fusion locations in 8 goats. As scaffolds we used BCP porous 
blocks of 5 x 5x 5 mm. Cell-seeded implants were compared to empty controls. BMSCs were seeded 
at 8 million cells per cm3 of scaffold and cultured for one week. The follow-up time was 12 weeks. 
Fluorochromes were administered intravenously at 4, 6 and 8 weeks. Ectopic implants showed 21 
± 3.6% bone formation for the cell-seeded and 2.0 ± 3.0% for the controls (p<0.001). Paraspinal 
implants however, showed 0.10 ± 0.13% in the cell-seeded as compared to a 0.023 ± 0.027% in the 
control group (p=0.09). A benefit of the cells was only found in the area closest to the paraspinal 
muscles (p<0.01). Bone formation in the control samples was of later onset as compared to the cell-
seeded implants. In conclusion, cell based bone TE in an ectopic environment was clearly effective. 
Similar implants implanted in a posterolateral spine fusion location, hardly showed any effect.
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Introduction
Autograft bone is currently the most optimal bone graft available in clinical use(11). Many orthopaedic 
procedures, especially spine fusion(1), require these grafts for their success. Limitations of the use 
of autograft bone are commonly known. Several groups have attempted to use alternatives such 
as bone TE grafts with BMSCs. Unfortunately, although the technique is successful in rodents, 
application of this technique in human defects is cumbersome(193, 423) and successful RCTs are 
lacking.

Sheep and goat segmental defect studies represent the majority of potentially clinically relevant cell 
based bone TE publications. These involve defects in the cranium(177), mandibula(178, 187), femur(184), 
tibia(176, 183) and metatarsals(167, 181, 382). Successful TE PLF (posterolateral spine fusion) however, 
appear to be more challenging(180, 186). PLF relies on the formation of a paraspinal bone mass, with 
the formation of a bone bridge in an area that is normally occupied by soft tissues. This model may 
therefore be considered an ectopic as well as an orthotopic model. Part of its vascularization is 
derived from the surrounding paraspinal muscles in addition to the decorticated host bone.

Histological studies in rabbits, undergoing non-instrumented PLF surgery, show that a process 
of delayed vascularization takes place in the central zone of the healing fusion mass, in-between 
the transverse processes(415). A delayed influx of bone marrow derived osteoprogenitor cells into 
the center of the fusion mass may contribute to a non-union rate that is similar to the 44% of 
non-unions that is seen in the non-instrumented PLF in the clinical situation(283). Whether this 
phenomenon is similar in goats is unknown, however, the rate of neovascularization in these 
large animals is not expected to be faster than in rabbits. What is known from literature is that 
goat bone has a very similar composition and a similar bone remodelling as compared to human 
bone(424). With a repeated success in ectopic (im) bone formation(140, 402, 425) and with a benefit in 
the speed of osteointegration(306) for cell-seeded implants as compared to empty controls in true 
orthotopic locations (os ilium), the PLF location in these animals may give more insight in the 
exact working mechanisms of cell based bone TE. The PLF model can be considered both an 
orthotopic as ectopic location(283) since this model has a host osteoconduction effect on one side 
(decorticated host bone) and cell- or scaffold based osteoinduction potential on the other side 
(overlying paraspinal muscles). This would, theoretically, limit the overwhelming osteoconduction 
effect on the potential (early) benefits of these implants as compared to the (circumferentially 
present) os ilium model as we observed in our group previously(306, 402). The (limited?) role of the 
seeded cells may therefore be more clearly observed in this model as compared to the critical size 
os ilium model.

The main purpose of this study is to observe the effect of implant location using cell-seeded and 
control scaffolds, not to achieve a mere solid spine fusion. The latter would necessitate a stiff spinal 
instrumentation construct(263) using e.g. pedicle screw instrumentation(265). This instrumentation 
has a bulky nature that does not, in our opinion, allow as much of a direct contact between the 
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paraspinal muscles to the scaffold as compared to a non-instrumented PLF model. Since Hurley et 
al. already showed in 1959 the importance of these muscles for successful fusion(249), we considered 
this to be an essential potential contributor to successful bone formation in the PLF location and 
thus making a non-instrumented PLF model most optimal for our study purpose. 

In summary, the aim of this study was to investigate the influence of implant location 
on cell based osteogenesis. The well-established im ectopic implantation model in the goat was 
used for comparison to the potential of this technique in a non-instrumented PLF location.

Materials and methods

Experimental design
A group of 8 adult Dutch milk goats was included in this study after approval from the local animal 
care committee was obtained. Each goat was subjected to the aspiration of 8 ml of peripheral 
blood per kg body weight (to produce autologous serum) and a 25-30 ml aspirate of iliac crest-
derived bone marrow (for cell culture, cryopreservation and subsequent seeding of the cells on the 
implants). In a second procedure, goats received autologous cell-seeded implants (TE group) and 
control implants without cells (No Cells or NC group) in ectopic im locations (paraspinal muscles) 
and in PLF sites at levels L1-2 and L4-5. TE and NC implants were positioned on alternating 
levels.

Scaffold material
Porous ceramic cubes (5 x5 x 5 mm) of BCP (IsoTis SA, The Netherlands) were used, containing 20 
± 5% TCP and 80 ± 5% HA(28). XRD and FTIR, confirmed the biphasic nature without impurities. 
The material had a porosity of 60-70% and a mean pore size of 350 µm. Sintering temperature of 
the material was 1200 ˚C. Prior to use, the cubes were cleaned in an ultrasonic bath and steam 
sterilized at 121 °C for 30 minutes. This material was previously shown to be osteoinductive when 
implanted ectopically with varying success rates depending on the animal species used(27, 28, 425, 426).

Cell culture and scaffold seeding
Autologous serum was obtained after the blood was allowed to clot overnight in sterile bottles. 
Serum was collected and centrifuged at room temperature for 10 minutes at 2,500 x G. Heat 
inactivation was followed for 30 minutes at 56-58 ˚C prior to a second centrifugation step. The 
heat inactivated serum was then sterilized by passing it through 0.22 µm filters and subsequently 
stored at -20 ˚C.
Goat bone marrow aspirates were cultured as described previously(390). In short, cells were 
resuspended with culture medium that was supplemented with 1 ng/ml b-FGF (Instruchemie, The 
Netherlands) prior to plating at 5 x 105 nucleated cells per cm2. Medium was refreshed twice weekly 
and cells were trypsinized at confluency using 0.05 % trypsin in EDTA (Sigma, The Netherlands). 
Cells were replated at 5,000 cells per cm2 in the next passages. After passage 1-2, all cells were 
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cryopreserved for several weeks. Ten days prior to implantation, the cells were thawed and replated 
in standard culture medium without FBS but with the addition of autologous goat serum as 
described previously(425). After three days of culture, cells were detached and TB vitality staining 
was performed upon counting(427). Subsequently 100 µl of a 10 x 106 viable cells/ml suspension 
was statically seeded onto each scaffold using a cell droplet technique. This corresponded to 
approximately 8 x 106 cells per cm3 of scaffold material. After two hours, differentiation medium 
was added containing 15% v/v autologous serum, 10 nM dex and 10 mM ßGP (both from Sigma, 
The Netherlands). Control implants without cells were incubated under the same culture conditions 
and for the same culture time of 7 days. Additional implants were seeded for stereomicroscopy 
imaging of cell attachment to the implants using MB staining. Based on previous work, using the 
same culture conditions and seeding concentration in the same BCP scaffolds, a 49.1 ± 14.7% 
seeding efficiency and a cell count of 8.7 ± 3.7 x 106 cells per cm3 of scaffold were found prior to 
implantation after 1 week of static seeding conditions(362).

Surgical procedure
All surgeries were performed under standard conditions(140). Antibiotic prophylaxis (Clamoxyl 1 
g/70 kg body weight) was given perioperatively. A dorsal midline skin incision was made from T10 
to the lumbosacral junction. Ectopic implants (one scaffold for each condition) with and without 
cells were inserted in im pouches, as previously described(140). The transverse processes of L1-L2 
and L4-L5 were exposed through parallel -Wiltse type- incisions, leaving the facet joints and the 
laminae unaffected(186). The middle 2 cm of the bilateral transverse processes were decorticated using 
a high-speed burr under continuous saline irrigation. Bone remnants were washed away prior to 
the addition of 10 cm3 of graft material (= 50 cubes, now referred to as the paraspinal implants) on 
each side of the spine for each level. The cubes were carefully positioned across the denuded areas 
of both transverse processes and in the area in-between, on top of the intertransverse membranes 
(figure 8.1). The ectopic implants were introduced into the dorsal paraspinal muscles using several 
stab incisions and blunt spreading with scissors. The muscle fascias in all locations were closed 
using a non-resorbable suture in order to easily relocate the surgery site upon explantation. The 
level was alternated for each condition per goat. Postoperatively, buprenorfine 0.3-0.6 mg im 
(Temgesic, Shering-Plough, the Netherlands) was administered for pain relief. Fluorochrome 
labels (Sigma) were administered iv: at 4 weeks 10 mg/kg calcein green, at 6 weeks 35 mg/kg 
alizarin red, at 8 weeks 75 mg/kg xylenol orange. After 12 weeks, the animals were killed by an 
overdose of pentobarbital (Euthesate®, Organon, the Netherlands) and potassium chloride.
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Post-mortem sample acquisition and histology 
Ectopic implants were excised and fixated in phosphate buffered 1.5% glutaraldehyde. The L1-2 and 
L4-5 spinal segments were excised entirely. The paraspinal implants were assessed by radiograms 
to study any potential bone or callus formation visible by X-rays. The transverse processes with the 
paraspinal implants were separated en bloc from the vertebral bodies in the sagittal plane (figure 
8.1A). The samples were fixated in cold Karnovsky’s fixative containing 4% v/v paraformaldehyde 
and 5% v/v glutaraldehyde for at least one week.

All implants were dehydrated in alcohol series and embedded in poly(methyl methacrylate). 
Semi-thin sections of approximately 10 µm thicknesses were made on a Leica sawing microtome 
(Leica, Nussloch, Germany). Basic fuchsine and MB were used for staining the sections for light 
microscopy; additional sections were left unstained for fluorescence microscopy (E600 Nikon, 
Japan). After mounting the paraspinal implants on a sample holder, sections through the middle 
were made in the sagittal plane (parallel to the spine of the goat, figure 8.1B). By using size-
calibrated radiograms with 2 metal clips, the center-implant line was determined and the PMMA 
blocks were grinded and sectioned parallel to this line in the sagittal plane resulting in slides as 

Figure 8.1: Flow diagram for 
histomorphometry data on the 
paraspinal goat implants.
Sequence of chronological events 
(A thru D) for obtaining the 
histological sections fit for his-
tomorphometry. In A, the spine 
fusion implants and the trans-
verse processes are cut from the 
remainder of the spine. In B the 
samples have been embedded 
in PMMA after fixation and de-
hydration. Two metal clips are 
embedded in the PMMA for 
reference purposes to obtain the 
center of the implants. In C the 
central section is made and in 
D the sections are flipped 180 
degrees to obtain the standard 
position for the histomorphom-
etry in standard block-patterns 
(zones I, II and III as described 
in the materials and methods 
section). Figure 1E represents 
the situation where the samples 
in the spine fusion location were 

visualized after removal of the paravertebral muscles upon explantation at 12 weeks (arrows). Costa XII is the 12th 
rib. TP L3 is the transverse process of the third lumbar vertebra. Figure 1F is an example of an X-ray obtained after 
the spine fusion samples were embedded. The white line indicates the center of the implant that was subsequently 
sectioned for histology and epifluorescence microscopy.
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shown in figure 8.1C. For the ectopic implants the midsections were determined and used after 
sectioning the entire implants.

Histomorphometry
After 180˚ rotation for the paraspinal slides (figure 8.1D), in order to bring the transverse processes 
at the top level of each slide, all sections were digitized using a Nikon D100 digital camera (Tokyo, 
Japan, 300 dpi), blinded and loaded into Adobe Photoshop. For the ectopic implants, pores that 
were open at the exterior contour of the single implants were crossed with straight lines to obtain 
the area of interest. The paraspinal masses were fully captured including some surrounding 
fibrous and muscular tissue and part of the transverse processes that was in contact with the 
individual implants. To increase the contrast, the images were pseudo colored before analysis with 
a customized KS400 histomorphometry program (Zeiss, Munich, Germany). 
Slides, as displayed in figure 8.1D, were divided into a central zone, in-between the transverse 
processes, and the cranial and caudal outer zones that are in direct contact with the transverse 
processes(253). The central zone was the area of interest. A custom built macro was used to analyze 
bone formation in the central zone. Three areas of interest were determined within the central 
zone for subgroup analysis: the intertransverse zone (between the transverse processes), the 
intermediate zone (the most central area) and the submuscular zone. The intertransverse and 
intermediate zones were defined based on the individual thicknesses of the transverse processes of 
each goat; the submuscular zone comprised the remainder of the implants up to the fascia of the 
overlying paravertebral musculature. All implants were analyzed for cont.% (= percentage of total 
available scaffold contact length occupied by the contact with the newly formed bone)(140, 305). In 
standard nomenclature(403) this could be formulated as:
Cont. % = B.BCP.Bd % = [BCP.Pm in contact with B.Pm ] x 100%
          [BCP.Pm total]
(B=Bone, BCP=Biphasic Calcium Phosphate, Bd=Boundary, Pm=Perimeter)

Statistics
Ectopic bone formation was analyzed by comparing the TE to the NC condition using the Student’s 
t-test for paired samples. For the paraspinal implants a non-parametric test was used since, in 
contrast to the ectopic implants, these data were not normally distributed. The Friedman paired-
ranks test and post hoc Wilcoxon signed-rank test for comparisons between the three zones were 
used (level of significance at p<0.05). 

Results

In vitro results 
For all goats, the adherent cell population proliferated well both before and after cryopreservation. 
After seeding on the BCP scaffolds, MB cell staining revealed that confluent cell layers were present 
on the outer aspects and the inner contours of the open pores of the implants, as far as these were 
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visible by stereomicroscopy. However, minimal amounts of cells were present in areas that had 
been in contact with the deep-well plates (bottom side) (figure 8.2A-8.2B). 

In vivo results

General
There were no surgical complications and all animals remained in good health during the course 
of the experiment. Macroscopically, the im samples were well incorporated into the surrounding 
muscle bed. The paraspinal implants were solidly grouped but not as firmly integrated with the 
overlying muscles as the ectopic implants (figure 8.1E). Macroscopically and microscopically there 
were no apparent signs of resorption of the material used since the shape and size of the implants 
was well maintained upon explantation, similar to the results in other animals at 3 months after 
implantation(426). Radiograms showed no signs of callus or bone formation between the implants 
in any of the goats in either treatment group (figure 8.1F). 

Ectopic Implants
Histology showed newly formed bone in 8/8 goats in the cell-seeded implants (TE group) and 
in 4/8 goats in the control implants (NC group). Although not quantified, vascularization was 
observed in sections from all of the implants regardless of the presence or absence of new bone 
formation.

In the TE group, an even distribution of the newly formed bone had developed throughout the 
implants, although no bone was found on the outer surface of the implants that was in direct 
contact with the surrounding muscles. In 2/8 goats, an impressive amount of fat-like tissue in 

Figure 8.2: Cell attachment visualized with methylene blue staining.
Figure 8.2A is an image obtained with a stereomicroscope showing several implants that were seeded with cells and 
subcultured for one week prior to staining with a MB solution. This image indicates that the implants were not ho-
mogeneously covered with cells. The white areas on the implants, corresponding to a lack of cells, were found at the 
bottom surfaces of the implants. These were the areas in contact with the surface of the deep-well plates used for cell 
seeding whereas other areas (near the top surface of the implants) contained multilayers of cells (figure 8.2B).

A B

17681_Van Galen.indd   102 08-09-2010   10:18:11



103

Goat bone TE: comparing an intramuscular with a posterolateral lumbar spine location

large areas in the center of the implants was observed (figure 8.3A) in contrast to the other goats 
(figure 8.3B). Fluorescent microscopy showed the presence of the 4, 6 and 8 weeks labels in all of 
the TE implants in the goats, always present in a time related order indicating that bone formation 
initiated before 4 weeks of implantation and progressed away from the implant surface area towards 
the center of the pores (figure 8.3C). 

In the NC group containing bone (4/8 goats), only the 8 weeks label was observed indicating that 
bone formation on these implants was of later onset as compared to the TE implants.

Histomorphometry showed a 21 ± 3.6 cont.% for the TE and 2.0 ± 3.0 cont.% for the NC group 
respectively (p<0.001) (table 8.1). 

Figure 8.3: Histology and epifluorescent microscopy on the ectopic goat implants.
An example of the histology obtained from im implants (stained with methylene blue and basic fuchsine) from the 
cell-seeded condition (TE) showing in 2/8 goats fat-like tissue in the center of the implants (figure 8.3A) whereas 
other implants do not (figure 8.3B). Figure 8.3C shows the presence of all of the three fluorescent labels starting with 
the 4 week label closest to the surface of the scaffold (S), followed by the 6 weeks label and subsequently the 8 weeks 
label closest to the center of the pores. 

A B

C
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Paraspinal Implants
Microscopically the consolidation (packing density(428)) of the paraspinal implants was often 
poor. Inter-implant distances could sometimes reach up to 2.5 mm. Histology of the implants 
showed very limited amounts of bone formation. No signs of bone bridging from one transverse 
process (a histological sign of fusion) to the next were observed in any of the goats. The overall 
histology showed bone formation in the contact zones closest to the transverse processes and 
varying degrees of bone formation in the areas closest to the overlying muscles in both groups. 
In-between, areas of fibrous tissue were observed. Although not quantified, within these areas no 
signs of vascularization were noted. This was in contrast to the areas of newly formed bone where 
signs of vascularization were observed.

In the TE group, the outer zones (and adjacent areas in the central zone) showed an area of bone 
in contact with the decorticated host bone (figure 8.4A, vertical arrows). This bone, sometimes 
incorporating entire individual implants, had a trabecular-like structure similar in aspect to the 
transverse processes. This was clearly different from the woven-like bone structure that was formed 
in the intertransverse zone (within the central zone) not containing any central bone marrow 
depositions such as seen in the transverse processes (figure 8.4A, asterix). Moving further away 
from the transverse processes towards the overlying paraspinal muscles, there was an area in all 
of the goats without bone where implants were surrounded by fibrous tissue. There was never 
bone in continuity from the transverse processes reaching into the submuscular zone (towards 
the paraspinal muscles). In the submuscular zone, a distinct cluster of particles containing newly 
formed bone was observed (8/8 goats) in contact with the overlying muscles, again with a woven-
like bone structure (horizontal arrows in figure 8.4A). In comparison to the ectopic (im TE) 
group implants, no bone was found on the outer surfaces of these implants in contact with the 
overlying muscles or in-between the implants. All three fluorescent labels were observed in both 
the intertransverse and intermediate zones. The submuscular zone showed also 6 out of 8 goats 
with the earliest (4 weeks) and subsequent labels in the areas with woven-like bone (figure 8.4C).

In the NC group a similar trabecular-like bone bridge between the implants and the transverse 
processes was seen as observed in the TE group (outer zones) (figure 8.4B, vertical arrows). Again, 
in most cases complete individual particles were incorporated into the transverse processes by 
trabecular-like bone formation. Further into the intermediate zone, also fibrous tissue was found in-
between several of the implants. Similar to the TE group, bone was also present in the submuscular 
zone (5/8 goats) but clearly smaller in amount and in fewer particles as compared to the TE group 
(outer and central zones). All three fluorescent labels were observed in both the intertransverse and 
intermediate zones where bone was present (always as a continuous bone bridge reaching from the 
transverse processes into these zones, similar to that observed in the TE group). However, none of the 
early labels (4 and 6 weeks) but only the 8 weeks label was found in the implants in 5/8 goats (figure 
8.4C). This indicates a later onset in osteogenesis in this area as compared to the TE group.
Histomorphometry data on both the ectopic and paraspinal implants are shown in table 8.1. 
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Figure 8.4: Histology and epifluorescent microscopy on the paraspinal goat implants. 
Histological slide of a midsection through the paraspinal implants of a spinal segment in the TE group in figure 8.4A 
and NC implants in figure 8.4B. Sections are stained with basic fuchsine and methylene blue. Bone is colored pink/
red and scaffold is colored brown. Vertical arrows indicate areas of trabecular-like bone formation with centrally 
located bone marrow depositions (similar to the aspect of the transverse processes), horizontal arrows indicate histo-
logically distinct areas of woven-like bone formation in the TE group (figure 8.4A) that are not in direct contact with 
the bone bridge adjacent to the transverse processes. The two asterices (*) indicate two implants with more woven-
like bone formation that was not typically seen (similar to the bone in the submuscular zone) in the intertransverse 
zone where bone usually bridged with the transverse processes. Areas I (intertransverse zone), II (intermediate zone) 
and III (submuscular zone) in figure 8.4A are indicated with their representative images obtained with the fluores-
cence microscope in figure 8.4C (TE group). Note the presence of 4 and 8 weeks labels in all of the three areas. In 
some goats the 6 weeks label was not found (alizarin red fluorochrome). For the NC group similar observations were 
made but with only the presence of the 8 weeks label in zone III indicating a later onset of bone formation here (figure 
8.4C far right image). Scale bar and the location of the transverse processes (TP) in figure 8.4A are indicated and are 
similar for figure 8.4B.

A

B

C
Zone 1 TE=NC Zone II TE=NC Zone III TE=NC Zone III NC
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Discussion 
A striking difference was observed in the extent of bone formation in the posterolateral spine 
location as compared to the im location, especially for the cell-seeded group. Scaffolds (with or 
without seeded cells) in contact with the host transverse processes were abundantly covered with 
bone that appears to be derived from osteoconduction from the decorticated host bone. This 
concurs with results that were obtained with a transverse process cassette model using the same 
material(305, 429). Scaffolds in-between the transverse processes, where a potential fusion should take 
place(251), were surrounded by fibrous tissue in both groups. Only the most ectopic location in the 
posterolateral spine, the area covered by the paraspinal muscles, showed signs of limited bone 
formation that may be derived from the seeded cells. The onset of the bone formation in this area is 
similar to that found in the im location based on the presence of the early and late fluorochromes, 
both for the cell-seeded and control scaffolds. This same phenomenon in this submuscular location 
was previously shown for both cell-seeded BCP scaffolds as vital autograft bone(429).
Studies on factors affecting bone graft incorporation(430) show that even for the most optimal bone 
graft, a fresh cancellous autograft, several important aspects are crucial for its success:

(1) A mechanically stable environment. Early lifting of rabbits out of their cage (to promote 
motion at the arthrodesis site) after autogenous PLF surgery leads to significantly more non-
unions than non-lifted animals(288); 
(2) The presence of adequate vascularization. Local irradiation may have significant limitations 
on the incorporation of a fresh autologous cancellous graft due to limited revascularization of the 
graft(431); 
(3) An intimate contact with the host bone. Spine fusion does not occur without decortication 
of the host bone(252).  

It is the sum of these interactions that determines the success rate of a bone graft. Considering the 
current experiment these items can be discussed in relation to the poor amount of bone observed 
in the posterolateral spine location:

Table 8.1: In vivo bone formation ectopically in the goats.
An overview of the ectopic histomorphometry data (top) representing the cont.% for both the TE and NC 
group. The paraspinal implant data (bottom) are summarized for the central zone I (intertransverse), zone II 
(intermediate) and zone III (submuscular). Note the difference in magnitude between the ectopic and paraspinal 
data. Areas indicated in grey represent significant differences between the TE and NC samples in the ectopic group 
(p<0.001) and the paraspinal implants (p<0.01).  

  TE NC

Ectopic  21 ± 3.6 2.0 ± 3.0

 Zone I 0.0074 ± 0.2 0.02 ± 0.039
Paraspinal Zone II 0.081 ± 0.091 0.029 ± 0.055
 Zone III 0.16 ± 0.12 0.014 ± 0.025
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Ad 1: Mechanical stability. Based on clinical results, alternatives to the use of autografts such as 
morcellized frozen or freeze-dried allografts are less successful in achieving PLF in humans(410) 
whereas their success in acetabular or femoral reimplantions, where the graft is impaction-grafted, 
is quite satisfying(432, 433). Mechanical stability therefore could be an increasing prerequisite when 
bone grafts are less biologically active as compared to cancellous autografts(430). In our study, the 
mechanical stability was suboptimal since no instrumentation was used and the posterior elements, 
such as the facet joints and laminae, were left intact during surgery. Another mechanical factor 
could have been the poor consolidation (or packing density(428)) of the current 5 mm cubic particles 
as a graft. Compared to successful ovine PLF studies, where 1-3 mm particles were used(186), our 
implants had a much smaller intrinsic stability. The lower packing density, in large particle porous 
media(434), could also have had consequence on the process of osteoconduction which is challenged 
with larger inter-particle distances. In addition, high packing density leads to a better coherence 
of the particle mass as compared to large-sized particles where mechanical forces lead to increased 
individual particle movements(434). The situation for the ectopic implants as investigated in this 
study is essentially different, as these were enclosed in an envelope of muscles. In addition, particles 
in-between a network of parallel muscle fibers will co-contract with this network whereas loosely 
packed particles in the PLF location will experience more shear and bending forces between the 
(relatively rigid) lumbar spine on one side and contracting muscles on the other side. Despite all 
this, successful fusions were observed after 6 months in a similar non-instrumented PLF study in 
sheep using 2-3 mm TCP implants exposed to (cell enriched) bone marrow seeding(186).

Ad 2: Vascularization. Vascular supply in fusion mass formation in the PLF site is mainly derived 
from the decorticated transverse processes, the pars interarticularis (mainly superior pars), the 
lamina(251), and the overlying muscles (249). Based on the paraspinal histology that showed clear 
trabecular-like bone outgrowth incorporating the implants that were in direct contact with the 
transverse processes both in the TE and NC conditions (figure 8.4A+8.4B), a deficit in decortication 
can be considered unlikely. Vascularization from the area of the facet joint and lamina was not 
expected since these were intentionally not included in the implantation site. On the other hand, 
little intimate contact was observed with the overlying musculature and the graft. This was in 
contrast to the well integrated ectopic implants. Although the fundamental question still remains 
as to why this was the case, it is likely that vascularization from the muscle side was not fully 
developed at this stage, possibly as a result of relatively increased motion in this area based on the 
previously mentioned arguments. 

Ad 3:  Host bone contact. Decortication alone without grafting does not achieve successful fusion 
in rabbits(252). Void space, i.e. the physical absence of paravertebral musculature in the intended 
fusion site and the available graft porosity is deemed necessary in order to achieve a successful 
fusion(249). In support of this, a flexible sponge-like, collagen scaffold in combination with rhBMP-2 
is less successful in achieving spine fusion when compressed by the paravertebral muscles as 
compared to a more solid (non-compressible) ceramic HA/TCP graft in a large animal (monkey) 
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spine fusion model(102). In the current study, this void space was more than sufficient based on our 
histology. However, the low packing density and subsequent little host-scaffold contact may have 
reduced the potential for new bone formation. Overall, the mobile setting of the posterolateral 
spine in comparison to the solidly enveloped area im in addition to the relatively loose packing of 
cell-seeded implants could be part of the explanation for the approximately 100-fold difference in 
bone scaffold contact length between the two locations. In addition, for more optimal comparisons, 
the im location should ideally be implanted with several particles with inter-particle dynamics 
that may negatively influence the osteogenic potential more similar to the posterolateral implant 
location in the spine in this study. 

The follow-up time of 3 months for our goat model may be short. Gupta et al. found an increase 
in fusion rate in the cell-enriched TCP implants between the 3 and 6 months follow-up(186). Others 
showed that hydroxyapatite/calcium carbonate (HA/CC) implants without cells in the ectopic 
location in a non-human primate model failed to show any osteoinduction at 60 and 90 days but 
a striking 25% bone fill in the 13% HA/CC group after 365 days of follow-up. Similarly, in the 
orthotopic calvarial location, a 6-fold increase was seen between the 60 days and 365 days follow-
up for the same type of implants with an average of 49% bone fill at 365 days in the same study(30). 

Finally, cell concentration on the implanted scaffolds may be of crucial importance to the fusion 
rate in the posterolateral implant location. In rabbits this was shown to be a relevant difference 
for the concentrations of 1 x 106 bone marrow cells/ml of seeding solution (all 7 rabbits had 
non-unions) as compared to 1 x 108 bone marrow cells/ml of seeding solution (5 out of 7 rabbits 
achieved a solid fusion) on a type I collagen sheet for 6 weeks(435).

Conclusion
Ectopic implants showed a clear effect of the seeded cells with 21 ± 3.6 cont.% for the TE and 2.0 
± 3.0 cont.% for the NC group (p<0.001). Paraspinal implants however, showed 0.10 ± 0.13 cont.% 
in the cell-seeded as compared to a 0.023 ± 0.027 cont.% in the control group with p=0.09. A 
benefit of the cell seeding was observed only in the area closest to the overlying paraspinal muscles 
(p<0.01). The fluorochrome labels revealed a BCP surface-derived process of bone formation. 
Bone formation in the control samples was of later onset as compared to the cell-seeded implants. 
In conclusion, cell based bone TE in an ectopic environment was clearly effective. Similar implants 
implanted in a PLF location, hardly showed any effect at all.
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General discussion and future perspectives

In the previous chapters we investigated the potential of bone TE for application in orthopaedic 
surgery. The concept of osteogenic differentiation of the BMSCs was clearly shown, as well as the 
feasibility of bone formation in feasibility models. However, there remain many hurdles before the 
technique can be applied reliably in the clinical context. The following discussion will address these 
hurdles and endeavors to position the technique between the experimental and clinical stage.

Essential steps before clinical application
The most comprehensive step, before clinical studies can be performed, is the investigation of 
the technique in feasibility models. As mentioned in Chapter 5, feasibility models can be divided 
into: bone augmentation models; non-weight bearing defect models; segmental defect models and 
functional joint models. The segmental defect appears to be a popular model which has shown to 
be successful in several large animal pre-clinical studies. In the dog femur it was successful with 
both autologous (table 9.1) and allogeneic BMSCs(174, 175, 179, 182). Also in sheep and goat studies with 
defects in the cranium(177), mandibula(178, 187), femur(184), tibia(176, 183) and metatarsals(167, 181, 185) BMSCs 
appeared to be successful. However, convincing evidence of successful bone augmentation with 
BMSCs, such as PLF studies(180, 186), bone augmentation in transverse process cassettes(305) or jaw 
augmentation models(178) have not been reported consistently in large animal studies. Our attempt 
to achieve bone formation in the area between the transverse processes in an uninstrumented 
PLF model in goats was shown to be disappointing(436), whereas consistent ectopic bone formation 
in the im site could be shown repeatedly in these goats(306, 362, 425, 436). Possibly, the host implant 
location (segmental defects vs. bone augmentation models such as PLF), is a crucial factor that 
needs to be elucidated. Obviously, the final proof of bone TE will be by RCTs. Currently, both 
pilot studies and RCTs have shown effectiveness of BMP based bone TE (table 9.1). However, cell 
based bone TE has not reached that stadium yet, as no RCTs have been reported, Although some 
investigators believe that the technology can be applied in humans(188, 189, 191-193, 196, 197, 437), only case 
studies have been presented with varying results(190). It has become clear that upscaling TE to the 
clinical situation presents major challenges. These challenges can probably be related to species, 
the size of the construct, and the location of the implants in the host.

Species related difficulties: these include the inferior quality of the human bone marrow aspirates 
and the BMSCs per se when compared to those of other species, e.g. murine BMSCs(242, 452). 
Furthermore, a limitation of using human BMSCs is the relatively high age at which the treatment 
will be performed(108, 112, 211). The potential of BMSCs might be diminished as a result of the replicative 
senescence (the total number of potential cell divisions is restricted as a result of breaking down 
of the telomers that cap the chromosomes)(108). An interesting solution to overcome this problem, 
is transducing BMSCs with telomerase (which partially restores the telomeres), as it inhibits the 
replicative senescence of the BMSCs and allows up to 10 times more population doublings(453, 454). 

The size of the construct: increasing the size from the mm3-range (in mice) to the, clinical, cm3-
range (1000-fold) has dramatic repercussions on both the implant and the wound bed. Large TE 
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implants, until now, are non-vascularized implants and therefore a poor setting for cell survival(423). 
Some have already proven the added value of a pre-vascularized network for in vivo success of 
bone TE implants(455, 456). It is generally accepted that organisms that exceed the volume of several 
mm3 need vascularization for oxygen and nutritional supply, an axioma that exists in many life 
sciences. 

Typical examples are the limited size of non-vascularized animals such as insects and the early 
development of active perfusion in the human embryo already during the fifth week of gestation, 
when the embryo is about 3 mm long. In addition, when applying larger TE implants, a more 
extensive injury with a more profound wound healing reaction will ensue. Inside the wound 
haematoma, cell survival will be compromised, due to the inflammatory response and the high 
potassium concentration as a result of erythrocyte lysis(457).

The location of the implants in the host: the discrepancy between the obtained ectopic consistent 
success in bone formation using bone TE implants(306, 365) and the disappointing orthotopic 
findings(306, 436) are worrisome for potential clinical application of the technique. These differences 
in host implant location are not a matter of concern in rodents, as was reviewed by Meijer et al. 
showing that 300 publications had shown consistent successes in rodents versus 10 publications 
on orthotopic successes in large animals in 2007(423). The required diffusion depth of the nutrients 
needed for the transplanted cells to survive in an ectopic or orthotopic implant are speculated to 
be less than 5 mm in rodents(423) and much larger in orthotopic locations in large animals such 
as dogs, sheep and goats. In the ectopic im site, even in the large animals, implants are inside an 
envelope of surrounding host vasculature in e.g. the long paravertebral muscles(436) where diffusion 
of nutrients may be considered optimal for cell survival. Clinical orthotopic locations on the other 
hand will offer a major challenge when it comes to cell survival in the graft. One solution may be 
found in implanting the graft first ectopically(458) and once bone formation has occurred, transplant 
it into the orthotopic defect. Alternatively, pre-vascularization of the graft in vitro(459, 460) could 
achieve a better connection to the host vascularization network. Another approach to bypass the 
aspect of cell nutrition diffusion depths and potassium cell toxicity, induced by the haematoma, 
may be to first implant the scaffold, followed by the injection of the BMSCs in a second procedure. 
At this time point, new sprouts of blood vessels are present in the haematoma and a sufficient 
supply of oxygen and nutrients can be delivered after the BMSCs injection, increasing the chances 
for survival of the injected cells. 

Current status on clinical experience in orthopaedics
During the last decade, several groups made for cell based bone TE the step towards clinical 
application, which was published in recognized journals as case reports(188-206). Despite sometimes 
promising results, it should be realized, that none of these studies were designed to investigate the 
actual contribution of the added BMSCs.
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Quarto et al. were the first to report the treatment of large (4 to 7 cm) bone defects of the tibia, ulna 
and humerus in three patients from 16 to 41 years old, where the more “conventional” surgical 
therapies had failed(189)(table 9.1). They implanted a custom-made unresorbable porous HA 
scaffold seeded with in vitro expanded autologous BMSCs. An external fixation device was applied 
for stabilization for 6 to 13 months after surgery. In none of these patients major complications 
occurred. Using plain radiographs and CT, integration at the implant-host bone interface was 
observed by the presence of callus formation and bone bridging in the second month after surgery. 
Limb function was recovered between 6 to 12 months. No complete fractures in the implant region 
were observed during the follow-up of about 6.5 years (figure 9.1), although with time, the implants 
revealed a progressive appearance of cracks and fissures indicative of ceramic disintegration(193).

Vacanti et al. reported the case of a man who had a traumatic avulsion of the distal phalanx of 
the thumb(188). The phalanx was replaced with a porous coral implant that was seeded with in 
vitro expanded autologous periosteal cells. Plain radiographs and MRI were performed in addition 
to histological biopsies. The radiographs were claimed to show remodelling of the implant at 28 
months post-surgery. However, histomorphometry at 10 months after implantation showed only 
5% of lamellar bone and ossified endochondral tissue filling the implant. 

Figure 9.1: A clinical example.
Long term follow-up data (6-6.5 
years) published by Marcacci 
et al.(193) of the same 22 year old 
man who lost a 7 cm segment of 
the right humerus as a result of 
a multi-fragmented fracture as 
shown in figure 1 G-I in the report 
by Quarto et al. in 2001 in the 15 
month follow-up data(189). Image 
A shows the plain radiograph, im-
age B shows the 3D reconstructed 
CT image based on the 2D data as 
shown in image C. Additional an-
giography was made at 6.5 years 
of follow-up and shown in image 
D and E.
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Morishita et al. treated a defect resulting from surgery of benign bone tumors in 3 patients using 
HA scaffolds seeded with in vitro expanded autologous BMSCs after osteogenic differentiation of 
the cells(194). Two bone defects in a tibia and one defect in a femur were treated. Although ectopic 
implants in nude mice were mentioned to show the osteogenicity of the cells, details such as the 
percentage of the implants containing bone and at what quantities were not reported. Prior to this 
study, the same research group also performed ankle arthroplasty in three patients with an ankle 
prosthesis composed of alumina coated with HA on which BMSCs were seeded and cultured prior 
to implantation(195, 196).

Another technique where BMSCs may be advantageous is distraction osteogenesis. This technique 
consists in very slow distraction of bone (1 mm a day) to allow the formation of a repair callus 
in the defect. Distraction osteogenesis of femur and tibia with contemporary transplantation of 
autologous BMSCs and platelet rich plasma (PRP) were performed by Kitoh et al. in 3 patients(197). 
Two patients with achondroplasia (Dwarphism) and one patient with congenital pseudarthrosis 
of the tibia were treated. Autologous culture expanded BMSCs (on average 14-50 x 106 cells) were 
injected into the distraction callus together with autologous PRP (on average 1.7 x 1010 platelets per 
PRP preparation). Results were compared between 2 of the 3 experimental cases (achondroplasts) 
and 30 achondroplasts undergoing similar lengthening procedures with the same monolateral 
external fixation device in the control group not receiving injections. Average healing index seems 
in favor of the 2 experimental cases (22 days/cm of distraction as compared to 38 days/cm in the 
controls). However, the group size of 2 patients in the experimental group, as admitted by the 
authors, is too small for any statistically sound conclusions. 

Fuandez et al. conducted a case series of 4 patients suffering from thoracolumbar fractures 
who were treated with a short segment fixation (AO internal fixator) and HA-collagen scaffolds 
impregnated with fresh bone marrow cells(198). All four patients were planned for implant removal 
after a mean of 15.3 months showing signs of solid fusion based on inspection, sagittal stress testing 
and histological specimens.  

Velardi et al. treated 4 children (ages 26, 28, 37 and 79 months) with a cranial post-traumatic or 
post-surgical defect with a freeze-dried mineralized collagen-HA matrix soaked with autologous 
bone marrow cells(199). Follow-up was several months showing a clear reduction in the osseous 
defect based on CT scans. At 10 months all defects were nearly closed. 

Finally, several studies have been published on craniofacial defects such as periodontal defects(200), 
sinus floor augmentations(192, 201-203), alveolar ridge defects(204), alveolar cleft defects(205) and jaw 
defects in general(190, 206).

These publications clearly indicate versatile outcomes of the technique with potential failure, being 
still far from approval by regulatory health care authorities for clinical application at this time(124, 
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461). In none of these reports solid proof for cell survival in the implanted grafts could be given. 
This is because the only reliable cell tracing methods are based on retroviral transfection of these 
cells, which is incompatible with human studies. The best method to assess cell functionality in the 
clinical setting probably is the analysis of biopsies. Meijer et al. did add an ectopic mouse model 
to show the osteogenic potency of the cells, nevertheless, little bone was found in the jaw biopsies. 
As also stressed by the authors, the cell origin of this bone could not be deducted(190). Furthermore, 
since mechanical testing of the implants in the living individual is not an option, high resolution 
CT scans might be the most powerful tool to analyze the success in terms of the extent of bone 
formation in clinical studies.

Promising developments and perspectives 
The cell based bone TE approach, although claimed to be successful in most of the reported cases, 
obviously requires further improvement before it can be widely applied to the clinical practice. 
During the last decade, many aspects of the technique have been improved with regard to cells and 
culture techniques and scaffold development.

Cells and culture techniques: currently, exciting possibilities are under investigation such as 
the potential of using allogeneic cells(462, 463) which will circumvent the delay of a primary bone 
marrow aspiration and subsequent culture expansion of autologous BMSCs, although temporary 
immunosuppressants may be necessary(464). Also cells derived from other tissues like fat tissue(465) 
or even peripheral blood(466) may be new sources for cell therapy. Other developments address 
the supply of oxygen and nutrients to the cells once implanted.  Incorporation of growth factors 
promoting angiogenesis is one way to tackle this problem, another strategy is to pre-vascularize 
the implants by adding endothelial cells(459, 460).

Also scaffold development continues to produce better scaffolds: the optimal scaffold should be 
biocompatible, have a suitable 3D porous structure and suitable biomechanical properties while 
remaining degradable and osteoconductive. Like the (autologous) bone graft, it should act as a 
temporary framework for the cells until new bone is formed. Bioceramics composed of 100% HA 
have high strength to mechanical loading but are not resorbed. On the other side, scaffolds made 
of natural coral or TCP are resorbed, but the resorption is occurring too rapidly and they are 
too fragile to sustain the weight load. During the last decade  ceramics have been developed that 
can be resorbed by osteoclasts as in physiologic bone remodelling. Possibly this is a step in the 
direction of the ideal scaffold(183, 193, 467, 468). The study of biomolecule (growth factors incorporated 
inside the scaffold structure)-cell interactions and novel scaffold synthesis methods, such as 
electrospinning and the use of nanofillers, may ultimately lead to better, more biologically active 
scaffolds. Interesting developments with great potential, because no limitations related to growth 
factors and cell survival exist, are intrinsically bone-inductive implants. Recently, this quality of 
the scaffold was proven effective in enhancing bone formation in animal models(29). This could 
lead to a situation where ex vivo expansion, and sometimes differentiation of host cells will not 
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be necessary any more, which can be more cost-effective and will be less complex in terms of 
regulatory issues.

Conclusion
Despite many clinical case reports, cell based bone TE at this moment can not be regarded as a 
scientifically well-established technique to obviate the need for the autologous bone graft. The main 
difficulties in translating the success from small animal studies to human application are likely 
related to cell performance, implant size and implant environment. However, many promising 
developments are intensively investigated now, which may lead to ingenious solutions.
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Many orthopaedic surgical procedures require fusion of a bony defect. Whether or not additional 
stability in the form of plates and screws are necessary, the integrity of the human bone needs 
to be restored, which depends mainly on the biological potential of the host. Additional growth 
factors and bone progenitor cells can be added, if deemed necessary, in the form of an autograft 
bone transplant. Most often the graft is spongious, derived from the iliac crest, or metaphyseal 
bone, which has optimal biological potential but gives little mechanical support. More structural 
grafts are tricortical iliac grafts, (parts of) ribs or fibulas, which contain fewer cells and are more 
difficult to be replaced by host bone. Irrespective of the type of graft, the harvesting process is 
time consuming and may have serious side effects, such as chronic pain. Alternatively, bone from 
a bone bank (allograft bone) may be used. However, this has disadvantages when it comes to the 
possibility of disease transmission and it has less osteogenic capacity as compared to autograft 
bone (Chapter 2). 

Bone graft substitutes such as porous ceramics, with or without the addition of growth factors 
or cells, appear to be a promising alternative, that has raised increasing interest from research 
institutes all over the world. The combination of BMSCs and a carrier such as a porous ceramic 
scaffold (i.e. cell based bone TE) is most appealing as it resembles the natural autologous graft 
in many ways and does not need expensive recombinant technology to provide extremely high 
amounts of growth factors. This area of research for the application in spine surgery was the main 
focus of this thesis with the following aims:

1.  To review the literature on the potential and limitations of bone TE and delineate methods 
for preclinical investigation of the technique;

2.  To investigate the relation between in vitro cell behavior and in vivo bone formation;
3.  To investigate the potential of the bone TE technique in experimental spinal fusion 

applications.

Ad 1: The review of the literature on the potential and limitations of bone TE and 
methods for preclinical investigation:
The first identification of fresh bone marrow as a source of osteogenic cells dates back to 1955 
when ectopic bone formation was observed in viable bone marrow transplants as compared 
to devitalized bone marrow transplants. In Chapter 3 it is described that the relatively low 
concentration of progenitor cells in fresh bone marrow, however, is a disadvantage that may 
be improved. The discovery of the CFU-F in fresh bone marrow offered a chance to select and 
proliferate the cells that have the potential to form bone. Later these cells were described as the 
BMSCs or mesenchymal stem cells. The process of bone formation based on the application of 
BMSCs on a carrier is speculated to be a process of intramembranous bone formation that is 
induced by the viable transplanted BMSCs. The fate of these viable cells and their direct or indirect 
contribution to the bone formation after transplantation into the local host environment, however, 
remains an issue of debate. 
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Methods to study the technique of bone TE are suggested to follow an established route of increasing 
clinical relevance: first proof of the concept studies in small animal models, then feasibility studies in 
large animal models and finally pre-clinical testing in clinically relevant efficacy models, preferably 
in non-human primates, are to be performed. The ectopic location in nude mice, a proof of the 
concept model, has become an accepted method to prove the osteogenicity of the cells. On the 
level of feasibility studies, the use of critical size (segmental) defects is a widely accepted method 
in large animals, although an ectopic control should at least be considered to prove osteogenicity of 
the construct in the same animal. On the same feasibility level, spine fusion studies in many animal 
models have been described. Especially the PLF model in rabbits has become a well validated 
model with similar non-union rates using autograft bone as a stand alone graft (in situ fusion) as 
compared to the non-union rates in humans. Unfortunately these animals have not shown to be 
consistent in bone formation using BMSCs ectopically in nude mice or rabbits (i.e. a failure on the 
level of the proof of the concept). Spinal fusion models in sheep and goats(283),  may even be more 
clinically relevant  since the composition and remodelling rate of bone is very similar and also the 
size and fusion rate matches that of the clinical situation(424). As the goat  BMSCs are predictable 
and the ectopic model was an established successful model, spinal fusion studies with goat BMSCs 
can be considered a logical next step towards clinical application.    

The in vivo process of bone formation has been an area of research for decades. The well known 
historical use of antibiotics as a fluorochrome for in vivo bone remodelling studies also dates back 
to the 1950s and is reviewed in Chapter 4. With the introduction of bone TE, many studies have 
reapplied this technique with varying types of fluorochromes in several different concentrations in 
different animal species in many different locations. This makes comparisons of these study results 
difficult and calls for standardized protocols. Whereas the use of fluorochromes in humans was for 
bone remodelling studies in order to investigate the effects of different drugs in this process (e.g. drugs 
for the potential treatment of osteoporosis), the use of fluorochromes in animals for bone TE is mainly 
to study the onset time and progression of the newly formed bone. We identified the most frequently 
used fluorochromes and suggested a protocol for the parenteral application and histological preparation 
of tetracycline, calcein green and xylenol orange. These fluorochromes have clearly indicated in our 
goat studies that the onset of cell based bone formation is before 3 weeks of implantation and that bone 
formation is appositional without a cartilage intermediate (intramembranous bone formation).

Chapter 5 presents an overview of the first steps in standard methodological investigation of the 
bone TE technique: several aspects of in vitro studies using BMSCs that vary from manual counting 
to DNA quantification techniques are reviewed. The usefulness and limitations of differentiation 
assays such as ALP analysis and hydroxyproline quantification as an indirect measurement for 
osteogenic matrix quantification are discussed. With respect to pre-clinical study models, we 
provide an overview of well-established feasibility models, where we conclude that models that 
allow multiple implants are preferable with respect to increasing the study power and reducing the 
number of animals used.
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Ad 2: To investigate the relation between in vitro cell behavior and in vivo bone 
formation:
The in vivo success of bone formation by seeded BMSCs on a scaffold material is subject to many 
in vitro factors such as culture medium additives and cell density. Although these factors can 
be controlled in 2D culture conditions, during the 3D phase on the scaffolds, monitoring these 
parameters is far more difficult. DNA quantification essays are end-stage investigations that do 
not allow further investigation of the constructs in vivo. Therefore, we introduced the alamar 
Blue™ assay that measures metabolic activity, which is a function of the cell number. In Chapter 
6, an in vitro study and proof of the concept study are combined. Two different HA scaffolds were 
investigated with three 10-fold different seeding densities. In vitro cell proliferation was monitored 
using aB. The metabolic activity of the constructs was subsequently related to the in vivo behavior 
of these same constructs in the ectopic location in nude mice. Different cell proliferation curves 
were found, typical for each type of scaffold and both scaffold types showed an increased amount 
of bone with an increase in seeding cell quantity from 2.5 x 104 to 2.5 x 105 cells per scaffold but 
not to 2.5 x 106 cells per scaffold. It was concluded that scaffold structure and in vitro cell behavior 
(such as seeding efficiency and cell proliferation) could not be considered as two separate entities 
when the effects on in vivo bone formation are concerned. aB was shown to be a valuable tool in 
the study on cell proliferation on our 3D implants. 

Ad 3: To investigate the potential of the bone TE technique in experimental spinal fusion 
applications:
In Chapter 7, rat BMSCs on one of the same scaffolds as used in Chapter 6, with 2 x 105 seeded cells 
per scaffold were applied in an uninstrumented posterior fusion location in addition to 2 ectopic 
locations (sc and im) in rats. Histologically, implants were scored for bone inside and in-between 
the scaffolds, in contact with the spine and as a bony bridge from one spinous process to the other. 
Results showed no solid fusions, but bone was present in all cell-seeded particles inside the pores on 
both sides of the spine (the first step towards spine fusion). Scoring the progressive stages in spine 
fusion, only 1/5 rats showed bone in contact with the spinous processes and none of the rats showed 
complete bone bridging of the interspinous space (a final stage of histologically determined spine 
fusion). Ectopically, 25 ± 15% of bone fill could be observed, with no significant difference between 
the im and sc implant locations. No bone was observed inside the control implants (without cells) 
in any of the locations. In this chapter the added value of BMSCs seeded on HA porous scaffolds 
was shown for both ectopic and the more orthotopic (paraspinal) locations. 
In Chapter 8 a similar study was performed on an uninstrumented PLF model in goats, in addition 
to an ectopic location. The area of interest in the PLF location was the intertransverse area (where 
most pseudarthroses occur). A new type of scaffold was used (BCP, containing 80% of HA and 20% 
TCP). Prior studies in goats had proven consistent success in bone formation ectopically with this 
scaffold in contrast to the pure HA. A total of 106 cells were seeded per scaffold (approximately 8 x 106 
cells per cm3 of scaffold). For this study 8 goats were used and 3 fluorochromes were administered 
for information on onset time and direction of the bone formation. Cont.% was used as the main 

17681_Van Galen.indd   123 08-09-2010   10:18:23



124

C
ha

pt
er

10

histomorphometric parameter. Similarly to Chapter 7, consistent and abundant bone was found 
ectopically with 21 cont.% compared to 2 cont.% for the control scaffolds without cells. These 
results confirmed that BCP is an osteoinductive scaffold, with significant more bone production 
when BMSCs are added. The fluorochromes showed a later onset of bone formation in the control 
scaffolds (after 6 weeks) as compared to the cell-seeded scaffolds (before 4 weeks), which indicated 
cell based osteogenesis in these constructs. In the paraspinal location, however, no solid fusion was 
observed. Histology showed two distinct areas of very limited bone formation in these scaffolds: 
areas closest to the decorticated transverse processes and areas closest to the paraspinal muscles. 
No bone between scaffolds was observed. Histomorphometry showed minimal cont.% in the zone 
closest to the paraspinal muscles. Although this was significantly more than the controls, this was 
a clear sign of inadequate bone formation even for this early phase of a spinal fusion after 12 weeks 
of implantation. Many potential contributors to this lack of bone formation were discussed among 
which were mechanical instability and poor packing density that may have caused absence of rapid 
vascular ingrowth in the scaffolds leading to a failure in (transplanted) cell survival.

Chapter 9 discusses hurdles in bone TE that need to be taken before it can be applied clinically. 
A limited number of clinical studies has been published and these papers are critically discussed 
in this chapter. Future perspectives such as the use of different cell sources (allogeneic cells, 
autologous cells derived from fat tissue or peripheral blood), the tackling of the problems related 
to limited oxygen supply in human sized implants (e.g. adding angiogenic growth factors or pre-
vascularizing the implants) and new developments in scaffold design (e.g. scaffolds that can be 
resorbed by osteoclasts or osteoinductive scaffolds without cells) are suggested indicating the 
potential direction in which bone TE may further progress and could lead to large-scale clinical 
applications. 
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Bij veel orthopaedische operaties is er sprake van een zogeheten fusie of arthrodese van respectievelijk 
een botdefect of ernstig versleten gewricht. De stabiliteit van dit defect of gewricht kan worden 
hersteld door middel van osteosynthese materiaal (b.v. platen en schroeven) maar de biologische 
conditie van de gastheer bepaalt voor een belangrijk deel het succes van de fusie of arthrodese. 
Een spongieuze matrix met groeifactoren en bot voorlopercellen (progenitorcellen) kan worden 
toegevoegd tijdens deze ingrepen, indien nodig, in de vorm van lichaamseigen donor bot (een bot 
autograft). Meestal gaat het hier om spongiosa afkomstig uit de bekkenkam of uit een metafysair 
deel van een groot bot (b.v. de proximale tibia) met optimale biologische kenmerken maar weinig 
mechanische kwaliteit. Een optimale botgraft moet namelijk voldoen aan een zekere mate van 
mechanische weerstand (afhankelijk van de plaatst en rol die is toebedeeld) en moet in staat zijn 
het lichaam aan te zetten tot botvorming (osteoinductie) en op zijn minst botingroei te faciliteren 
(osteoconductie). Tot de mechanisch sterkere grafts behoren wel de tricorticale bekkenspanen, 
ribben en de fibula segmenten die door het stevige corticale bot wel moeilijker door de gastheer 
kunnen worden omgebouwd (remodelleren). Het verkrijgen van een lichaamseigen botgraft is 
tijdrovend, mutilerend en kan leiden tot chronische pijn ter plaatse van de donorplaats. Om deze 
reden wordt er al sinds het begin van de botchirurgie gezocht naar een geschikt alternatief.  
Als alternatief kan gebruik worden gemaakt van allogeen donorbot uit bijvoorbeeld de botbank. 
Dit heeft echter nadelen, zoals het risico om ziekteverwekkers over te brengen. Daarnaast zijn 
botvormende eigenschappen minder sterk vergeleken met autoloog verkregen (vitaal) bot 
(Hoofdstuk 2). 

Poreuze keramische materialen, met of zonder toevoeging van cellen of groeifactoren, lijken een veel 
belovend bot alternatief. De toepassing van deze materialen wordt  sinds 1988 bot Tissue Engineering 
(TE) genoemd en wordt wereldwijd zeer uitgebreid onderzocht. Wanneer er sprake is van een 
combinatie met stromale beenmergcellen (BMSCs) is er sprake van hybride constructen. Deze lijken 
erg veel op de samenstelling van de autologe botgraft, hetgeen immers ook een combinatie is van 
een minerale matrix met botvormende cellen. De andere methode van bot TE, door middel van het 
toevoegen van recombinante groeifactoren, heeft als nadeel dat hiervoor zeer hoge concentraties 
groeifactoren nodig zijn met hoge kosten en potentieel nadelige neveneffecten. 
De combinatie van keramiek met lichaamseigen cellen was, toen de basis voor dit proefschrift werd 
gelegd, daarom de meest belovende en elegante methode. De techniek is onderzocht voor  toepassing 
in de wervelkolomchirurgie, waarvoor de volgende doelstellingen werden geformuleerd:

1.  Het verkrijgen van een literatuur overzicht (review) over de voor- en nadelen van deze bot 
tissue engineering techniek en een kader te stellen waarbinnen deze methode preklinisch 
kan worden getest. 

2.  Nader onderzoek uit te voeren naar de relatie tussen het in vitro (proliferatie) gedrag van 
gezaaide BMSCs op 3D poreuze scaffolds en de in vivo bot vorming.

3.  Een dierexperimenteel onderzoek op te zetten waarin het potentieel effect van deze bot 
tissue engineering techniek wordt onderzocht in een wervelfusie model. 
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Ad 1. Het verkrijgen van een literatuur overzicht (review) over de voor- en nadelen van 
deze bot tissue engineering techniek en een kader te stellen waarbinnen deze methode 
preklinisch kan worden getest.
De ontdekking van de aanwezigheid van osteogene cellen in beenmerg dateert al vanaf 1955 
toen ectopische botvorming werd gevonden na tranplantatie van vitale beenmerg cellen in 
tegenstelling tot avitaal gemaakte beenmergcellen. In hoofdstuk 3 wordt het relatieve lage aantal 
bot voorloper cellen in beenmerg beschreven als nadeel bij deze methode om botnieuwvorming 
te bewerkstelligen en waarvoor een verbetering van dit aantal gewenst is. De ontdekking van de 
CFU-Fs in beenmerg betekende een aangrijpingspunt om deze cellen, die de mogelijkheid hebben 
tot botvorming, te kunnen opkweken tot enorme hoeveelheden. Later werden deze cellen BMSCs 
genoemd of mesenchymale stamcellen. De botvorming door BMSCs op een dragermateriaal 
wordt gezien als een proces van intramembraneuze botvorming Het lot van deze cellen en hun 
(in)directe bijdrage aan de botvorming na transplantatie van met name grote volumina blijft een 
onderwerp van discussie. 

De methodologie in het onderzoek van bot tissue engineering stelt een vaste volgorde voor van 
toenemende klinische relevantie: In de eerste plaats het “proof of the concept model” in kleine 
proefdieren, dan de “feasibility studies” in grotere proefdieren, tot slot het preklinisch testen in 
een relevant klinisch model in grote proefdieren en bij voorkeur in een (niet-humaan) primaten 
model. Subcutane (ectopische) implantatie in de naakte muis is uitgegroeid tot een algemeen 
geaccepteerde standaard voor het “proof of the concept” model om de ostegene eigenschappen 
van cellen aan te tonen. Op het gebied van het “feasiblity model” is het segmentale critical size 
defect model in grote proefdieren een algemeen geaccepteerde standaard. Echter, een ectopische 
controle zou altijd overwogen dienen te worden om de osteogene eigenschappen van het implantaat 
in hetzelfde dier aan te kunnen tonen. Op het gebied van de feasibility modellen zijn er diverse 
voorbeelden van spinale fusies in verschillende diermodellen beschreven. Vooral het PLF model 
in konijnen is een betrouwbaar diermodel geworden met vergelijkbare non-union percentages 
als bij mensen bij het gebruik van autologe bottransplantaten zonder instrumentatie (het in situ 
fusie model). Helaas is gebleken dat dit model zich niet reproduceerbaar leent voor ectopische 
botvorming in het naakte muismodel of bij de konijnen zelf met het gebruik van autologe BMSCs 
(daarmee reeds falend op het gebied van de “proof of the concept”). Spinale fusie modellen in 
schapen en geiten(283) lijken klinisch meer relevante modellen aangezien zowel de samenstelling 
van het bot als de mate van bot remodellering vergelijkbaar is met de humane situatie. Tevens is 
er sprake van een vergelijkbare omvang van de gastheer en van de implantaten in combinatie met 
een vergelijkbaar succes-/faalpercentage op het gebied van spinale fusies (424). Aangezien de geiten 
BMSCs een voorspelbare samenstelling hebben en de ectopische botvorming een reproduceerbaar 
model is gebleken, is het verrichten van spinale fusies in geiten een volgende logische stap in de 
richting van de klinische toepassing van bot TE. 
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In vivo botvorming is een proces dat al tientallen jaren in de belangstelling staat van internationale 
research groepen. Het zeer bekende gebruik van antibiotica als fluorochroom dateert al vanuit 
1950 en wordt in een review beschreven in hoofdstuk 4. Met de introductie van bot TE is het 
gebruik van fluorochromen weer in zwang geraakt met een scala aan verschillende fluorochromen 
in diverse concentraties, proefdiermodellen en op verschillende toepassingsplaatsen in de dieren. 
Het vergelijken van studieresultaten onderling wordt hierdoor ernstig bemoeilijkt en vraagt om 
gestandaardiseerde protocollen. Het gebruik van fluorochromen bij bot TE studies in proefdieren 
heeft vooral het doel om de aanvang en progressie van de botnieuwvorming te bestuderen, in 
tegenstelling tot het historische gebruik van fluorochromen in mensen dat als doel had om bot 
remodellering onder invloed van verschillende medicijnen (b.v. medicijnen in de behandeling van 
osteoporose) in kaart te brengen. 

Hoofdstuk 4 geeft een opsomming van de meest gebruikte fluorochromen en stelt een protocol voor 
ten behoeve van de parenterale toepassing in proefdieren inclusief de histologische verwerking voor 
epifluorescentie microscopie van tetracycline, calcein green, en xylenol orange. Deze fluorochromen 
hebben duidelijk in onze geiten studies laten zien dat het begin van de bot vorming met bot TE 
eerder dan 3 weken van implantatie plaatsvindt en dat hier sprake is van appositionele botvorming 
zonder tussenkomst van de formatie van kraakbeen (i.e. intramembraneuze botvorming).

Hoofdstuk 5 geeft een overzicht van de eerste stappen die gezet dienen te worden in de 
methodologische aanpak bij bot TE research: verschillende aspecten van in vitro studies met 
BMSCs, variërend van het handmatig tellen van cellen tot geavanceerde DNA kwantificerende 
technieken. De voor- en nadelen van het gebruik van differentiatie assays zoals de ALP analyse 
en hydroxyproline assay, als indirecte maat voor het bepalen van bot matrix vorming, passeren de 
revue. Daarnaast wordt een overzicht gepresenteerd van enkele feasibility modellen als preklinische 
model waarbij we de conclusie trekken dat modellen met multipele implantaten te prefereren zijn 
als het gaat om de power van een studie en het reduceren van het aantal proefdieren.  

Ad 2: Nader onderzoek uit te voeren naar de relatie tussen het in vitro (proliferatie) 
gedrag van gezaaide BMSCs op 3D poreuze scaffolds en de in vivo bot vorming.
Een diversiteit van in vitro factoren, zoals toevoegingen aan het kweek medium en de cel 
zaaidichtheid is van invloed op het in vivo resultaat van botvorming met gezaaide BMSCs op 
een drager materiaal. In een 2D omgeving tijdens het kweekproces zijn deze factoren relatief 
eenvoudig te controleren, echter de 3D fase met gezaaide cellen op een dragermateriaal maakt 
dit veel ingewikkelder. Met standaard DNA kwantificerende technieken moeten de cellen worden 
gelyseerd en zijn de constructen onbruikbaar geworden voor verder onderzoek. Met het gebruik 
van de alamar Blue™ assay (aB) hebben wij laten zien dat de metabole acitiviteit, die in directe 
relatie staat tot het aantal cellen, kan worden gemeten en de cellen zodoende in leven kunnen 
blijven.
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In hoofdstuk 6 werden een in vitro studie en een “proof of the concept” studie gecombineerd. Twee 
verschillende HA dragermaterialen met drie verschillende zaaidichtheden werden onderzocht. In 
vitro cel proliferatie werd met de aB assay gemeten. De metabole activiteit van de cellen op de 
gezaaide dragermaterialen in vitro, werd gerelateerd aan de in vivo botvorming in een ectopische 
lokatie in de naakte muis. Voor beide typen dragermaterialen werd een eigen proliferatie curve 
in vitro gevonden, met een toename in de hoeveelheid botnieuwvorming bij een toename in het 
celaantal van 2.5 x 104 naar 2.5 x 105 gezaaide cellen per implantaat. Dit gold echter niet voor de groep 
met 2.5 x 106 cellen. De conclusie kon worden getrokken dat de structuur van het dragermateriaal 
en het in vitro gedrag van de gezaaide cellen (zoals de zaai-efficiëntie en celproliferatie) niet als twee 
separate entiteiten kunnen worden beschouwd als het gaat om de invloed op in vivo botvorming. 
Voor 3D celconstructen is gebleken dat aB een waardevol instrument kan zijn om cel proliferatie 
te meten. 

Ad 3: Een dierexperimenteel onderzoek op te zetten waarin het potentieel effect van 
deze bot tissue engineering techniek wordt onderzocht in een wervelfusie model. 
In hoofdstuk 7 werden ratten BMSCs gezaaid op eenzelfde dragermateriaal als beschreven in 
hoofdstuk 6, met 2 x 105 cellen per implantaat in een ongeïnstrumenteerd posterieur wervelfusie 
model met twee ectopische controles in de rat (sc en im). De implantaten werden histologisch 
beoordeeld op botnieuwvorming binnen en tussen de implantaten maar ook botvorming in contact 
met de wervelkolom en een brug van botvorming tussen twee processi spinosi (een histologische 
solide fusie). Er werden geen solide fusies gezien, maar ter weerszijde van de wervelkolom werd in 
alle implantaten met BMSCs botvorming gezien (de eerste stap in het proces van een wervelfusie). 
Een van de vervolg stappen in dit proces (botvorming in contact met de wervelkolom) werd alleen 
in 1/5 ratten gezien terwijl geen van de ratten complete overbrugging met nieuw bot tussen de 
processi spinosi liet zien. Ectopisch werd 25 ± 15% bot vulling gezien zonder significant verschil 
tussen de im of sc lokatie. Geen enkele aanwijzing voor botvorming werd gezien in de controle 
implantaten zonder cellen. In dit hoofdstuk werd de meerwaarde van de BMSCs op de poreuze HA 
drager getoond zowel ectopisch als in de meer orthotopische omgeving (paraspinaal). 

In hoofdstuk 8 werd een vergelijkbare studie verricht met een ongeïnstrumenteerd PLF model 
in geiten, met tevens een ectopisch controle model (im). Het meetgebied voor botnieuwvorming 
paraspinaal was de intertransversale ruimte waar een volledige nieuwe botbrug zou moeten 
ontstaan en, mocht dit falen, eventuele pseudarthrose vorming kan worden waargenomen. 
Een nieuw type dragermateriaal (BCP met 80% HA en 20% TCP) werd gebruikt. Eerdere studies 
in ectopische locaties in geiten lieten met dit materiaal consequent botnieuwvorming zien in 
tegenstelling tot het HA materiaal uit hoofdstuk 7. In totaal werden 106 cellen gezaaid per implantaat 
(ongeveer 8 x 106 cellen per cm3 dragermateriaal). Er werden 8 geiten gebruikt in deze studie 
waarbij 4 soorten fluorochromen werden toegepast om informatie te verkrijgen over het moment 
dat botnieuwvorming begint en in welke richting binnen de implantaten dit voortschrijdt. Cont.% 
werd gebruikt als de voornaamste histomorphometrie parameter. Net als in hoofdstuk 7 werd een 
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consequente en ruime hoeveelheid bot gevonden ectopisch met 21 cont.% vergeleken met 2 cont.% 
voor de controle implantaten zonder cellen. Deze resultaten bevestigden dat BCP een osteoinductief 
materiaal is met significant meer botnieuwvorming in de BMSC gezaaide implantaten. Het gebruik 
van de fluorochromen liet een latere aanvang in botnieuwvorming zien in de controle implantaten 
(na 6 weken) vergeleken met de BMSCs gezaaide implantaten (eerder dan 4 weken), waarmee de 
vroege botvorming duidelijk kon worden gerelateerd aan het effect van de gezaaide BMSCs. In de 
paraspinale omgeving werden echter geen aanwijzingen voor een wervelfusie gezien. Histologisch 
konden twee aparte gebieden met zeer beperkte botnieuwvorming worden onderscheiden: 
het gebied gelegen tegen de processi transversi aan (na decorticatie) en het gebied vlak onder 
de overliggende paraspinale spierlaag. Tussen deze twee gebieden was geen botnieuwvorming. 
Histomorfometrie liet een minimale cont.% zien in het gebied net onder de paraspinale spierlaag. 
Hoewel dit significant meer was dan in de controle groep was dit een inadequate botvorming, 
zelfs voor de vroege fase van 12 weken na implantatie. Factoren die hierin een rol zouden kunnen 
spelen zijn onder andere de geringe mechanische stabiliteit zonder instrumentatie en een zeer lage 
dichtheid van implantaten in dit gebied (lage pakdichtheid). Hierdoor zou de neovascularisatie 
tekort kunnen schieten met celsterfte op de implantaten tot gevolg. 

Hoofdstuk 9 beschrijft de discussie over de vele hindernissen die nog genomen dienen te worden 
alvorens de techniek van bot TE klinisch te kunnen toepassen. Het beperkt aantal gepubliceerde 
klinische studies over deze techniek wordt kritisch tegen het licht gehouden in dit hoofdstuk. 
Toekomstige toepassing van bijvoorbeeld andere bronnen van cellen (allogene cellen, autologe 
vetcellen of cellen uit de perifere bloedbaan), de potentiële aanpak van het probleem van 
tekortkomende zuurstof voorziening in implantaten van humane omvang (b.v. door angiogene 
groeifactoren toe te voegen of een implantaat vooraf te voorzien van vascularisatie) en nieuwe 
ontwikkelingen in het ontwerp van dragermaterialen (bijvoorbeeld materialen die eenvoudig door 
osteoclasten kunnen worden afgebroken of osteoinductieve dragermaterialen die het gebruik van 
cellen overbodig maken) worden besproken. Hiermee wordt een potentiële richting aangegeven 
waarnaar de ontwikkelingen binnen het gebied van bot TE zich verder zouden kunnen uitbreiden 
ten behoeve van een uiteindelijke grootschalige klinische toepasbaarheid. 
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symposium in 2009, waarin de highlights uit jouw carrière de revue passeerden, hebben een diepe 
indruk gemaakt. Je hebt wat mij betreft ook een groot gebaar gemaakt als mens en als hoogleraar 
om je terug te trekken als promotor en die eer binnen de afdeling aan Wouter over te laten. 

Prof. dr. C.A. van Blitterswijk, beste Clemens.
Wat een ongelofelijke gave heb jij om op het hoogste niveau op een wetenschappelijk maar ook 
zakelijk podium te kunnen presteren. Jij bent nooit een man geweest van de “small talk” en kwam 
altijd snel to the point. Gelukkig kon ik je soms nog wat vertellen wat je nog niet wist, meestal 
alleen iets over de orthopaedie. Prachtig ook hoe je over de zoveelste tegenvaller van een van mijn 
dierexperimenten nog een positieve draai kon geven aan het geheel. Hiermee heb je een gave om 
mensen te motiveren en het beste in zich naar boven te brengen. Bedankt dat ook jij je plek als 
promotor hebt afgestaan aan Joost.

Prof. dr. W.J.A. Dhert, beste Wouter.
Ik was verguld toen ik hoorde dat jij hoogleraar ging worden! Wat een welverdiende prestatie is dat. 
Jij bent een man van zeer groot wetenschappelijk niveau. Samen heb ik met jou de eerste periode 
veel geleerd over samenwerken met de industrie. Soms moest je mij wat bijsturen als ik weer wild 
enthousiast was van de nieuwe ideeën die er binnen IsoTis leefden. Het vasthouden aan de hoofdlijn 
heeft uiteindelijk de uitkomst naar dit proefschrift gegeven. Dat heb ik vooral van jou geleerd. 
Dankzij jouw uitnodiging om het hoofdstuk “Tissue Engineering of Bone” voor het boek “Tissue 
Engineering” van Clemens te schrijven groeide het wetenschappelijke zelfvertrouwen weer bij mij 
en heb ik de basis voor dit proefschrift kunnen leggen. Heel veel dank voor de goede begeleiding 
en het aanhoudende vertrouwen dat we dit samen tot een proefschrift konden afronden. 

Prof. dr. J.D. de Bruijn, beste Joost.
Heel hartelijk dank voor jouw rol als begeleider van de bot onderzoeksgroep bij IsoTis. Ook jij had 
een eindeloze energie om het kweken en zaaien van cellen zo te optimaliseren dat er wel kilo’s bot 
in de proefdieren aangetroffen moesten worden. Helaas hebben we lange tijd moeten wachten op 
slechts een deel van deze verwachtingen, waarbij de crux vooral bleek te zitten in het optimaliseren 
van het dragermateriaal. Dat heb jij vanaf het begin goed ingeschat en het heeft jou gebracht tot 
een positie als hoogleraar aan de Queen Mary University of London en de zakenman die je nu 
bent. Ik heb er veel vertrouwen in dat de osteoinductieve materialen een grote kans maken om 

17681_Van Galen.indd   159 08-09-2010   10:18:35



160

C
ha

pt
er

10

het gebruik van autografts zoveel mogelijk uit de praktijk te laten verdwijnen. Ik hoop dat jouw 
produkt daar onderdeel van uit zal maken.  
Bedankt ook voor de gezellige tijden tijdens de ski- en hardloop evenementen. 

Prof. dr. G.J. Meijer, beste Gert.
Heel hartelijk dank voor jouw positieve en kritische houding tijdens ons structureel overleg bij 
IsoTis. Jij was altijd vanuit de kliniek de man met goede ideeën en als geen ander was jij in staat 
om jouw visie zonder ingewikkeld taalgebruik goed uit te leggen. Jouw studie in PLoS heeft voor 
duidelijkheid gezorgd dat de hype rond het produkt “bot tissue engineering” onterecht was en dat 
de techniek nog niet klaar was voor het grote klinische werk. Gefeliciteerd met jouw benoeming 
tot hoogleraar in Nijmegen.

Prof. dr. K. de Groot, beste Klaas.
Onze gesprekken op het werk zaten altijd vol met humor. Dat kon ik altijd erg waarderen. We delen 
de passie voor de stad Seattle. Jij had daar een dochter wonen die een webcam had staan waarmee 
je jouw kleinkind in Seattle goed in de gaten kon houden. Onvergetelijk was ook jouw resoluut 
ingrijpen op de oefenhelling in Wengen, toen je met je skistok een peuter aan zijn jas terugtrok 
die langs de rij wilde voordringen en je, in jouw accentloze engels, vertelde dat de wereld zo niet 
in elkaar steekt. Ik vond het een eer dat je wilde bijdragen in het hoofdstuk “Tissue Engineering 
of Bone”. 

Prof. dr. F.C. Oner, beste Cumhur.
Dankzij jou heb ik de passie voor de orthopaedie ontwikkeld. Ik herinner een van onze eerste 
gezamenlijke operaties in het UMCU toen net de Knorr fabriek was ontploft. Het slachtoffer met 
rugletsel was in het huis tegenover de fabriek terecht gekomen en had de poeder van de soep nog 
in zijn oor zitten. De gesprekken op OK gingen altijd over de wereldpolitiek, ontwikkelingen in de 
zorg, ziekenhuis politiek of over het raakvlak dat wij hebben met de advocatuur. Mooi dat jij nog 
steeds denkt dat advocaten altijd schatrijk zijn, blijkend uit jouw herhaaldelijk vraag wanneer ik 
dacht te gaan stoppen met werken. Ik moet nog even… 
Bedankt voor jouw inspiratie, jouw prikkelende opmerkingen om vooral vol te houden in de 
wetenschap en jouw uitnodiging om een jaar spine fellow bij jou te worden. Het heeft mij een berg 
aan ervaring gebracht en een prachtige baan in het Diakonessenhuis in Utrecht. Ik hoop dat we 
nog lang blijven samenwerken. 

Prof. dr. D.B.F. Saris, beste Daan.
Tijdens mijn onderzoekstijd hebben wij niet direct inhoudelijk te maken gehad met elkaar 
maar was jij wel vaak aanwezig bij de research besprekingen. Ik kon altijd erg genieten als jij bij 
jouw onderzoekers de duimschroeven aandraaide als het ging om deadlines. Ik ben nog steeds 
blij dat Wouter niet zo is ….’maar dan was dit boekje er wel 6 jaar eerder gekomen’ hoor ik je al 
zeggen. De waarheid zal wel ergens in het midden liggen maar dat jij mensen kunt stimuleren om 
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bovenmenselijke prestaties te leveren is wel een bijzondere gave. Als opleider heb ik het laatste jaar 
met je te maken gehad en heb ik veel waardering voor je gekregen. Je bent altijd van de directe 
benadering maar wel uitermate oprecht en eerlijk. Je houdt in de kliniek van doorwerken en die 
aanpak delen we. Met jouw instemming kon ik een maand schrijfverlof krijgen om dit werk tot een 
eindfase te brengen, waarvoor hartelijk dank. 

Prof. R.M. Castelein, beste René.
Ik kan me nog goed herinneren dat jij de eerste week aan het werk ging in het UMCU. Je oogde 
niet echt blij. En toch ben je opgestaan als een leider die de afdelingen orthopaedie AZU en WKZ 
samen wist brengen. Dat is een hele prestatie waar best nog eens bij stil mag worden gestaan. 
De oude dame op de poli die jou als mijn assistent aanzag in mijn eerste jaar orthopaedie zal ik 
nooit meer vergeten. Tijdens mijn spine fellowship heb ik op scoliose gebied veel van je geleerd en 
waardeer ik erg je visie en operatieve vaardigheden.

De directe collegae: 

Moyo
Ik heb nog eens anatomie onderwijs aan je gegeven op de snijzaal in het UMCU. Je was irritant 
nieuwsgierig en doortastend. Toen je vervolgens werd voorgedragen als nieuwe collega onderzoeker 
bij de orthopaedie had ik zo mijn twijfels of je collegiaal zou zijn. Dat bleek je uitermate goed te zijn. 
Je maakte een onvergetelijke indruk op mij bij IsoTis door tegen iedereen te zeggen dat die cellen 
toch niet zouden werken. De reakties waren soms opmerkelijk. Gelukkig kon je jouw argumenten 
altijd staven met de evidence uit de literatuur die jij je binnen 2 maanden volledig eigen had 
gemaakt. Jij hebt een zeer groot talent om een wirwar aan literatuur in no time te ontleden tot de 
kern. Dit heb je onlangs ook weer laten zien toen we samen de battle aangingen tegen de anesthesie 
over de contra-indicaties van NSAIDs bij grote botoperaties. 
Jij hebt mij de laatste jaren van mijn onderzoek veel goede feedback gegeven toen wij samen het 
hoofdstuk hebben geschreven en jij het idee voor het fluorochromen artikel aandroeg. Daar heb ik 
veel aan te danken waardoor ik het ook niet anders dan logisch vond dat jij mijn co-promotor zou 
worden. Ik hoop dat je binnenkort je plek zult vinden die voldoende klinische en wetenschappelijke 
uitdagingen voor je kan bieden als collega wervelkolomchirurg.

Mirella.
Het geitenmeisje, dat is jouw bijnaam. Talloze keren heb jij je ingezet in het GDL om de dierenstudies 
weer tot een goed einde te brengen. 
Heel veel dank voor je hulp, de gezelligheid en de gossip die ik altijd bij jou kon inwinnen. Veel 
succes bij je carriere op kraakbeen gebied. 

17681_Van Galen.indd   161 08-09-2010   10:18:36



162

C
ha

pt
er

10

Marieke Ostendorf, Mark Nijhof, Clayton Wilson, Jacco Jenner, Floor van Eijk, Mattie van Rijen, 
Yuan Huipin, Ivonne van der Helm, Sanne Both, Peter-Paul Platenburg, Aart van Apeldoorn, 
Shihong Li, Pamela Habibovich, John Tibbe, Ineke Dalmeijer-vd Brink, Simone Post en ongetwijfeld 
anderen die ik vergeten ben: hartelijk dank voor de leuke samenwerking. 

Lieve Liselotte, Karlijn en Teun.
Lot, dit moet voor jou een net zo grote opluchting zijn als voor mij: het boekje is af. Ik weet alleen 
niet of ik er veel extra tijd voor terug zal krijgen want nieuw onderzoek dient zich alweer aan. Als 
RTL ooit nog met een programma was gekomen “help, mijn man schrijft een proefschrift” dan had 
ik zeker in de eerste uitzending gezeten. 
Lieve Karlijn, dit boekje is de reden dat ik af en toe niet met je kon spelen. Gelukkig kon ik je wel 
altijd bij mij in de buurt hebben als ik achter de computer zat. Gelukkig kon ik soms voorkomen 
dat er weer een artikel in de prullenmand verdween. Je hebt veel oog voor detail. Mocht je 
ooit neurochirurg worden dan hoop ik dat je dan nog wat opsteekt van dit boekje. Mocht je 
orthopaedisch chirurg worden dan is dit natuurlijk basiskennis. 
Lieve Teun, je bent nog maar 3 maanden en nu al een grote vent. Als je nu ook nog gaat doorslapen 
is de rust in huize van Gaalen na 12 oktober zeker weer helemaal teruggekeerd.
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Curriculum vitae

Steven Matthijs van Gaalen was born September 18, 1973 in 
Dordrecht. He graduated in 1991 from Gymnasium Beekvliet 
(St. Michielsgestel, NB) cum laude and was awarded with the best 
student award in the classical languages. With a Fulbright Campus 
Scholarschip he studied one year at Wittenberg University, a 
Liberal Arts school in Springfield (OH, USA).  In 1992 he started 
medical school in Utrecht. In 1996 he spent several months at the 
University of Washington (Seattle, USA) with a STIR grant in the 
lab of professor J.D. Brunzell (Professor Emeritus of Medicine) 
with the Division of Metabolism, Endocrinology and Nutrition. 
This was kindly negotiated by prof. dr. D.W. Erkelens (professor 

of Internal Medicine, UMCU), who sadly passed away in march 2004. During his rotations in the 
UMCU and St. Antonius Hospital in Nieuwegein he came to the conclusion that his biggest interest 
in medicine was within the field of surgery. After spending some time in the OR with prof. dr. F.C. 
Oner his passion for spine surgery was founded. In November 1998 he started his scientific career 
as a Ph.D. student with the department of orthopaedics in the UMCU on the STW funded project 
“Tissue engineered bone for spinal fusion”. This was a collaboration with IsoTis SA Bilthoven. In 
his first year he was awarded the CCN (Collegium Chirurgicum Neerlandicum) award for a visit to 
the research facilities of professor S.D. Boden in the Emory Spine Center  in Atlanta (GA, USA) to 
study his well-validated spine fusion model in rabbits. With several disappointing research years, 
trying to culture rabbit stem cells, the switch to rats and goats for experimental spine fusion models 
was made. These studies were the basis for the articles used in the current thesis and the several 
presentations at (inter)national conferences. In 2003 he started at the St. Antonius Hospital for his 
2 years of general surgery (dr. P.M.N.Y. Go). In 2005 he commenced his orthopaedic training in the 
UMCU (prof. dr. R.M. Castelein) followed by one year of orthopaedic training in the St. Antonius 
Hospital in Nieuwegein (dr. P.J.T.M. Jaspers/dr. M.R. Veen), one year in the OLVG Hospital in 
Amsterdam (dr. W.J. Willems) and his last year (2008) in the UMCU (prof. dr. D.B.F. Saris). In 
2009 he was a spine fellow with prof. dr. F.C. Oner and prof. dr. R.M. Castelein in the UMCU where 
he became trained in the several aspects of spine (deformity, trauma and oncology) surgery in 
collaboration with the neurosurgery department (dr. G.J. Amelink and drs. W.B.M. Slooff). Since 
January 2010 he started as an orthopaedic surgeon in the Diakonessenhuis Hospital in Utrecht, 
Zeist and Doorn where he mainly practices in degenerative spine surgery and hip-/knee prosthetic 
surgery.  In the meantime both dr. J.D. de Bruijn and dr. W.J.A. Dhert (initially co-promotors of 
the current thesis) were promoted to professor and both became the promotors of this thesis. 
Colleague dr. M.C. Kruyt, who finished his Ph.D. on a similar project in 2003, was a big support in 
finishing this thesis and became the co-promotor of this work.

Steven van Gaalen is married since 2005 with Liselotte van Gaalen-van Beuzekom and is the father 
of daughter Karlijn Emma van Gaalen (31-5-2008)  and son Teun Matthijs van Gaalen (30-5-
2010). 
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