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GENERAL INTRODUCTION

Lumbar interbody fusion 

At some point in their lives, most people experience at least one single episode of back pain 

related to the lumbar spine. A few of all patients with low back pain have an indication for lumbar 

fusion surgery. Careful patient selection is the key to obtaining favorable surgical outcomes. 

Patients with severe radicular pain may be considered for surgery after a comprehensive trial 

of conservative management. Nonsteroidal anti-inflammatory medications, modification of 

activity, physical therapy, stabilizing exercises, and bracing with a lumbosacral corset, is often 

helpful. In patients with back pain based on mechanical instability, surgery should only be 

considered after conservative measures have been exhausted and a radiographic abnormality 

is present at the symptomatic level, preferably with pain concordant with discographic 

findings.1 Although discography still remains controversial; it is most accurate and useful 

when the diagnosis of discogenic pain is highly probable, as determined by the history, 

physical examination, and imaging data analyzed, in that order.

The rationale for spinal fusion (spondylodesis) is based on the successful use of joint fusion 

(arthrodesis) to prevent movement in painful joints or to correct a deformity. In an arthrodesis 

procedure, the opposing surfaces of a joint are cleared of soft tissue (e.g. cartilage). 

Subsequently, the interarticular space is filled with bone graft. This induces new bone formation, 

which will bridge the gap and fuse the two adjacent bones. In lumbar interbody fusion the 

joint is formed by two vertebral bodies connected by an intervertebral disc anteriorly and 

facet joints posteriorly. Fusion can be accomplished with several surgical techniques. Posterior 

Lumbar Interbody Fusion (PLIF) is used for describing surgical placement of an interbody cage 

in the intervertebral disc space via a posterior approach after decompression of the lamina. 

Confusingly, the acronym PLIF is also used for PosteroLateral Interbody Fusion which does 

not include placement of an interbody cage but merely fusing of the transverse processes 

and facet joints. TLIF stands for Transforaminal Lumbar Interbody Fusion; a minimal invasive 

procedure in which an interbody cage is placed through a foramen via a posterior approach. 

ALIF is an Anterior Lumbar Interbody Fusion in which an interbody cage is implanted via an 

anterior retroperitoneal approach. In the latter technique, which is studied in this thesis, a 

large part of the intervertebral disc is removed and subsequently an interbody cage filled 

with autologous bone graft is placed in the intervertebral space to facilitate interbody fusion.

(fig.1) In all mentioned surgical techniques additional instrumentation (screws connected 

with rods or plates) can be placed posteriorly, to provide extra mechanical stability. Although 

the fusion rate increases with additional instrumentation, there is no evidence for a higher 
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patient satisfaction and therefore for routine use in fusing stable segments.2 However in case 

of fusing an unstable segment, performing a decompression or placement of an interbody 

cage, additional instrumentation is advised.3(fig.1)

Imaging of the fusion zone and cage

Plain radiographs are the most commonly used imaging technique to evaluate the spinal fusion 

process. Trabecular bone, crossing at the fusion site on antero-posterior and lateral projections 

is generally used to assess consolidation of the bone graft.4 However, plain radiography is 

accurate in only 59% to 82% of the cases with a high specificity and a low sensitivity.5-8 9 

Another disadvantage inherent to radiographic imaging techniques is the inability to visualize 

soft tissue or radiolucent materials that are used in cages.10 When metallic implants are used, 

accurate assessment of the fusion zone inside the cage is impossible due to the radiopacity 

of metallic cages.11-13 During the past several years, computed tomography (CT) has become 

one of the most important diagnostic modalities in the evaluation of spinal interbody fusion. 

CT can create 3D images and slices, demonstrating the presence or absence of bone bridging 

between the vertebral bodies.14,15 However, none of the previously described disadvantages 

of X-ray evaluation are overcome by CT. Furthermore, CT comes at the costs of considerable 

radiation doses.16

Recent studies show that MRI can detect changes in soft tissues over time.17-21 Furthermore, 

processes inside the cage can be monitored with MRI, especially when bioresorbable cage 

material is used. Moreover MRI provides information on the position of the cage after surgery 

10

Figure 1 Schematic lateral view of  a lumbar spine with a spondylisthesis at level L4-S1 (A) and 
interbody fusion at the same level with the use of a intervertebral cage and posterior additional 
fixation(B). N Engl J Med. 2004 Feb 12;350(7):643-4



and may show the time dependent degradation of bioresorbable spinal implants.22 These 

advantages of MRI, combined with the absence of radiation exposure to the patient, could 

make MRI scanning a valuable diagnostic tool for monitoring the fusion process.

Short history of spinal interbody cages

The era of spinal interbody cages begins in the 1970s with George Bagby, an orthopedic 

surgeon from Spokane, Washington. He treated horses for “Wobbler Syndrome”, a 

potentially paralyzing, chronically subluxing cervical spine disorder. Bagby was inspired by 

the technique of Ralph Cloward, who was a neurosurgeon in Hawaii during the Second 

World War. Cloward used iliac crest bone grafts to stabilize the spine instead of performing 

a surgical discectomy only.  Although this technique was more successful in maintaining or 

restoring disc height, the bone grafts not infrequently collapsed and displaced. With this in 

mind Bagby created an open stainless steel basket which could be impacted with bone graft 

and inserted via an anterior approach in the cervical spine of horses with spinal instability. In 

the 1970s veterinarians Barrie Grant and Pamela Wagner started to cooperate with Bagby 

which resulted in the first successful cervical equine implantation of the “Bagby Basket” in 

1977. After Bagby first presented his work to a clinical audience of the North American Spine 

Society Meeting in Banff, Canada in 1984, a number of clinicians including Steven Kuslich, 

Gary Michelson, Charles Ray developed different versions of Bagby’s basic design for human 

application. Only in 1988 Bagby published this new concept of anterior cervical fusion for 

use in the human spine in Orthopaedics.23 Kuslich and Bagby further modified the “Bagby 

Basket” into the Bagby and Kuslich (BAK) threaded cylindrical cage, which was used from 

1992 in patients with chronic low back pain.24 In the same time period Ray developed the 

Ray Threaded fusion Cage (TFC) and started implanting in patients already in 1991.25 Of 

the many different cage designs the Ray cage was unique in having deep threads. The next 

major development came in 1993 when Brantigan and Steffee26 published their radiolucent 

carbon fiber-reinforced polymer implant with a modulus of elasticity approximating that of 

cortical bone. Due to the radiolucency, the interbody fusion rate could be measured more 

precisely and the amount of stress shielding was decreased as compared to metal devices. 

The success of interbody cages in multi-center investigational studies across the United States 

led to their approval, for single or double standalone posterior implants, by the by the United 

States Food and Drug Administration (FDA) in 1996. That leads us to the latest development; 

the concept of a bioresorbable cage which was reported by van Dijk et al. in 2002.27 This 

polylactic acid cage was developed in a goat model featuring a modulus of elasticity close 

to that of vertebral bone and gradual resorption after interbody fusion was obtained. With 

these characteristics a bioresorbable cage can avoid complications related to stress shielding 
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leading to pseudarthrosis and cage migration. Another advantage of bioresorbable cages is 

that they are radiolucent, in contrast to metal cages which obscure the fusion zone during 

radiological evaluations.28 This research provided an excellent fundament for the development 

of a cervical fusion cage, approved for clinical application in 2007 (www.solisRS.com).

The number of lumbar interbody fusion surgeries has increased rapidly over the last two 

decades. In 2001, over 122.000 lumbar fusions were performed in the USA for degenerative 

conditions. This represented a 220% increase from 1990 in fusions per 100.000 citizens. 

The increase accelerated after 1996, when fusion cages were approved.(fig.2) From 1996 to 

2001, the number of fusions increased 113%, compared with 13 to 15% for hip replacement 

and knee arthroplasty.29 Between 1992 and 2003, the costs for lumbar fusion in the USA 

increased more than 600%, from 75 million dollars to 482 million dollars. The percentage of 

lumbar fusion surgery in relation to the total amount of spine surgery increased from 14% in 

1992 to 47% by 2003.30

Significant increases in primary lumbar fusions are anticipated for the future based on data 

(1990-2003) originating form the Nationwide Inpatient Sample, a yearly survey of 1,000 

hospitals in the USA conducted by the Federal Healthcare Cost and Utilization Project. Even 

more remarkable is the amount of expected revisions; at the current rate the number of 

revisions will exceed the current number of primary interbody fusion yearly in 2020.(fig 3)31

Complications

Early reports on interbody cages are mainly positive,32-35 but with longer follow-up, the 

number of complications increases.36-39 The 11-year cumulative incidence of reoperation 

following lumbar spine surgery was 19%, not differentiating between the different forms 

(e.g. ALIF, PLIF and posterolateral) of surgery.40 With the BAK cage 8% of cage migration 

occurs of which more than half needs re-operation.41 The indications for cage retrieval 

Figure 2 Lumbar fusions performed in 
the USA from 1988 to 2001. Notice the 
increase  after FDA intervertebral cage 
approval in 1996. Deyo RA, et al. Spine. 
2005;30:1441-1445.
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include failed fusion, malposition or migration of the cage, trauma (a compression fracture 

at the fusion site), low-back pain, progressive spondylosis, nerve-root impingement, and/or 

infection.42,43 After fusion surgery, 62,5% of reoperations were associated with a diagnosis 

suggesting device complication or pseudarthrosis.44 

Although surgical technique plays a role in the short-term failures, the design and material of 

the cages may be more critical in the long term.45 In general non-resorbable cage material 

causes stress shielding. This phenomena originates from a large mismatch between the 

mechanical properties of the cage and bone. In case of stress shielding the mechanical load 

of the spine is guided through the cage material itself, which has a much higher stiffness, 

instead of loading the bone graft inside the cage.46 This causes a slower fusion process which 

can result in pseudarthrosis and migration.47 Furthermore interbody fusion cages facilitate a 

temporary fusion process. After serving their purpose, non-resorbables remain as permanent 

foreign bodies with the risk of a hematogenous infection or possible forced removal in 

case of a complication.48,49 Other complications of non-resorbable cages are wear (carbon 

cages), and corrosion (metal cages).50 These drawbacks of non-resorbable cages have given 

incentive to explore the possible utility of polymer based resorbable cages for this high load 

bearing application. The growing preclinical experience together with increased knowledge 

on polymer chemistry has allowed the clinical introduction into spinal surgery. 

Degradable cage material

The most commonly used biodegradable materials are polymers based on lactic and glycolic 

acid derived from poly(a-hydroxy acids). Both acids can form respectively Polylactide (PLA) 

and Polyglycolide (PGA).51 PGA, however, is very unstable and loses its strength within a 

month. Therefore, it is not a suitable material for weight baring applications, unless as a 

minor component in a copolymer. Its main application is in sutures, whereas PGA resorbs in 

Figure 3 Projected primary spinal fusion procedures in the USA for the three spinal regions. (left) 
Projected revision fusion procedures in the USA. (right) Ong K.L. et al. Abstract 1070, ORS meeting 
2007.
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several few weeks, enough for woundhealing.52 The most useful and applied base material 

for spinal interbody cages is poly(lactic acid) or polylactide (PLA).

Bacterial fermentation is used to produce lactic acid from sugar (derived from corn or 

sugarcane), which is oligomerized by the removal of water, applying heat and vacuum. 

Subsequently, it is catalytically dimerized to make the monomer for ring-opening 

polymerization. The crude lactide has to be purified by two or more purification steps.  It 

can be easily produced in a high molecular weight form through ring-opening polymerization 

using most commonly a stannous octoate catalyst, but for laboratory demonstrations tin(II) 

chloride is often employed. Due to the chiral nature of lactic acid, the acid exists in two 

different optically active stereoisomeric forms; the naturally occurring L (Levorotary) and the 

D (Dexorotary) isomer (fig.4); their polymers are usually referred to as PLLA and PDLA. L- and 

D-homopolymers (i.e. polymers consisting of only L-isomers or D-isomers) have the same 

chemical and physical properties; a crystallinity around 37%, a glass transition temperature 

between 50-80° C and a melting temperature between 173-178° C. PLLA is more commonly 

used, however, because the L-isomer is naturally available. Whereas the D-isomer in PDLA 

can be produced by modified bacteria.53 Homopolymers are partially crystalline as polymers 

are never completely crystalline.51 The polymerization of a racemic (1:1) mixture of L- and 

D-lactides, however, leads to the synthesis of poly-DL-lactide (PDLLA) which is completely 

amorphous. In a racemic mixture the molecules can not form crystals due to the different 

(steroisomeric) forms of the L (Levorotary) and the D (Dexorotary) isomer which are present 

in the material. For the production of polymers, both L and racemic mixture of D,L lactide are 

used.54 If the homopolymer L-lactide is mixed with the racemic amorphous (50:50) mixture 

of D-lactide and L-lactide, PLDLLA is created. For example 70:30 PLDLLA, also referred to 

as 70/30 PLDLA—indicates the molar ratio of L-lactide (70%) and the racemic DL–lactide 

mixture (30%). One of the greatest advantages of polymers is that they can be produced 

Figure 4 Chemical structures of the optical isomers L and D lactic acid.
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with a broad range of physical and chemical properties. This allows engineering products 

with particular properties tailored to specific needs. On the other hand, it makes it difficult to 

compare polymers, because many parameters, including thermal history, implant  design, and 

application environment influence their behaviour. Polymers with the same composition and 

molecular weight can still have different properties. There are several parameters, though, that 

help to characterize polymers like polylactides, the most important ones being crystallinity and 

average molecular weight (or, alternatively, inherent viscosity). Other relevant parameters are 

molecular weight distribution (polydispersity), impurities (such as residual monomers, water, 

and free radicals), and glass transition temperature. Unfortunately, insufficient knowledge 

in the preclinical and clinical field of the unique characteristics inherent to polymers has lead 

to confusing results. 

Degradation of the cage

The three phases of degradation are (1) reduction of molecular weight followed by (2) 

decrease of mechanical strength after the molecular weight has passed a minimum threshold 

to sustain mechanical strength and finally (3) loss of mass.55 The rate of polymer degradation 

depends on many factors, such as the size of the implant, the material phase (crystalline versus 

amorphous), the (racemic) mixture of the polymer, the presence of additives or impurities, 

the mechanism of degradation (enzymatic cleavage versus hydrolysis), the implantation site 

and stress on the implant. 52,56,57

Polymer degradation takes place through the scission of the main chains or side chains of 

polymers. Different degradation mechanisms whether chemical or biological can be involved 

in the degradation of biodegradable polyesters. Chemically, polylactic acid degrades in vivo 

in an aqueous environment by hydrolysis into lactic acid and glycolic acid, which are then 

incorporated into the tricarboxylic acid cycle and excreted. Enzymes play a significant role 

in the biological degradation of polymers, although they are not solely responsible for the 

hydrolysis of polymers. The enzymatic degradation of aliphatic polyesters by hydrolysis is a 

two-step process. The first step is adsorption of the enzyme on the surface of the substrate 

through surface-binding domain and the second step is hydrolysis of the ester bond.58 Both 

the chemical and biological degradation can occur simultaneously.

Amorphous polylactic acid shows a different degradation behavior than crystalline specimens. 

Polymer hydrolysis needs water molecules, which are required to come in contact with 

hydrolytically labile bonds in the polymer by diffusion through the polymer matrix. Therefore, 

hydrolysis of a polymeric material in the solid state greatly depends on the phase structure 

because water penetration though the polymeric material will proceed at a higher rate in 

the amorphous polymer than in the crystalline polylactic acid.58 The crystalline part of the 
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PLA, therefore, is more resistant to degradation than the amorphous part, and the rate of 

degradation decreases with an increase in crystallinity.59,60

When polylactic acid is used in orthopedic surgery as fixation or augmentation device, 

polylactides of high molecular weight are needed to produce devices of slow resorption 

rate and long lasting mechanical strength. On the contrary, such high molecular weights are 

not necessary for polylactides when they are used as carriers for drug delivery systems. In 

such pharmaceutical applications, lactide copolymers of low molecular weights are generally 

preferred because they degrade more quickly in the body than polylactides of high molecular 

weight. 

Literature is sometimes misleading because authors do not identify the PLA polymer they 

worked with. In the biomedical field, any scientific contribution dealing with PLA polymers 

should mention the identity of the investigated compounds as accurately as possible.61

GENERAL AIM

In 2002 the department of orthopaedic surgery of the VU University Medical Center in 

Amsterdam was on the verge of leading a randomized multicenter clinical trial in Europe 

with bioresorbable Hydrosorb™ Telamon© interbody fusion cages. Hydrosorb™ material is 

an amorphous polylactide. Amorphous as opposed to crystalline polylactide material provides 

the advantage of faster degradation after fusion and a lower risk on adversive tissue reaction 

due to the absence of crystalline material parts. However the increased resorption rate could 

lead to premature failure of the cage and endanger the desired biomechanical environment 

necessary for fusion. This polylactide cage material was approved for clinical application based 

on (1) in vitro degradation studies showing sufficient mechanical strength for 12 months, (2) 

a successful sheep study with small numbers of cages filled with either autograft or BMP2 
62 and (3) references to other studies using different polylactides. However, the histological 

illustrations in the technical brochure of ™ Telamon© interbody fusion cages of the sheep 

study not only showed interbody fusion but also mechanical failure of the cage. Therefore a 

second animal study in a previously successful interbody fusion goat model was requested 

to elucidate if the Hydrosorb™ PLDLLA material was suitable as interbody cage material. This 

study was granted and performed. 

The general aim of this thesis is to investigate the feasibility of PLDLLA cages to stabilise the 

spinal segment and to provide a mechanical environment for a bony intervertebral fusion. 

The underlying research goals which are addressed in the light of the general aim are defined 

below.
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OUTLINE OF THE THESIS

Chapter 1 provides an overview on the background of interbody fusion as a whole and insight 

in the complexity of material characteristics and degradation of polylactides. Comparable to 

the different non-resorbable materials, polylactide materials are valued as a group in the (pre)

clinical field. However, bioresorbable polymers like polylactides are produced with specific 

physical and chemical properties, tailor made for their application. Reporting of detailed 

parameters which characterize a polymer is essential for identification and comparison. 

Chapter 2 illustrates that description of bioresorbable implant device and material in general 

terms rather than specifically leads to confusion or even misunderstandings in the (pre)clinical 

field. Common knowledge on polylactide materials is vital for the interpretation of results and 

avoiding a premature or biased general opinion.

Biomechanical studies

The goal of interbody fusion is to stabilize a degenerated and/or instable spinal segment. In 

human cadaver models interbody cages and surgical techniques are extensively tested to gain 

optimal stiffness for interbody fusion. The presented lumbar spinal fusion model has shown 

excellent results in skeletally mature goats. However, the segment stiffness achieved by the 

standardized lateral cage implantation is unknown. Therefore in Chapter 3 a biomechanical 

study addresses the influence of the surgical technique on the primary stability of the lumbar 

goat segment. The results are evaluated in the context of human cadaver studies.

After in vivo placement, the strength of a bioresorbable implant starts to decrease due to 

degradation of the material. Optimally, the bioresorbable cage should provide an appropriate 

biomechanical environment to facilitate spinal fusion and retain intervertebral disc height 

after which the material will resorb completely. Chapter 4 describes a radiostereometric 

study of amorphous poly-L-lactide-CO-D,L-lactide (PLDLLA) in which the range of motion of 

the treated spinal segment in the sagittal plane is recorded before and after surgery and at 

follow up. Also the change in intervertebral disc height in time was assessed.

The best bioresorbable material, optimal cage stiffness and desired period over which 

the cage should degrade are unknown. In Chapter 5  the findings of an in vivo study 

are reported in which PLDLLA cage with and without additional fixation are compared to 

titanium control cages. Beforehand, chemical and mechanical degradation of the PLDLLA 

cages were assessed in vitro. Radiographic, magnetic resonance imaging, histologic, and 

histomorphometric analyses were performed on retrieved segments. Chemical analysis was 

used to assess degradation of the retrieved PLDLLA cages. 
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Chapter 6 summarizes the results of the amorphous PLDLLA studies and compares these 

results to earlier studies of a crystalline polylactide in the presented goat model.

Radiological studies

Bioresorbable cages are radiolucent and allow radiologic analysis of the fusion zone inside the 

cage. The amount of stability in a fusion zone influences in tissue formation. Determination 

of different kinds of tissue formation inside the cage at an early stage in the fusion process 

would provide vital information. Magnetic resonance imaging can discern different kinds 

of tissues with the use of different scanning modes. Moreover, detailed three dimensional 

monitoring of the cage could elucidate more on cage placement and behavior in vivo. 

Chapter 7 focuses on the feasibility of MRI as a tool for distinguishing different kinds of soft 

tissues inside a bioresorbable radiolucent interbody fusion cage and monitoring of the cage 

in time. This chapter is followed by a quantitative study in Chapter 8 on cage degradation, 

behavior and time-dependent tissue change inside the cage.

Chapter 9 forms a general discussion on the used biomechanical model and in vivo goat 

model, the possible causes of the premature failure of the PLDLLA cages and the present and 

future clinical application of bioresorbable cages. Chapter 10 is a summary of the preceding 

chapters resulting in general conclusions.
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TO THE EDITOR

Re: Kandziora F, Pflugmacher R, Scholz M, et al. Bioabsorbable Interbody Cages in a Sheep 

Cervical Spine Fusion Model. Spine 2004; 29:1845–55. 

The authors reported on an experimental study comparing an autologous tricortical iliac 

crest bone graft with 2 different bioabsorbable cages (i.e., a 70/30 poly[Llactide- co-D,L-

lactide] [PLDLLA] cage and a polymercalciumphosphate composite [PCC] cage), both filled 

with autologous cancellous bone graft in a cervical spine interbody fusion model. Kandziora 

et al concluded that the PCC cage showed significantly better outcomes than the other two 

devices. In addition, the authors reported that the early appearance of large osteolysis and 

tissue reaction associated with the use of the PLDLLA material allowed skepticism regarding 

the clinical value of this bioabsorbable implant. We do agree with this conclusion concerning 

the implant. However, we do not agree with the remarks about the PLDLLA material. To 

date, modern polymer technology allows the tailor- made design of devices with specific 

characteristics. For example, in orthopedic surgery, considerable experimental and clinical 

experiences have been gained with bioabsorbable osteosynthesis devices using various 

polymers with excellent results.1–5 Specifically for spinal interbody fusion, Toth et al6 and 

our group7,8 reported on the use of two different polylactides (70/30 PLDLLA and PLLA, 

respectively) used as cage material. These longterm studies (24 and 48 months, respectively) 

have shown good-to-excellent results regarding fusion rate, degradation rate, mechanical 

behavior, and tissue response. However, by contrast, Kandziora et al observed implant failures 

and grades I–III foreign body reactions in all animals of the PLDLLA group after a follow-up 

of only 12 weeks. What causes these striking differences? We agree with the authors that an 

explanation for the results reported is a very rapid breakdown of the polymer material. They 

attributed this accelerated degradation to the amorphous PLDLLA homopolymer structure of 

the material. However, information about this parameter as well as other relevant information 

explaining the breakdown is not provided in their study. Therefore, we will discuss them. 

1. The description of the materials used is inadequate. Kandziora et al mention only the 

chemical component of the experimental PLDLLA cage. There is no information about the 

PCC cage regarding the polymer used and the composition of the calciumphosphate. In 

addition, there is no description of the chemical characteristics of the PCC or PLDLLA material 

as raw material after the fabrication processing, after the sterilization process, and after the 

experiments. Biochemical parameters influencing the degradation rate, such as molecular 

weight, molecular weight distribution, crystallinity, inherent viscosity, glass transition 
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temperature, residual monomer, and the presence of additives or impurities, may differ 

considerably in raw material and as a result of processing and handling.2,9–12 For example, 

the “thermal history” of the polymer, which includes the fabrication and sterilization process, 

significantly affects the mechanical and physical properties of polymer based devices.2,10 In 

addition, the use of poor raw material or of not optimal processing (fabrication) techniques 

can result in high amounts of residual monomers, which increase both the degradation rate 

and the crystalline degradation products, leading to a microporous structure in only a few 

weeks.2 Obviously, under-loading conditions, an early collapse of the polymer device, and 

an adverse tissue response can occur.11,12 Thus, detailed knowledge of the fabricating and 

physicobiochemical parameters of the bioabsorbable material as raw material after processing 

and after conducting experiments is essential for interpretation of the results presented by 

the authors. None of these data are provided in the present study or in the authors’ previous 

studies.13,14 

2. The used cage designs are different and inadequate. Kandziora et al compared cages 

with different materials and different designs. This is a serious methodological drawback 

because one cannot tell whether the differences in result are caused by the material, design, 

or both. One effect of a different cage design is that the mechanical stability of the operated 

spinal segment and, thus, the loading regime of the cage are different. The latter is known 

to influence the degradation rate of a polymer. In addition, it has also been shown that 

polymer degradations kinetics is influenced by the implant design itself.15–17 Specifically, 

higher (wall) thickness of a polymer device leads to a faster degradation rate as a result of a 

heterogeneous hydrolysis (the rate of degradation being higher inside the polymer than at 

the surface).7,15 Degradation causes an increase in carboxylic chain ends that autocatalyse 

the ester hydrolysis.17 These carboxylic chain ends can diffuse from the surface of the cage, 

but those located well inside the matrix maintain entrapped and contribute completely to 

the autocatalytic effect, enhancing the degradation rate.15 Kandziora et al used PLDLLA 

cages with a significantly higher (wall) thickness (approximately 5 mm) compared to the 

cages used in the experiments performed by Toth et al6 and our group.7,8 A (wall) thickness 

of this magnitude provides another possible explanation for the premature degradation of 

their cage, eventually resulting in cage collapse, foreign body response, and osteolysis. Thus, 

polymer cage design is an important parameter that should be considered when planning 

and performing experimental studies. 

The authors briefly refer to the early human clinical experiments with a 70/30 PLDLLA 

cage.6,18 Recently, a much longer clinical follow-up with this PLDLLA cage has been reported, 
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apparently without catastrophic results and having high fusion rates.19 The suggestion that 

the PLDLLA material used in the authors in vivo animal study is comparable to the PLDLLA 

used in these clinical and preclinical studies is, based on the arguments discussed previously, 

unfounded and, therefore, misleading. In fact, the results of Kandziora et al strongly suggest 

that the material, cage design, and/or loading conditions differ considerably. Their material 

failed for yet unknown reasons and should not be used clinically. In this respect, we agree 

with the authors that carefully planned and scientifically sound designed, long-term animal 

studies are needed to evaluate properly select and processed polymers as basic material to 

be used as interbody fusion cages. In conclusion, we would like to highlight the importance 

of an accurate description of the dimensions, chemical composition, and degradation 

parameters of bioresorbable polylactide devices in any future in vivo and in vitro studies, 

before and after the experiment. Reporting these parameters enables a comparison between 

studies, and provides vital information about the material and the relation between material 

behavior and tissue response. Coverage of this information will lead to a more effective, 

further development and prudent application of these materials as the principle component 

of interbody fusion cages.
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ABSTRACT

Interbody cages have been developed to increase stability of the spinal segment and thereby 

enhance fusion. However, they often prove inadequate in the stand-alone situation. How 

much stability then is required or allowed for fusion? In various goat studies over the recent 

years we routinely obtained spinal fusion with a stand-alone cage. However, we know nothing 

about the mechanical conditions under which these were obtained. The first step to address 

this issue is by measuring primary stability. 

Our standardized goat model for spinal fusion was now used in vitro. Fourty-eight native 

lumbar spine segments were mechanically tested in flexion/extension, axial torsion (left/

right), anterior/posterior shear, and left/right lateral bending. Then all segments were provided 

with a titanium cage as we did in our earlier in vivo studies, and the mechanical tests were 

repeated. Under shear force and axial torsion, a significant loss of stiffness was seen in the 

operated segments as compared to unoperated controls. No increase of stiffness was found 

in any of the loading directions. 

Cage implantation in a lumbar spinal segment thus does not increase immediate postoperative 

stability as compared to the native segment in this young healty goat model. This is attributed 

to annular damage during cage implantation and the subsequent loss of segment height. 

Yet our earlier studies with this goat model generally showed fusion. This implies that high 

primary segment stability is not required for fusion, or –alternatively- that the tested range of 

motion of the spinal segment does not occur in these magnitudes in vivo.
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INTRODUCTION

The primary goal of spinal fusion is to reduce pain and to control neurological symptoms by 

realigning the spine and decreasing excessive, uncontrolled motions between the vertebrae. 

To achieve this, many different cage designs and materials have been developed (Weiner 

and Fraser, 1998; McAfee, 1999; Steffen et al., 2000; Zdeblick and Philips, 2003). Rapid rise 

in fusion surgeries was observed after the approval of the intervertebral fusion cage by the 

Food and Drug Administration in 1996 (Deyo et al., 2005), and good and excellent clinical 

success is claimed in studies with 2–4 years follow up (e.g. Ray, 1997; Brantigan et al., 2000; 

Kuslich et al., 2000). However, recent reports show an increasing number of failed cages, 

especially at longer follow-up periods (Tullberg, 1997; McAfee et al., 1999; Togawa et al., 

2004; Button et al, 2005). In literature, the increasing complication rates after interbody 

fusion are discussed in relation to cage design and material (Steffen et al., 2000; Sasso et 

al., 2005) as well as surgical procedure (Fritzel, 2003). In this context, much attention has 

been paid to the primary stability of intervertebral cages, with varying results: some groups 

find a significant decrease in segmental range of motion (ROM) (e.g. Sengupta et al,, 2002; 

Greene et al., 2003; Wang et al., 2003; Boskuz et al., 2004; ), others observe an increase 

(e.g. Shimamoto et al, 2001; Le Huec et al, 2002; Korinth et al., 2003) or no difference as 

compared to the intact spinal segment (e.g. Murukami et al, 2004). It remains unclear from 

these biomechanical studies, therefore, how much stability is actually required to obtain 

spinal fusion, or conversely, how much instability is still allowed.

Several groups showed successful fusion in vivo using stand-alone cages, both clinically (e.g. 

Haid et al., 2004; Sasso et al. 2004; Ryu et al, 2005) and in animal experiments (e.g Brantigan 

et al, 1994; Toth et al, 2002). Also our group observed fusion using stand-alone cages of 

various materials in a goat model (e.g. Van Dijk et al., 2002; Krijnen et al., 2006). It is unclear 

from these in vivo studies, however, if and how the stand-alone cage influenced segment 

stability. To understand the contribution of the mechanical environment in fusion in this 

specific goat model, we performed an in vitro study determining the stability in eight loading 

directions before and directly after placement of an interbody cage. 

MATERIALS AND METHODS

The lumbar spines (L1-L6) were explanted from 24 skeletally mature female Dutch milk 

goats (3-7 years old, weight 55-70 kg), trimmed of soft tissue leaving the ligaments intact, 

and divided in three single motion segments. The dimensions and distance of the vertebral 
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endplates neighbouring the intact discs were measured using lateral and anteroposterior 

radiographs. To also address the role of disc dimension in spinal stability, we used L1-L2 

and L5-L6 of each spine for the mechanical study; L3-L4 was kept for separate studies. The 

specimens were wrapped in 0.9% saline soaked gauzes and frozen at –25 °C in polyethylene 

bags until testing (Wilke et al., 1998). 

Before mechanical testing, the motion segments were thawed to room temperature. The 

native L1-2 and L5-6 segments were randomly divided in four groups, to be tested under 

flexion/extension, bilateral bending, left/right torsion, and anterior/posterior shear (n=6 

each). For every loading direction a set-up was developed to create a pure moment or shear 

without preload. The free endplates of the motion segments were fixed in a low melting point 

bismuth alloy (Sonderweichlot 301, A 301, Degussa AG, Wolfgang, Germany; melting point 

48°C) and mounted on an Instron 8872 testing machine (Instron Corp., Canton, MA, USA). 

Bending and torsion were applied in both directions with a speed of 0.6 degrees/min up to 

1.0 Nm and shear force (anteriorly and posteriorly) was applied with a speed of 1.0 mm/

min to a maximum of 200 N, to stay within the viscoelastic range and to avoid damaging of 

the specimens (Wilke et al., 1998). During the experiments the segments were intermittently 

sprayed with 0.9% saline to prevent dehydration. Force-deformation data acquisition was 

performed for each direction separately through materials testing software (Fast Track 2, 

Instron Corp., Canton, MA, USA). 

After testing the intact motion segments, they were mounted in a bench device for a 

simulated interbody fusion procedure through a left lateral approach (Van Dijk et al., 2002). 

The intervertebral disc was identified and transversely penetrated by a 2-mm guide-wire. An 

8-mm drill bit was positioned over the guide-wire and a round channel was drilled through 

the intervertebral disc and adjacent vertebral endplates, leaving the anterior and posterior 

longitudinal ligaments intact. Then a 10-mm drill bit was positioned over the guide-wire 

and the round channel was enlarged. The intervertebral disc and approximately 2 to 3 mm 

of endplate and subchondral bone of both adjacent vertebral bodies within the transverse 

rectangular defect were then removed in a standardised way using a custom-made box gouge 

(10x10 mm). All the tissue within the rectangular defect was removed in a standardised 

way. Care was taken during drilling and preparing the rectangular defect not to place the 

intervertebral disc under distraction or compression.

Custom made titanium cages with a wall thickness of 1.5 mm and rectangular configuration 

(10x10x18 mm; figure 1) were impacted with bone graft and gently pushed in the 

intervertebral lumen (figure 2). The specimens were remounted on the mechanical testing 

devices and the experiments were repeated for each loading condition.
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Statistical Analysis 

Repeated measures ANOVA was performed comparing the amount of movement  (in 

mm or degrees) at fixed forces or bending moments between the instrumented and non-

instrumented group. An overall analysis included instrumentation (instrumented versus 

control), movement direction (eight levels: anteriro and posterior shear, flexion, extension, 

left and right lateral bending, and left and right torsion), and loading magnitude (8 levels) as 

independent variables and spinal level (L1-2 versus L5-6) as a between subjects factor. Post-

hoc analyses were performed per movement direction except for lateral bending and torsion, 

where left and right movements were combined, with left versus right as an extra factor. For 

all statistical tests, the significance level was set at p< 0.05.

Figure 1 The titanium cage used for all experiments in this 
study. The external dimensions are 10x10x18 mm including the 
teeth, which are 1 mm high on both sides. the wall thickness 
is 1.5 mm. The same cage, made of titanium as well as several 
bioresorbable polymers, has been used in earlier in vivo studies 
in a goat model.

Figure 2 Lateral X-ray of a cage implanted in a lumbar motion segment, showing the penetration 
of both adjacent vertebral endplates by 2-3 mm.
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RESULTS

disc dimensions 

The dimensions and distance of the vertebral endplates of the segments (L1-6) are presented 

in Table 1. L1-L2 segments do not differ significantly from L3-L4. L5-L6 is significantly broader 

than the other lumbar segments, and non-significantly less deep. The anterior disc height is 

non-significantly larger in L5-L6 as compared to L3-L4 and L1-L2.

mechanical stability 

The mechanical experiments are summarized in figure 3. Overall the instrumented group 

showed significantly more motion at the same force or bending moment (p = 0.015). The 

surgical procedure showed no significant effect on sagittal bending (p = 0.334). Also flexion 

(p = 0.26) showed no difference, whereas extension (p = 0.065) showed a non-significant 

increase of movement (fig. 3a). Lateral bending (left and right, p = 0.052; fig.3b) also showed 

a non-significant increase of movement. Despite the left lateral opening in the annulus, 

there was no asymmetry between left and right bending. L5-L6 consistently was stiffer than 

L1-L2. Shear (p = 0.034) and torsion (p < 0.001) displacements were significantly increased 

due to the insertion of the cage (fig. 3c,d). Anterior and posterior shear displacements were 

not significantly different. 

level differences 

A significant interaction (p = 0.013) of vertebral level and surgical procedure occurred, 

consisting of a stronger increase in movement under torsion in the L1-2 group due to 

instrumentation as compared to L5-6 group (fig. 3c). The other loading directions gave no 

significant differences between the lumbar levels.

Table 1 Average dimensions of the intervertebral discs of the lumbar spine segments of a goat 
(values in mm).

Level Width Depth Height anterior Height posterior

L1-L2 (n=6) 25.8 (1.4) 19.2 (0.8) 6.3 (0.8) 4.6 (0.6)

L3-L4 (n=6) 26.8 (0.5) 18.9 (0.5) 6.3 (0.5) 4.4 (0.4)

L5-L6 (n=6) 31.8 (0.9) 17.9 (1.0) 6.9 (0.4) 4.7 (0.5)36



Figure 3a Average load-deformation curve under flexion-extension. The curves show a non-
significant decrease of stiffness after surgery.

Figure 3b Average load-displacement curve of lateral bending. Steeper slopes indicate higher 
stiffness. The curves show a non-significant decrease of stiffness after surgery.
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Figure 3c Average load-deformation curve of axial torsion. Movement increases at the same 
moment after surgery (p < 0.000). After surgery L1-2 shows significant more motion at the same 
load than L5-6 (p = 0.013).

Figure 3d Average force-deformation curve of shear. After instrumentation the stiffness decreases 
significantly (p = 0.034)
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DISCUSSION

Primary segmental stability after insertion of an intervertebral cage is generally assumed to 

be a key factor for successful fusion. However, there are no studies in the literature that 

explicitly report on the primary stability of a successful fusion model using stand-alone cages 

(Van Dijk et al., 2002; Krijnen et al., subm). Further, little comparable data are available 

on laterally inserted cages. This biomechanical investigation was performed to validate our 

existing protocol of spinal fusion in an animal model in the goat. 

In axial torsion, we found a weakened specimen after surgery as compared to the native 

situation. This adds to other investigations that were also not able to stabilize the motion 

segment in axial torsion (Nydegger et al, 2001; Le Huec et al, 2002; Schneid et al., 2002; 

Harris et al, 2004). The unilateral destruction of annulus fibers is not compensated by the 

endplate perforation, which we theorized could help to stablize the motion segment under 

axial torsion. Where press-fit placement of the cage surely would have increased segment 

stability under torsion, it is doubtful whether that actually can be realised in practice.

In flexion, the operated motion segments were almost as stiff as the native segment. This 

compares closely to findings in other models (Schneid et al., 2002; Harris et al, 2004), but it 

fails to significantly stabilize the motion segment like others were able to with stand-alone 

cages (Tsantrizos et al, 2000; Nydegger et al, 2001; Le Huec et al, 2002). Extension has 

proved to be poorly stabilized in other procedures (Lund et al, 1998; Oxland et al, 2000; 

Oxland and Lund, 2000). Here we found near same values between native and instrumented 

specimens at both levels, although we did not distract the disc where others did. We attribute 

the lack of stabilisation in flexion and extension to the laxity of the longitudinal ligaments as a 

result of damaging the healthy discs. Indeed, it was observed in radiostereometric analyses in 

vivo that the segment height decreased by about one millimeter during the fusion procedure 

in this goat model (Krijnen et al, 2004; Krijnen et al, 2006). Tension of the longitudinal 

ligaments can be restored by distraction of the operated segment before surgery, which in 

fact is routinely done in human fusion surgeries.

The relation between annular damage and increased instability was demonstrated by the 

significant difference between the spinal levels under torsion: a relatively larger defect was 

created in the annulus of L1-L2, because the average width of the endplate is 6 mm smaller 

than the endplate of L5-6 (table 1). The width and depth of the tunnel, however, did not 

change, leading to damage of the annulus on the contralateral side at the L1-2 level and not 

at the L5-6 level. This caused a significantly larger decrease of stiffness under torsion (Figure 

3c), and confirms the idea that damage to the annulus should be minimised.
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In the present study the postoperative stability was compared to the stability of a young, 

healthy vertebral segment. This may seem an irrelevant condition for the clinical situation, 

but operating healthy segments is just what we did in our earlier in vivo studies (e.g. Van 

Dijk et al., 2002; Krijnen et al, 2004;). We now thus have good experimental data on the 

mechanical conditions directly after insertion of the cage, and we find that stability decreases 

rather than increases as compared to the native disc. Yet we routinely obtain successful 

fusion with this goat model in vivo. This leads to the conclusion that high primary segment 

stability is not required for fusion, or –alternatively- that the tested range of motion of the 

spinal segment does not occur in these magnitudes in vivo. The latter hypothesis can only be 

challenged with intervertebral motion analysis in the goat model in vivo.
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ABSTRACT

To reduce long term complications associated with non-resorbable interbody fusion cages 

bioresorbable cages are being developed. In this study the influence of bioresorbable cage 

material on segment stability, intervertebral disc height (IVDH) and fusion, is investigated 

in an in vivo radiostereometric analysis study comparing 70/30 poly(L-lactide-co-D,L-lactide) 

(PLDLLA) cages with titanium cages. Twenty-eight goats were randomized to receive PLDLLA 

(n = 21) or a titanium control (n = 7) cage at L3-L4. Range of motion (ROM) for flexion and 

extension and change in IVDH were measured before and after surgery and at follow-up (3, 

6, and 12 months). Fusion was scored with a validated radiographic score. 

Although the PLDLLA cage could not provide the optimal environment for a successful 

high fusion rate, the range of motion of the PLDLLA segments gradually decreased in time 

and was similar to the titanium control group at 12 months. In addition the decrease of 

intervertebral disc height was similar for both PLDLLA (1.4 ± 0.8 mm) and titanium (1.3 ± 

1.0 mm) specimens. Both results showed that a bioresorbable cage does not lead to less 

decrease of motion or more loss of IVDH in time compared to titanium. This study therefore 

supports further development of a bioresorbable cage concept.
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INTRODUCTION

Lumbar spinal interbody fusion is performed to relieve clinical symptoms by stabilizing the 

spinal column at one or more levels and sometimes realigning the spine and restoring 

intervertebral disc height (IVDH).34 To achieve these goals, many different cage designs and 

materials (typically non-resorbable) have been developed.23,34,46,49 At present, approximately 

151,000 lumbar interbody fusions are performed in the United States annually,8 with good 

and excellent clinical success reported in studies with 2 to 4 years followup.4,11,19,21,28 

However, the outcome of long term interaction of the cage implant with the spinal segment 

is not known. Recent reports show an increasing number of failed cages.24,35,37 The increase 

in complications arising after lumbar interbody fusion are ostensibly related to cage design 

and material34 and surgical procedure.9 The disappointing results have provided incentive 

to investigate bioresorbable materials1,2,29 as suitable alternatives for interbody fusion 

cages.12,15,41 

Bioresorbable cages have several advantages as compared with non-resorbable (titanium, 

carbon, polyetheretherketone) cages. First, in contrast to metallic cages, bioresorbable 

cages are radiolucent, which facilitates radiographic analysis of the fusion zone. Second, 

bioresorbable cages have mechanical properties equivalent to bone, theoretically facilitating 

bone graft remodeling, bone ingrowth, and bone fusion.42 Third, after bony fusion between 

two vertebral bodies, the bioresorbable cage device degrades over time and resorbs 

completely, avoiding the complications inherent to permanent foreign bodies (eg, infection, 

migration, foreign body reaction).24,35 

A point of reluctance in the development of a bioresorbable cage is the subtle balance 

between the fusion process and cage degradation rate: early mechanical failure of the cage 

could lead to instability and loss of intervertebral disc height, and eventually pseudarthrosis. 

Therefore, appropriate cage material, cage design, and maintenance of intervertebral disc 

height and segment stability are vital parameters in the development of resorbable cages. 

We asked whether one bioresorbable cage design could maintain segment stability, IVD 

height and fusion.

MATERIALS AND METHODS

We randomly assigned 28 skeletally mature female Dutch milk goats (45–70 kg) to receive a 

PLDLLA (n = 21) or a titanium (n = 7) cage at L3-L4 during fusion surgery. Before and after 

surgery and at follow up, ROM and the intervertebral disc height were measured using RSA. 
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at three (n = 6), six (n = 7), and 12 months (n = 13). At the endpoint the spinal segment was 

harvested and processed for radiological and histological analysis.

The operative procedure has been described in detail elsewhere.41,42 In brief, a skin incision 

was made over the iliac crest. After freeing the iliac crest of overlying tissue, cancellous bone 

graft chips were harvested. Through a left retroperitoneal approach, the L3-L4 intervertebral 

disc was identified. Six 1-mm tantalum RSA markers per vertebral body (Tilly Medical 

Products, Lund, Sweden) were inserted in L2, L3, and L4 (Fig 1a). The intervertebral disc and 

approximately 2 mm of endplate and subchondral bone of both adjacent vertebral bodies 

in the transverse rectangular defect were removed in a standard way using a custom-made 

box gauge (10 x 10 mm). Subsequently, a PLDLLA or titanium cage was inserted at random. 

Postoperatively the animals received analgesics (0.01mg/kg buprenorphine hydrochloride 

subcutaneous injection, every 8 hours during 5 days). Eating habits, ambulatory activities, and 

health status were monitored daily. After wound healing was completed, the animals were 

moved to an indoors and outdoors large natural environment without activity restrictions. At 

the endpoint, the goats were sedated and euthanized with an overdose of pentobarbital. 

Interbody cages were configured with a vertical and rectangular geometry (10 x 10 x 18 mm; 

wall thickness, 1.5 mm). A bioresorbable 70/30 PLDLLA interbody cage was used (inherent 

viscosity 1.51 ± 0.025 dL/g; glass transition temperature, 55°–60° C; E-beam sterilized) 

(Macropore Biosurgery, Inc, San Diego, CA). To assure the appropriate biomechanical 

Figure 1a. A postoperative lateral radiograph of the lumbar goat spine is shown. Tantalum markers 
are visible in the vertebral bodies of (from left to right) L2, L3 and L4. The four markers in the 
radiolucent walls of the bioresorbable PLDLLA cage are visible in the L3-L4 segment.
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characteristics of the designed cage, the maximum axial compression force was determined 

in six separate PLDLLA cages to be 6546 N (standard deviation, 188 N). Unloaded degradation 

of the PLDLLA cages in phosphate buffered saline at 37° C indicated that the cages exceed 

the goat vertebral yield strength (3.5 kN)40 up to 31 weeks. Custom made titanium cages of 

the same geometry as the bioresorbable cages were used as a control in the fusion model. 

Radiostereometric analysis of spinal segments was performed before placement of the cage 

and immediately postoperatively while the goat was still under anesthesia. At both time 

points, maximal flexion and extension of the spine was obtained by manipulating the front 

and hind legs. The RSA set-up consisted of two synchronized roentgen tubes positioned 

approximately 1.5 meters above the roentgen film, with each tube projected at 1/2 of the 

film (total area of the film, 35 x 42 cm) (Fig 1b). The exposure of the roentgen film by both 

roentgen tubes was simultaneous. The angle of each roentgen tube with the vertical was 

20°. Additionally, a Plexiglas calibration box with 26 1-mm-diameter tantalum markers on the 

top and bottom layers was used. The positions of the markers were determined precisely by 

a mechanical measuring device that had an accuracy of 0.001 mm. These box-markers define 

the coordinate system and determine the roentgen foci positions. With a Vidar VXR-12 scanner 

(Vidar, Lund, Sweden), the radiographs were scanned at 150 dpi resolution and eight-bit 

gray scale resolution. The measurement of marker coordinates in the digitized radiographs, 

the three-dimensional reconstruction of the marker positions, and the micro motion analysis 

was performed with RSA-CMS (MEDIS, Leiden, The Netherlands), a software package 

that performs the RSA analysis automatically in digitized or digital radiographs.38,39,45 The 

Figure 1b. RSA set-up consisting of two synchronized 
roentgen tubes positioned approximately 1.5 meters 
above the roentgen film, with each tube projected at 
1/2 of the film
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reproducibility of RSA measurements was determined by means of replicate examinations 

made within about 10 minutes. By measuring, analyzing, and comparing these two pairs of 

radiographs, the precision of the micromotion parameters can be assessed.27

Loss of IVDH and range of motion (ROM) of the spinal segments of L2-L3 and L3-L4 were 

ascertained. To assess the time-dependent change of the intervertebral disc height, the change 

in intervertebral disc height at follow-up was benchmarked against the direct postoperative 

intervertebral disc height. Measurements of IVDH were performed in a neutral position of 

the spine. Range of motion was obtained by adding maximal flexion and extension angles. 

To correct for a non-standardized flexion force, the ROM of the operated segment (L3-L4) 

was divided by the anatomical segment (L2-L3). This provided a ratio of movement of L3-L4/

L2-L3. Analysis was performed on the ratios of ROM. 

After the animals were sacrificed, gross pathologic examination was performed. The L3-L4 

segment was dissected from the spine and sectioned in a standardized manner using a 

water-cooled band saw (EXAKT, Norderstedt, Germany), creating parasagittal sections 3 

mm and 5 mm thick. Lateral radiographs of the 5 mm sectioned specimens were used 

to estimate interbody fusion within the cage devices according to a validated 3-point 

radiographic score (RS).42

Study variables were expressed as means ± standard deviation (SD). Statistical tests were 

performed with the use of SPSS software. Mann Whitney U test was used for nonparametric 

data (fusion rates). For parametric data, unpaired two tailed t-test and a Tukey-Kramer post 

hoc multiple comparisons test were used to make specific comparisons between the groups 

(ROM and IVDH). Statistical significance was set at a p value of less than 0.05

RESULTS

All goats recovered uneventfully from the surgical procedure, and normal ambulatory and 

social activities were regained around the second postoperative day. Two goats were excluded 

from the study. The first, in the 3 months follow-up group, was excluded because gauze was 

left behind in the wound at the level of the implant during surgery, causing an inflammatory 

reaction. The second, included in the 12 months time interval, sustained recurrent infections 

at the iliac crest and was sacrificed before the planned date. Unfortunately the ROM data 

sets of four goats, two at 3 months and two at 6 months (one fusion), were incomplete due 

to poor quality of the X-rays and therefore not used in the ROM analysis. For the analysis of 

the IVDH, two goats were not included due to incomplete sets of IVDH data.
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The ROM of both the PLDLLA and the titanium segments decreased over time with similar 

values at 12 months. Before surgery, the ROM of the spinal segments of L3-L4 was larger 

than of L2-L3 (ratio = 1.3; SD, 0.9), indicating a more physiologic ROM of the level L3-L4. 

Postoperatively, we observed a similar ratio (1.6, SD, 1.5). From 3 to 12 months, the ratio 

of ROM decreased (p < 0.01) gradually, indicating stiffening of the operated segment. At 

12 months, no difference was observed between the mean ROM of titanium specimens and 

the PLDLLA specimens (unpaired T-test, p=0.24). The fused specimens of the PLDLLA and 

titanium group together did show a lower (unpaired T-test, p = 0.002) mean ROM compared 

with the unfused segments. The replicate examinations of rotation on the Z-axis (sagittal 

plane) showed a precision of 0.80° (upper limit of the 95% confidence interval).

In time the IVDH of the PLDLLA segments decreased, but not more than in the titanium 

segments (unpaired T-test, p=0.89). The average disc height of the L3-L4 spinal segment 

was 4.4 (SD, 0.4) mm. Directly postoperative IVDH decreased (paired T-test, p < 0.0001) 

0.9 ± 0.5 mm compared with the preoperative intervertebral disc height, but there was no 

Figure 3. The graph shows the 
decrease of intervertebral disc 
height (IVDH) in mm.

Figure 2. The graph shows 
the ratio of range of motion 
of the operated segment. Pre 
OR = preoperative, Post OR = 
postoperative, mo = months. The 
ratio was determined by dividing 
the ROM of the operated L3-4 
segment by the ROM of the 
physiologic L2-3 segment.
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difference between the treatment groups. Follow-up measurements, benchmarked against 

the postoperative intervertebral disc height, showed a non-significant decrease of the IVD 

height of 0.5 ± 0.5 mm at 3 months. At six months the loss of intervertebral disc height 

significantly increased to 1.6 +/- 0.5 mm (unpaired T-test, p < 0.01). Intervertebral disc height 

did not change between 6 to12 months. In the titanium and PLDLLA groups, the specimens 

showed no significant difference in loss of intervertebral disc height 1.4 ± 0.8 mm and 1.3 ± 

1.0 mm respectively at twelve months. Replicate examinations of the translation on the Y-axis 

(loss of IVDH) showed a precision of 0.24 mm (upper limit of the 95% confidence interval).

Table 1 Rate of interbody fusion of the operated motion segments

Treatment Group Follow-up (months) RS 1 RS 2

PLDLLA 3 5/5

PLDLLA 6 3/6 3/6 50%

Titanium 6 1/1

PLDLLA 12 5/8 3/8 38%

Titanium 12 1/6 5/6 83%

Interbody fusion scored according to a radiographic score. 46 RS 0: Pseudarthrosis, RS 1: Ingrowth 
of bone with the cage securely fixed to vertebral bone above and below but with a radiolucent 
discontinuity in the fusion mass, RS 2: Arthrodesis with solid bone bridging the fusion area. 

Figure 4A-B. The lateral radiographs illustrate 
5-mm sections of motion segments of a (A) three 
months postoperative PLDLLA specimen and a (B) 
12 months PLDLLA specimen.
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No difference in fusion rate was observed (Table 1). At 3 months, the graft was completely 

remodeled and ingrowth of trabecular bone was observed in all (5/5) PLDLLA cages (Fig 4A). 

The bone ingrowth resulted in a fusion rate of 50% (3/6) (Fig 4B) at 6 months which did 

not increase additionally at 12 months. At 12 months the titanium specimens showed a non 

significant higher fusion rate of 83% (5/6).  

DISCUSSION

The increasing number of intervertebral fusions using cages 8 together with the concomitant 

complications of non-resorbable cages24,35,37 have given incentive to develop a bioresorbable 

cage. Long term complications inherent to a foreign body can be avoided by using 

bioresorbable material. However, during the fusion process bioresorbable material will 

decrease in strength over time, therefore parameters like segment stability and IVDH are vital 

parameters for successful development of such a concept. Can a bioresorbable cage perform 

equally or better than a titanium cage with respect to these parameters? The presented study 

focused on these parameters in combination with fusion rate using a spinal interbody fusion 

goat model. The results indicated that the PLDLLA segments performed equally well as the 

titanium cages in maintaining intervertebral disc height and decreasing segment movement 

at 12 months. However, fusion rate of the PLDLLA cages was not as successful as in the 

titanium control segments. 

There are several limitations to our study, including the use of skeletally mature goats which 

do not exhibit degenerative changes, instability or spinal deformities. It is these conditions 

in conjunction with clinical symptoms which are the main indicators for spinal interventions. 

The effect of cage placement is therefore benchmarked against a stable anatomical situation 

making it more difficult to achieve a stabilizing result. Another point of reluctance towards 

the extrapolation of the obtained results to the human spine, however, are the higher axial 

compression forces in the goat spine that lead to higher bone densities compared with 

humans.32 An advantage of the presented standardized goat spine model is the comparison 

of previous and ongoing in vitro and in vivo studies using this goat 3,33,40-43 and similar sheep 

models.7,12,15,16,30,31,36 Furthermore the mechanical properties of the sheep spine show 

similarities to the human spine, strongest in the thoracic and lumbar regions, which make it 

a useful model for the evaluation of spinal implants.47,48  
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Although direct comparison to other studies concerning segment stability was not possible, 

similar results were seen. In several preclinical studies, segmental stability is tested ex vivo 

with a mechanical testing apparatus after a nondestructive testing protocol.12,15,36 With the 

use of pure moment bending while moisturizing the spinal segment with a saline solution, 

the in vivo biomechanical and physiological environment is imitated. With these in vivo to 

ex vivo differences in mind, our findings were compared with two human cadaver studies 

investigating the effect of anterior cage placement and additional screw fixation on spinal 

stability. 25,26 Both ex vivo studies showed that cage placement increased angular motion in 

extension when tested without preload, confirming the findings of our study. Two clinical RSA 

studies evaluating the stabilizing effect of a lumbar spine implant did not record preoperative 

and direct postoperative values and additional screw fixation was added, preventing direct 

comparison.10,13 However, both studies, like our study, show time-dependent segment 

stiffening.10,13,14

At 12 months, like the ROM, the decrease in intervertebral disc height of the PLDLLA matched 

the intervertebral disc height of the titanium cages. The similar decrease of intervertebral disc 

height in the PLDLLA and titanium cage groups substantiate our hypothesis that the loss of 

intervertebral disc height is not related to the biomechanical failure of the PLDLLA cage but 

more likely to settling of the cage and remodeling of the bone bed. 

The behavior of the bioresorbable material of the cage influences the fusion process within 

the cage. In polylactide cages, in the present and previous study, bone remodeling clearly 

shows that remodeling of the graft in the first 3 months is enhanced compared with the bone 

remodeling in titanium cages.42 Whereas high successful fusion rates could be demonstrated 

after 6 months and beyond (up to 48 months) when using poly-L-lactide  cages,41,44 a lower 

percentage of fusion rates occurred in the PLDLLA group (50% at 6 months, 38% at 12 

months). Apparently, when using polylactide cages, success of fusion is determined in the first 

3 to 6 months. Our study shows that at 3 months bone graft was completely resorbed in the 

PLDLLA specimens, illustrating a fast bone remodeling. This remodeling process was induced 

by the appropriate stiffness of the cage leading to increased loading of the graft. However, 

MRI findings of this study group17 showed cracks in the cage at 3 months, an increase of 

cracks and cage deformation at 6 months, and cage disintegration at 12 months. In our 

opinion, initial segment instability and cage fast degradation seem to be associated with the 

unsuccessful fusion rate. To bolster this hypothesis, no cracks were found at 3 months and 

only micro cracks and no cage deformation were found at 6 months retrieval time when 

using PLLA cages, which have the same geometry.43 Other studies using 70/30 PLDLLA 

cages were conducted by Kandziora et al15and Toth et al.36 Kandziora et al found negative 
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results with regard to biocompatibility and fusion rates after 12 weeks. Unfortunately, 

material properties and processing data were not reported, preventing interpretation of the 

results. By contrast, Toth et al used the same material of our study but a different design 

filled with autograft or recombinant human bone morphogenetic protein-2 (rhBMP-2) with 

a follow-up of 3 to 24 months.36 This study found cracks of the cage after 6 months, high 

fusion rates up to 24 months, and good biocompatibility. Short term clinical studies using 

PLDLLA cages with additional internal fixation have shown promising results with regard to 

clinical outcome and fusion rates.5,6,18,20,22

Our data indicate a stand alone PLDLLA cage does not provide the optimal environment for 

a successful high fusion rate; however segment stability and IVDH loss were comparable to 

the titanium cages. Bioresorbable cages induce faster bone remodeling, but also feature a 

delicate balance between degradation rate and fusion. Solutions to increase the fusion rate 

may be sought in improving the biochemical characteristics of the cage (ie, slower resorption 

rate) or by increasing (initial) stability (ie, supplemental fixation) in accordance with the 

current clinical application. Both approaches are currently under investigation
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ABSTRACT

Study Design: A study of lumbar interbody fusion using PLA-based bioresorbable fusion 

cages in a goat model.

Objectives: To evaluate the effect of polylactic acid polymer composition and internal 

stabilization on the rate and quality of interbody fusion.

Summary of Background Data: A spinal cage should provide an appropriate biomechanical 

environment to facilitate interbody fusion. Previous studies have shown that bioresorbable 

PLA-based cages can provide adequate stability for spinal fusion. However, at present the 

best bioresorbable materials, the optimal cage stiffness and the desired period over which 

the cage should biodegrade are unknown.

Methods: Interbody fusions were performed at L3-L4 level in 35 skeletally mature Dutch milk 

goats. Titanium and PLDLLA cages were implanted at random as stand alone cages (SA). In 

addition, PLDLLA cages were implanted with anterior fixation (AF). The goats were sacrificed 

at three, six or twelve months. Radiographical, MRI, histologic and histomorphometric 

analyses were performed on retrieved segments. Degradation of the retrieved PLDLLA cages 

was assessed by chemical analysis. Beforehand, chemical and mechanical degradation of the 

PLDLLA cages were assessed in vitro.

Results: At three months, bone graft was almost completely remodeled. Endochondral bone 

formation was observed in all specimens. At six months, 50% of the PLDLLA SA cages and 

83% of the PLDLLA AF cages were fused. At twelve months, 38% of the PLDLLA SA and 83% 

of the titanium cages realized fusion. A very mild and dispersed foreign body reaction was 

seen in all PLDLLA specimens. E-beam sterilized PLDLLA cages degraded more rapidly in vivo 

as compared to both, PLDLLA cages in vitro, and EtO sterilized PLLA cages in vivo.

Conclusions: Within the three to six months time period, PLDLLA SA cages provided 

insufficient mechanical stability, which manifested as cracking and deformation of the cages 

and lower fusion rates. This implies that within this time period, additional stabilization is 

required; supplemental internal fixation proved sufficient to obtain successful fusion. In all 

cases only a mild host response was seen, indicating good biocompatibility.
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INTRODUCTION

Over the past two decades, the technology of non-resorbable interbody fusion cages, based 

on Bagby’s1 initial experiences with a stainless steel basket, evolved rapidly. The number of 

spinal fusions, using various designs and materials (stainless steel, titanium, carbon fiber, 

PEEK, ceramics) increased tremendously.2-5 At present, high clinical success is claimed in 

fusion studies with 2-4 years follow up.6-10 However, recent reports show an increasing 

number of failed cages.11-13 Complications after lumbar interbody fusion depend on e.g. 

surgical procedure14 cage design and material.4 Non-resorbable cages may cause long-term 

problems, such as bone loss due to stress shielding, wear, or migration of the cage. Although 

carbon fiber or PEEK cages provide an advantage over metal cages since they are radiolucent 

and less stiff, long-term problems such as the release of wear particles11 and breakage of 

the cage13 have been reported. The function of interbody fusion cages – restoration or 

maintenance of disc height and providing stability to enable fusion – is transient. The inherent 

limitations of current cage devices and the temporary role of fusion cages gave incentive 

for the development of bioresorbable PLA-based cages, since the stiffness of such cages is 

comparable to that of bone, they are radiolucent, and they resorb over time.15-17

Previous in vitro and in vivo studies of our group have shown that PLA-based interbody cages 

confer initial and intermediate-term stability that is adequate for spinal fusion.18-22 As the 

cage slowly degrades, load is transferred gradually to the healing bone and the void inside 

the resorbable cage device is replaced with bone. These potential advantages, however, 

occur by selecting the appropriate device properties with respect to biocompatibility, 

stiffness, strength and degradation kinetics. In turn, these characteristics depend on the type 

of polymer in terms of material properties (chemical species, molecular weight distribution, 

porosity, permeability), design (implant mass, bulkiness), handling (sterilization, storage), and 

the environment (pH, mechanical loading, vascularity of tissues). Although we have shown 

that lumbar interbody fusion was efficient and safe with bioresorbable poly-L-lactic acid 

(PLLA) cages, others, using different types of PLA-based interbody cages, showed inferior 

results.23 It is not clear whether the material itself, the handling, cage design, supplemental 

instrumentation, or even the animal models used are responsible for this discrepancy. Primary 

cage stability may be another important parameter for successful spinal fusion. 

To elucidate the influence of PLA-composition and segment stability on the process of spinal 

fusion, we investigated the performance of a 70/30 poly (L-lactide-CO-D,L-lactide) (PLDLLA) 

cage, and compared the results with those of our previous studies using PLLA cages. In 

addition, to investigate the role of segment stability in the fusion process and its effect 
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on cage degradation, we compared PLDLLA cages implanted as stand alone devices and 

implanted with supplemental internal fixation. 

MATERIALS and METHODS

Animals

Operative procedure and animal care were performed in compliance with the regulations 

of the Dutch legislation for animal research and the Animal Ethics Committee of the VU 

University Medical Center approved the protocol. Thirty-five skeletally mature female Dutch 

milk goats (45-70 kg) were included in the present study. 

Cage description

Interbody cages were designed equivalent to the PLLA cages described earlier.18 The cages 

were made of bioresorbable 70/30 poly(L-D,L-lactide) (PLDLLA) with a vertical and rectangular 

geometry (10x10x18 mm, wall thickness 1.5 mm, Mn 140 kg/mol, Mw 253 kg/mol, 

inherent viscosity 1.51±0.025 dL/g, glass transition temperature 55-60 °C, E-beam sterilized) 

(MacroPore Biosurgery, Inc, San Diego, CA). The initial axial compression strength was 

6546±188 N (n=6). Custom made titanium cages of the same geometry as the bioresorbable 

cages were used as a control in the fusion model.

Procedure and surgical technique 

The animals underwent spinal fusion at level L3-L4. PLDLLA and titanium cages were 

inserted at random. Surgery was performed under general anesthesia with endotracheal 

intubation. Prophylactic antibiotic treatment (200 mg procaïnebenzylpenicilline, 250 mg 

dihydrostreptomycinesulfaat per ml per 25 kg body weight, intramuscular) was administered 

once before surgery. The operative procedure has been described in detail elsewhere.18;21 

Briefly, a skin incision was made over the iliac crest. After freeing the iliac crest of overlying 

tissue, cancellous bone graft was harvested. This procedure was performed at both iliac 

crests. Through a left retroperitoneal approach, the L3-L4 intervertebral disc was identified. 

The intervertebral disc and approximately 2 mm of endplate and subchondral bone of 

both adjacent vertebral bodies within the transverse rectangular defect were removed in a 

standardized way using a custom-made box gauge (10x10 mm). The cage was impacted with 

bone graft and then inserted. In seven animals, supplementary anterior fixation was inserted 

(PLDLLA AF) with two lateral screws connected by a rod. All other cages were implanted as 

stand alones (PLDLLA SA). After wound healing was completed, the animals were moved to a 
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large in- and outdoors environment without restrictions. Eating habits, ambulatory activities, 

and health status were monitored daily. At the designated time, the goats were sedated and 

euthanized with an overdose of pentobarbital. 

As in our previous study with PLLA cages21, the goats in the PLDLLA SA group were sacrificed 

at survival periods of three (n=6), six (n=7) and twelve months (n=8). A follow up time of 

six months was chosen for the PLDLLA AF group, and a follow up of twelve months for the 

titanium control group.

Specimen preparation and radiographic analysis

Twenty-two days and one day before sacrifice, all animals received fluorochrome bone 

labels (25 mg/kg calcein green (Sigma-Aldrich, The Netherlands) and 25 mg/kg alizerin red 

certistain (VWR International, Amsterdam, The Netherlands)) to analyze mineral deposition 

within the cages. After sacrifice, the L3-L4 segment was dissected from the spine and gross 

pathologic examination was performed. The segments containing resorbable cages were 

kept at 0°C and immediately transported to an MR unit. MR images were acquired according 

to standardized protocols as described previously24 and were used to assess the integrity of 

the cages. Parasagittal sections (3 mm and 5 mm) were made with a water-cooled band saw 

(EXAKT, Norderstedt, Germany). From most lateral sections a PLDLLA sample was taken for 

chemical analysis. Lateral radiographs of the 5 mm sections were used to evaluate fusion 

within the cages according to a validated 3-point radiographic score (RS): RS0 = no ingrowth 

of bone into the cage; RS1 = ingrowth of bone with the cage securely fixed to vertebral bone 

above and below, but with a radiolucent discontinuity in the fusion mass; RS2 =spondylodesis 

with solid bone bridging the fusion area.18

Histological and histomorphometrical analysis

The 5-mm sections were placed in fixative (4% phosphate buffered formalin). After one week, 

the sections were dehydrated using ascending grades of ethanol, and embedded in methyl 

methacrylate (BDH Laboratory Supplies, Poole, England).25 The PLDLLA specimens were 

cut into 7 µm sections using a Jung-K microtome (R. Jung, Heidelberg, Germany). Titanium 

specimens were sawn into sections of 20 µm with a diamond-edge saw blade.26;27 Sections 

were either left unstained for examination by fluorescence and polarized light microscopy 

or they were stained with Goldner’s trichrome, hematoxylin and eosin, or toluidine blue for 

transmitted light microscopy.

Twenty consecutive fields in the center of the cage were analyzed histomorphometrically. 

Images of the sections were digitized and evaluated using Leica Qwin software (Leica 
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Microsystems Imaging Solutions, Cambridge, UK) according to a specially designed protocol. 

The following parameters of the calcified sections were determined: percentage of bone 

ingrowth (new total bone volume / total cage volume), bone volume fraction within the 

newly formed bone (bone volume / total bone ingrowth) and the percentage of lamellar 

bone of the newly formed bone (lamellar bone volume / bone volume). In addition, mineral 

apposition rate (MAR, µm/day) of the trabecular bone within the cages was calculated by 

the mean distance between two parallel running labeled lines at a minimum of six different 

points per field divided by the time between the labeling periods (21 days). Also the 

mineralizing surface (MS/BS, %) was calculated by adding the double labeled surface to one 

half of the single labeled surface and subsequently divided by the total bone surface.28 The 

mineral formation rate (MFR) was calculated by multiplying the mineralizing surface with the 

mineral apposition rate.28 The thickness of the fibrous tissue layer surrounding the cage was 

measured in 24 fixed points in every specimen.

In vitro and in vivo degradation analysis

Before implantation, the degradation of fourty PLDLLA cages was assessed in vitro. Cages 

were kept in phosphate buffered saline (PBS) at 37oC without loading. PBS was refreshed 

weekly and pH was monitored. Cages were kept for 13 up to 42 weeks. At the end of 

the different degradation periods the cages were tested mechanically and a sample was 

taken for chemical analysis. Mechanical stiffness and yield strength were determined by axial 

compression (1mm/min) until destruction with a hydraulic mechanical testing device (Instron 

8872). Samples taken from the in vitro cages and samples from the retrieved in vivo cages 

were analyzed in order to determine the chemical degradation of the material. Chemical 

degradation was determined by measuring inherent viscosity (IV), average molecular weight 

(Mw), polydispersity index (PDI) and crystallinity, according to the methods described by 

Moser et al..29 The PDI is a measure of variation in molecular weight, and is equal to Mw/

Mn, where Mn is the number averaged molecular weight. When the PDI remains low during 

degradation, break down is more homogeneous, which makes the degradation process more 

predictable. When the polymer degrades, crystallinity increases, because the amorphous part 

of the polymer is hydrolyzed first. Formation of crystals can cause an enzymatic degradation 

process and lead to an inflammatory reaction. Therefore the crystallinity of the polymer was 

monitored, although crystallinity is not likely to occur in the amorphous PLDLLA material. 
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Statistical analysis

Values are expressed as means ± standard deviation. Mann Whitney U tests were used for 

non-parametric data. Unpaired one-way analysis of variance (ANOVA) and a Tukey-Kramer 

post hoc multiple comparisons test were used to make specific comparisons between the 

different groups. An unpaired, two tailed t-test was performed when the data was not 

suitable for an ANOVA test. Statistical significance was set at a p<0.05. 

RESULTS 

General

All goats recovered uneventfully from the surgical procedure, and normal ambulatory and 

social activities were resumed around the second postoperative day. Three goats were 

excluded from the study. The first one, in the three months follow-up group, was excluded 

because a gauze dressing was left behind in the wound, which evoked an inflammatory 

reaction. The second one, a goat of the twelve months time interval, was malnourished and 

sustained recurrent infections at the iliac crest. This goat was sacrificed before the planned 

date. The third goat from the PLDLLA AF group was excluded because of placement of a 

screw in the intervertebral disc at L2-L3.

Interbody fusion

The ratings for the fusion status of the operated segments are given in Table 1. For 

comparison, data from our previous study using PLLA cages are also included.21 Ingrowth 

Table 1 Rate of interbody fusion of the operated motion segments

Treatment Group Follow-up
(months)

RS 0
(%)

RS 1
(%)

RS 2
(%)

This study PLDLLA (n=5) 3 - 100 -

PLDLLA (n=6) 6 - 50 50

PLDLLA Fix (n=6) 6 - 17 83

PLDLLA (n=8) 12 - 62 38

Titanium (n=6) 12 - 17 83

Previous study 47 PLLA (n=5) 3 - 100 -

PLLA (n=5) 6 - 20 80

PLLA (n=5) 12 - 20 80

Titanium (n=4) 6 - 100 -

Interbody fusion scored according to a radiographic score.18 RS 0: Pseudarthrosis, RS 1: Ingrowth 
of bone with the cage securely fixed to vertebral bone above and below but with a radiolucent 
discontinuity in the fusion mass, RS 2: Arthrodesis with solid bone bridging the fusion area.
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of trabecular bone (RS1) within the PLDLLA SA cages was observed in all specimens three 

months postoperatively. After six months, 50% (3/6) of the PLDLLA SA specimens showed 

fusion with bridging of trabecular bone (RS2). For the specimens with supplemental fixation 

(PLDLLA AF) the percentage of fused specimens was 83% (5/6) (Figure 1). In the PLLA 

cages 80% (4/5) of the specimens acquired fusion at this time point, whereas the titanium 

specimens in this and the previous study did not show fusion (RS1). At twelve months, 38 % 

(3/8) of the PLDLLA SA and 83% (5/6) of the titanium specimens were fused. At this time, 

80% (4/5) of the specimens with PLLA cages showed fusion.

MRI

For the PLDLLA SA cages, MRI results have been described in a previous study.24 Briefly, it 

was found that the stand alone cages showed cracks at three months. At six months the 

cracks increased and cages were deformed (Figure 2a). In contrast with the preceding time 

points, cages produced a signal at twelve months, indicating the presence of free water 

molecules within the cage. The PLDLLA AF group showed 1 intact cage at six months (Figure 

2b), the other 6 cages were cracked without deformation. The appearance of these cages 

was similar to the three months specimens of the PLDLLA SA group (Figure 2). No signal from 

any cage was seen.

Figure 1 Lateral radiographs of 5-mm sections 
of motion segments with PLDLLA cages retrieved 
after six months. Figure 1a shows an unfused 
example from the PLDLLA SA group and Figure 1b 
a fused segment with additional anterior fixation. 
The screw holes of the anterior fixation are clearly 
visible. 
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Histological and histomorphometrical analysis

Bone healing

Bone graft was completely resorbed in all but one specimen, in which a few small particles of 

bone graft were present (PLDLLA, three months). The graft was remodeled into fibrocartilage 

and bone. The fibrocartilage in the PLDLLA AF group appeared more cartilaginous compared 

to the more fibrous tissue in the PLDLLA SA specimens. Bone formation occurred at the 

edge of the fibrocartilage by endochondral ossification (Figure 3). No direct bone formation 

was observed. 

Figure 2 Transverse T1-wei-
ghted high-resolution MR 
images of the fusion zone 
after 6 months follow up in 
the stand alone group (a) and 
in the anterior fixation group 
(b). See text for explanation.

Figure 3 A micrograph of a three months PLDLLA specimen (Toluidine blue, staining) showing 
two bone fronts with interposing fibrocartilage tissue. The direction of the arrows point out the 
direction in which bone is formed through enchondral bone formation. Cartilage like tissue is visible 
at the edge of the bone. (FBC= fibrocartilage)
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In the PLDLLA SA cages, bone forming activity showed a gradual and significant decrease 

from three to twelve months (Table 2). Within this time frame, the MFR decreased significantly 

from 2.5 to 1.1 µm/day (p<0.01). The remaining histomorphometric parameters did not 

differ significantly between time points (Table 2). Bone ingrowth into the PLDLLA cage 

occurred very rapidly (already 87% at three months). However, in the non-fused specimens 

this value did not increase at later time points. In all treatment groups, fused specimens 

showed complete bone ingrowth within the center of the cage. The bone volume density 

(BV/TV) varied between 33% and 45%. This new bone consisted for the most part of woven 

bone, the percentage of lamellar bone increased to around 30% at twelve months (Table 

2). The histomorphometric parameters did not differ between treatment groups (PDLLA SA, 

PDLLA AF and titanium, Table 2).

PLDLLA degradation

Histology confirmed the MRI findings relating to the cage degradation. PLDLLA SA cages 

showed microcracks at three months, more and larger cracks at six months and disintegration 

at twelve months. The PLDLLA AF cages were less severely damaged compared to the PLDLLA 

SA cages at six months. At twelve months the cage material absorbed histological staining 

(Figure 4), whereas at earlier time points the PLDLLA remained colorless, indicating a change 

in porosity and/or permeability of the material.

Table 2. Histomorphometric assessment of bone ingrowth in the fusion zone of the cages

Treatment Group Follow-up (mths) fusion status bone ingrowth (%) bone volume (%) lamellar bone (%) MAR (µm/day) MS/BS(%) MFR (µm/day)

PLDLLA SA 3 unfused (5/5) 87 ± 5 40 ± 7 18 ± 4 2.9 ± 0.5a 0.9 ± 0.2 2.5 ± 1.0b

PLDLLA SA 6 unfused (3/6) 68 ± 9 35 ± 3 12 ± 1 2.1 ± 0.4 0.8 ± 0.1 1.6 ± 0.2

fused (3/6) 100 ± 0 44 ± 9 17 ± 6 2.4 ± 0.4 0.9 ± 0.1 2.2 ± 0.5

PLDLLA AF 6 unfused (1/6) 98 48 29 2.5 0.4 1.1

fused (5/6) 100 ± 0 36 ± 7 16 ± 9 1.7 ± 0.1 0.5 ± 0.1 0.9 ± 0.2

PLDLLA SA 12 unfused (5/8) 89 ± 3 45 ± 4 31 ±  3 2.2 ± 0.1a 0.5 ± 0.3 1.1 ± 0.7b

fused (3/8) 100 ± 0 33 ± 9 26 ± 7 1.9 ± 0.4 0.6 ± 0.3 1.1 ± 0.6

Titanium SA 12 unfused (1/6) 92 34 18 1.3 0.6 0.8

fused (5/6) 100 ± 0 41 ± 13 29 ± 12 1.8 ± 0.1 0.6 ± 0.0 1.0 ± 0.0

Histomorphometric assessment of bone ingrowth in the fusion zone of the cages. a,b Significant 
difference between time intervals (p<0.01, ANOVA with Tukey Kramer multicomparisons test). 
Unfused and fused specimens within one time interval are taken together. AF indicates anterior 
fixation; MAR, mineral apposition rate; MFR, mineral formation rate; MS/BS, mineralizing surface / 
bone surface; SA, stand alone
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Biocompatibility

The PLDLLA SA cages were enclosed in thin fibrous tissue layers, which decreased in thickness 

from 661±207 to 496±140 µm and changed in a more quiescent layer with less fibroblasts 

from three to six months. The fibrous tissue around the PLDLLA AF cages was 534±184 µm 

thick. At twelve months, no fibrous tissue layer could be measured around the disintegrated 

Table 2. Histomorphometric assessment of bone ingrowth in the fusion zone of the cages

Treatment Group Follow-up (mths) fusion status bone ingrowth (%) bone volume (%) lamellar bone (%) MAR (µm/day) MS/BS(%) MFR (µm/day)

PLDLLA SA 3 unfused (5/5) 87 ± 5 40 ± 7 18 ± 4 2.9 ± 0.5a 0.9 ± 0.2 2.5 ± 1.0b

PLDLLA SA 6 unfused (3/6) 68 ± 9 35 ± 3 12 ± 1 2.1 ± 0.4 0.8 ± 0.1 1.6 ± 0.2

fused (3/6) 100 ± 0 44 ± 9 17 ± 6 2.4 ± 0.4 0.9 ± 0.1 2.2 ± 0.5

PLDLLA AF 6 unfused (1/6) 98 48 29 2.5 0.4 1.1

fused (5/6) 100 ± 0 36 ± 7 16 ± 9 1.7 ± 0.1 0.5 ± 0.1 0.9 ± 0.2

PLDLLA SA 12 unfused (5/8) 89 ± 3 45 ± 4 31 ±  3 2.2 ± 0.1a 0.5 ± 0.3 1.1 ± 0.7b

fused (3/8) 100 ± 0 33 ± 9 26 ± 7 1.9 ± 0.4 0.6 ± 0.3 1.1 ± 0.6

Titanium SA 12 unfused (1/6) 92 34 18 1.3 0.6 0.8

fused (5/6) 100 ± 0 41 ± 13 29 ± 12 1.8 ± 0.1 0.6 ± 0.0 1.0 ± 0.0

Histomorphometric assessment of bone ingrowth in the fusion zone of the cages. a,b Significant 
difference between time intervals (p<0.01, ANOVA with Tukey Kramer multicomparisons test). 
Unfused and fused specimens within one time interval are taken together. AF indicates anterior 
fixation; MAR, mineral apposition rate; MFR, mineral formation rate; MS/BS, mineralizing surface / 
bone surface; SA, stand alone

Figure 4 A micrograph of a histological section (toluidine blue staining) of a 12 months PLDLLA 
specimen. The bone and fibrous tissue layer (FB) is clearly visible adjacent to the cage material. The 
cage material (cage) is colored by the staining. In the cage material are large FBGC’s visible, pointed 
out by the arrows. Due to a processing artifact the FBGC’s were separated from the fibrous tissue 
layer. 
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PLDLLA SA cages. At this time, the fibrous tissue layer around the titanium cages was 

399±182 µm thick.

No inflammatory reaction was observed in any specimen. In all PLDLLA specimens a very 

mild and dispersed foreign body reaction was present. In the fibrous tissue layer isolated 

lymphocytes and macrophages were observed, occasionally, however, in a group formation. 

At three months, no Foreign Body Giant Cells (FBGC’s) were present in any of the specimens. 

At six months, in both the PLDLLA SA and AF specimens small FBGC’s were developing 

adjacent to the cage material. The FBGC’s increased in size and amount at twelve months 

when the cage was disintegrating (Figure 4).

In vitro and in vivo degradation analysis

The in vitro degradation tests demonstrated that the strength of the PLDLLA cages decreased 

gradually after 26 weeks. The yield strength of the cages exceeded the goat vertebral yield 

strength (3.5 kN)20 up to 31 weeks (Figure not shown). Chemical analysis revealed that 

cristallinity was below the detection limit in all PLDLLA cages at three and six months. 

At twelve months a crystallinity of 8.5 ± 3.8% was measured. Inherent viscosity (IV) and 

molecular weight (MW) decreased over time (Figure 5a). At six months, IV and MW were 

significantly more reduced in the in vivo cages as compared to the in vitro cages (Figure 5a). 

The polydispersity index (PDI) of the in vitro cages and the in vivo PLDLLA AF cages was 

increased compared to the initial value (Figure 5b). By contrast, the PDI of the PLDLLA SA 

cages did not increase (Figure 5b).

Figure 5 Molecular weight (A) and polydispersity index (B) SA = Stand Alone (n=6), AF = Anterior 
Fixation (n=6), In Vitro (n=4), T = 0 (n=6).
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DISCUSSION

In this study we evaluated the performance of bioresorbable cages made of PLDLLA for 

lumbar fusion in a goat model. Earlier, it was found that the use of resorbable PLLA interbody 

cages enhances the fusion rate as compared to titanium cages.21 Again in the present study 

we found that the process of bone remodeling and bone ingrowth is faster in the PLDLLA 

cages than in the titanium cages, however actual fusion was attained in a lower percentage of 

the motion segments. Supplemental internal fixation was able to rescue the healing process 

with PLDLLA cages, indicating that mechanical stabilization is a key factor for fusion.

Although the initial material properties of the PLDLLA cages were similar to those of the PLLA 

cages, in vivo degradation of the PLDLLA cages was more rapid resulting in less stability and 

subsequently a lower number of fusions. Even though the basic constituents of PLLA and 

PLDLLA are lactic acid isomers, they have different chemical characteristics. The combination 

of L-lactic acid and the racemic D,L polymer in PLDLLA yields an amorphous, glassy polymer 

with significantly lower crystallinity as compared to pure PLLA. Low crystallinity is generally 

believed to lead to a better biocompatibility, however, water penetration and therefore 

degradation proceeds at a higher rate in an amorphous polymer than in a crystalline 

polymer.30 Another difference between the previously used PLLA and the currently used 

PLDLLA, which bears an effect on the degradation properties, is the method of sterilization. 

The PLLA cages were sterilized by gassing with Ethylene Oxide (EtO) and the PLDLLA cages 

by e-beam radiation. Both sterilization methods are commonly used for medical devices, but 

their effect on bioresorbable polymers is quite different; e-beam sterilization causes chain 

scission and cross-linking, leading to a decrease of intrinsic viscosity and molecular weight, 

whereas EtO sterilization hardly affects the mechanical properties of the polymer.17;31

Evidence of breakage and material change of the PLDLLA cage was present early on. 

Histological and MRI analysis revealed cracking of the cage at three months and fragmentation 

and deformation of the cage at six months. At twelve months, the PLDLLA material absorbed 

histological stain, whereas at shorter follow up the PLDLLA remained colorless after staining. At 

this time, the cages also produced a MRI signal, signifying the presence of free moving water 

molecules inside the PLDLLA.24 This implies that at twelve months follow up the material was 

changed into a more open structure, accessible to free moving water. Breakdown of PLLA, 

by contrast, occurred more slowly. The first micro-cracks were observed after six months 

and clear breakage and fragmentation was seen only after twelve months.21 The PLDLLA AF 

cages showed less damage compared to the PLDLLA SA group, resembling the condition of 

the stand-alone cages at three months. This indicates that the supplemental fixation relieved 

a significant part of the mechanical loading on the cage.
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The differences in degradation properties between the PLDLLA and the PLLA cages and the 

difference in mechanical properties between the titanium and the resorbable cages led to 

several differences in the process of bone healing. Direct bone formation was observed only 

in the PLLA cages. In both the PLDLLA SA cages and titanium cages endochondral bone 

formation was seen. However, in the PLDLLA SA cage bone formation was faster, while in 

the titanium cages it was slower relative to the PLLA cage.21 These variations in the fusion 

process can be explained in light of the precarious balance between load bearing and stability 

necessary to provide the optimal environment for bone healing. While a titanium cage 

provides sufficient and sustained stability, it hampers load transfer to the adjacent tissue. 

Consequently, fusion in the titanium cages was delayed compared to the resorbable cages. 

Once fusion was attained, the bone volume and quality was similar in all groups. Due to its 

reduced stiffness, the resorbable cages promote loading of the tissue inside the cage, which 

stimulates bone ingrowth and remodeling, and fusion is reached at an earlier time point. 

However, as a result of the rapid degradation of the PLDLLA in vivo, stability is lost too early 

in the PLDLLA SA cages. Lack of stability led to faster remodeling of the graft, formation of 

fibrocartilage, and a higher frequency of pseudarthrosis. In addition, a difference was seen in 

the development of FBGC’s. At six months, these cells were located adjacent to the PLDLLA 

cage material, increasing in size and number at twelve months. In the PLLA cages only some 

dispersed FBGC’s were observed at twelve months. These differences may be related to an 

earlier release of degradation products in the PLDLLA cages. Despite these variations, the 

overall biocompatibility of both PLDLLA and PLLA was excellent; no inflammatory reactions 

were observed in any specimen. 

In vivo degradation rates of PLLA used for internal bone fixation (in sheep, dogs and rats) 

were reported to be equivalent to those measured in vitro.32 In this study we found that the 

reduction in molecular weight, an indication of breakdown of the polymer chains, occurred 

faster in the cages retrieved from the motion segments than in the cages kept in vitro. 

One possible explanation for this more rapid degradation in vivo is enzymatic degradation. 

However, whereas some authors suggest that enzymatic digestion may be involved in the 

degradation of PLA in vivo33;34, most authors conclude that degradation occurs most likely 

via simple (non-enzymatic) hydrolysis.35;36 The different degradation rates could also be 

due to the distinct mechanical conditions.37 Whereas in vivo the cages were subjected to 

substantial dynamical loads, in vitro the cages were kept in unloaded conditions. However, the 

difference in mechanical loading between the PLDLLA SA and AF cages was not reflected by 

a difference in molecular weight, although the PLDLLA SA cages showed more macroscopic 

damage than the PLDLLA AF cages. This suggests that the biochemical environment in vivo is 

more likely responsible for the faster break down of the PLDLLA molecules. Cages from the 
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PLDLLA SA group degraded more homogeneously, since the polydispersity index, was lower 

compared to the cages from the PLDLLA AF group and the in vitro cages. This suggests that 

dynamical loading might affect the manner in which break down takes place, possibly by 

enhanced drainage of the waste products under dynamic loads.

Resorbable PLDLLA cages are used in combination with supplemental internal fixation in the 

lumbar spine.38;39 Cohort studies with short term follow up periods have shown fair results 

with regard to the clinical outcome and fusion rates.38-42 However, these studies do not 

provide detailed information regarding bone ingrowth, host response and degradation of the 

biomaterial. Several studies investigated interbody fusion with the use of resorbable cages in 

an ovine23;43;44 or a goat model18-22;45. Hojo et al.43 assessed the performance of composite 

hydroxyapatite/PLLA cages with supplemental fixation in the lumbar spine of sheep and 

found good biocompatible properties and similar fusion rates compared to bone graft or 

carbon fiber cages. 70/30 PLDLLA cages were evaluated by Toth et al.44 and Kandziora 

et al.23. Toth et al. found promising results using PLDLLA cages filled with either autograft 

or recombinant human bone morphogenetic protein-2 (rhBMP-2) on a collagen sponge. 

By contrast, Kandziora et al. reported negative results with regard to biocompatibility and 

fusion rates after 12 weeks. Unfortunately, material properties and processing data were not 

reported. Possibly, the cage design used in this latter study was responsible for the adverse 

results. The wall thickness of the implant used was several millimeters, much more than the 

cages used in the other studies. It is known that degradation of PLA is enhanced in devices 

with a more bulky design, since the degradation products themselves enhance degradation 

by autocatalysis.46;47 Particularly in an area depending on diffusion rather than circulation 

such as the intervertebral disc space, this may lead to accumulation of degradation products, 

which in turn could lead to an inflammatory response.

This study has given insight into the performance of PLDLLA interbody cages within the 

first twelve months after implantation. To clarify the ultimate outcome, studies with longer 

follow up time are needed, since complete degradation of the bioresorbable material takes 

several years.48 In addition, further research is needed to unravel the separate effects of 

PLA composition and sterilization methods. The PLDLLA AF group was assessed at 6 months 

only. This enabled comparison with respect to achieved fusion, but the effects of additional 

fixation on early bone remodeling could not be compared. Due to the limited number of 

animals per group and because there is always some variation between animals no significant 

differences were found with regard to fusion rate, however, distinct trends with respect to 

achieving fusion could be observed. 
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CONCLUSION

Since interbody fusion devices fulfill a transient purpose to maintain segment height and 

stability until fusion is realized, the use of resorbable materials is suitable. However, the use 

of bioresorbable devices introduces a whole new spectrum of factors, which need to be 

addressed to ensure successful outcomes. The results of this study demonstrate that material 

properties of the cage affect the pathway and the rate of the fusion process. Furthermore, 

they show that sufficient degradation rate and segmental stability are required in the three 

to six months time period. This emphasizes the importance of an accurate characterization of 

polymer composition. If the implant material degrades too fast, stabilization can be rescued 

by supplemental internal fixation.
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ABSTRACT

Spinal cages are currently made of non-resorbable materials, but they only have a temporary 

function: after fusion, resorption is desirable both from a biological and mechanical point of 

view. We studied different polylactides in stand-alone condition in a goat model. Cages were 

made of 100% poly(L-lactic acid) (PLLA) or 70/30 poly(L/DL-Lactic acid) (PLDLLA); titanium 

served as control. 

After six months, all titanium cages showed non-unions comparable to that observed in 

a clinical retrieval, thus showing validity of the goat model. PLLA cages maintained their 

mechanical integrity for six months, enough to allow fusion. After that, the material resorbed 

within 48 months without adverse tissue reactions. Bone formation was faster in PLDLLA 

cages, but these already failed within three months, thus losing their stabilising function: 

50% ended in pseudo-arthrosis. Additional internal fixation provided enough stability for 

fusion (83%). Biocompatibility of both PLLA and PLDLLA was excellent.

The long-term results show that PLLA cages can be used for stand-alone interbody fusion, 

and that PLLA is an improvement over titanium in terms of fusion rate. PLDLLA showed 

enhanced bone formation, but also earlier failure of the implant. Chances for spinal fusion 

were better with additional internal fixation. 

82



INTRODUCTION

In spinal disorders like instability or severe deformation, fusion of two or more vertebrae may 

be indicated. Devices used for this purpose should restore the normal alignment of vertebrae 

and stabilise the segment in order to facilitate bony fusion. Traditionally, interbody fusion 

is performed with autologous cortical bone graft [1], but this has several disadvantages, 

including morbidity at the donor site, the risk of retropulsion with possible neural damage, 

and untimely resorption of the graft leading to instability of the segment [6]. Therefore, 

artificial cages have been developed, which realign the vertebrae into a more anatomical 

position and provide sufficient stability for spinal fusion [8,9]. 

Today, interbody fusion has become a routine procedure with high success rates at short-

term follow-up [13-16]. Various cage designs and materials, including steel, titanium, carbon 

fibre and PEEK, have been evaluated in an effort to improve clinical success [17-20]. Recently, 

however, an increasing number of failures has been reported [24], mostly related to cage 

material: metal devices considerably exceed the stiffness of vertebral bone, which leads to 

stress-shielding, migration of the cage, pseudarthrosis, or a combination of these events 

[24,32]. Figure 1 shows a titanium tumor cage retrieved from a 4-year old after two years 

of implantation [33]. The cage had been functioning well without radiological signs of 

Figure 1. Histological cross-section of a titanium 
tumor cage (black) showing a delayed union. 
Trabecular bone (purple) grows into the cage 
from both sides, but between the bone fronts 
there is a layer of cartilage (pink) in a process 
of ossification (invisible at this magnification).
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migration or loosening, suggesting complete fusion of the segment. Nevertheless, histology 

showed a non-union: there was bone ingrowth from both sides, but a layer of fibrocartilage 

remained in the center of the cage. At closer examination, the non-fusion zone showed an 

on-going process of enchondral ossification; this suggests that the implantation of the cage 

-given enough time- could have resulted in a complete fusion. Although this particular case 

was not considered a clinical failure, it is a perfect illustration of the problems occuring with 

metal implants: they eclipse the fusion zone; they cause stress shielding over the fusion area 

resulting in delayed unions; and they are a permanent foreign body, always susceptible to 

late complications which require second operations for removal. 

Orthopaedic implants for bone healing and fusion essentially have a temporary function: when 

the bone parts have grown together, the implant is superfluous and can even be harmful on 

the longer term. This consideration gave the initial impetus to develop bioresorbable implants 

for fusion surgeries. Bioresorbable implants, however, have their own drawbacks and pitfalls. 

First, their strength is usually considerably lower than that of metals or non-degradable 

polymers. Also the brittleness of some frequently used polymers is worrisome. The main 

concern, though, is the production of waste products like acids and crystals, because too high 

concentrations may lead to serious tissue responses like inflammation and osteolysis. [44,45]. 

Degradation is a multi-factorial process involving material properties (polymer type, molecular 

weight distribution, porosity, permeability), implant design (implant mass, bulkiness), handling 

(sterilisation, mechanical loading), and biochemical environment (pH) [49-51]. This makes it 

difficult to predict the behaviour of a certain implant in a specific environment. 

In a series of experiments, we explored two types of polylactides: a poly(L-lactide acid) (PLLA), 

and a 70/30 poly(L/DL lactic acid) (PLDLLA). We determined their mechanical properties and 

degradation profiles in vitro, and applied them in an in vivo goat model for lumbar spinal 

fusion. The general goal of these studies was to evaluate the suitability of these polylactides 

for application in an interbody fusion device, and to establish their biocompatibility upon 

resorption in vivo.

MATERIALS AND METHODS

Spinal fusion and tissue reactions against degradation products are biological processes that 

require in vivo examinations in an animal model. Since dynamic loading was considered to 

be a critical condition, we looked for an animal model with comparable spinal loads. Being 

a quadruped was not an exclusion factor: as in man, the main loading condition of the 

quadruped spine is axial compression, with minor components of axial torsion and anterior 
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shear [56]. Indeed, the trabecular bone structure in the vertebral body is strikingly similar in 

man and quadruped [56,57]. The main difference is the magnitude of loading: human and 

bovine spines have comparable geometries and dimensions [58], but trabecular bone density 

in the bovine spine (as in most other quadruped spines) is higher than in humans, indicating 

also higher loading amplitude [57]. We found that the strength of a lumbar spine segment of 

a goat is comparable to that of a human lumbar spine [59]; assuming a similar safety factor 

for fracture in mammals [60], we concluded that the goat would experience similar spinal 

loads and thus would be a proper animal model for spinal studies on bioresorbable cages.

The mechanical properties of lumbar spinal segments of female Dutch milk goats were 

determined in vitro [59]. The average ultimate strength of 17 lumbar spine segments was 

about 7.5 kN, which is comparable to the lumbar segment strength in a middle-aged man 

(6.7 kN). However, the yield strength was found to be about 3.5 kN, indicating that failure 

of the specimen occurred at lower loading amplitudes; bone marrow was pressed out of 

the vertebral bodies well below the ultimate strength. Therefore, we assumed that the yield 

strength would be the maximum spinal load in a goat in vivo. With 95% certainty and a 

safety factor of 40%, we specified the cage strength at 7.0 kN [59]. 

To determine the external geometry of the cage, we measured the endplate dimensions of 

the vertebral bodies at level L3-L4, the intended site of implantation. The average width and 

depth were 26.9 mm and 18.7 mm, respectively (unpublished results), allowing external cage 

dimensions of 18 mm x 10 mm. The intervertebral disc was found to be wedge-shaped with 

a height of 4-6 mm, the anterior height being larger. In order to secure proper vascularisation 

and good access for the cells and growth factors from the bone marrow, we chose the height 

of the cage at 10 mm. The cage device thereby would penetrate both endplates (Figure 2). 

The operation procedure has been described in detail elsewhere [61]. The cages were tested 

at level L3-L4 in a stand-alone condition, i.e.: without additional internal fixation. 

Two types of polylactides were evaluated. The first cages were produced from a 100% 

poly-L-lactic adid purchased from PURAC Biochem BV (Gorinchem, The Netherlands), with 

Figure 2. Post-operative lateral X-ray of 
the lumbar goat spine showing a square, 
radiolucent PLDLLA cage (white arrow) in a 
L3-L4 segment penetrating the endplates of 
both vertebrae. The white dots in the vertebree 
and the cage are tantalum markers for RSA 
analyses.
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a material strength of about 100 MPa. Requiring a cage strength of some 7.0 kN, the cage 

wall thickness was set at 1.5 mm (Figure 3). The PLLA was injection molded and sterilised by 

low-temperature plasma. In order to further reduce polymer mass and cage stiffness, a more 

flexible cage was also produced with a wall thickness of only 0.75 mm (Figure 3). The mean 

and numerical molecular weight of the stiff cages after production and sterilisation were Mw 

= 395500 g/mol and Mn = 240500 g/mol, respectively. Initially, inherent viscosity was 2.68 

dl/g, and crystallinity 11% [62]. The average initial strength of the stiff PLLA cages was 6.7 

kN, that of the flexible PLLA cages was 2.5 kN [62].

The second cage material was a mixture of 70% poly(L-lactic acid) and 30% racemic mixture 

of L- and D- lactic acid (PLDLLA). Cages with a wall thickness of 1.5 mm were compression 

molded and e-beam sterilised. The mean and numerical molecular weight of the material after 

production and sterilisation were Mw = 172000 g/mol and Mn = 90000 g/mol, respectively. 

Inherent viscosity was 1.43 dl/g. As an amorphous material, crystallinity of the PLDLLA was 

negligible. The initial strength of the cages was 6.5 kN.

Of both cages, degradation profiles were determined in vitro. Those of the PLLA cages have 

been published elsewhere [62], those of the PLDLLA are as yet unpublished. With respect to 

mechanical strength, it was found that the strength of the stiff PLLA cages after six months 

of degradation at 37°C in vitro was 6.3 kN. The strength of the PLDLLA cage after six months 

was 5.3 kN, significantly lower than the PLLA cage, but still much higher than the yield 

strength of the vertebral segments (3.5 kN; [59]).

The control group for both degradable materials was a titanium cage with the dimensions of 

the stiff PLLA cage (Figure 3). The follow-up periods were 3, 6, and 12 months for the PLLA 

and the PLDLLA cages, and 6, 12 and 36 months for the titanium cages. The PLLA cages 

were followed yearly until complete degradation after 48 months. As an extension study, 

Figure 3. Design of the 
resorbable cages used 
for the studies. External 
dimensions were 18x10x10 
mm. The wall thickness of 
the regular cage was 1.5 
mm (right); of the PLLA 
material, we also tested 
0.75 mm wall thickness 
(“flexible cages”, left). 
The PLDLLA and titanium 
cages all had 1.5 mm wall 
thickness. 
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another group with PLDLLA cages was studied, provided with an additional internal fixation, 

as explained below.

After sacrifice, a mid-sagittal slice of 5 mm was sectioned from the spinal segments. Contact 

radiographs were made in order to evaluate radiological fusion. Subsequently, the midsaggital 

specimens were processed for histology [61]. Other parts of the cage were retrieved for 

biochemical analysis: inherent viscosity and crystallinity were determined [62]. 

RESULTS

After six months, all specimens treated with titanium cages showed a similar histological 

result as the clinical retrieval cage discussed earlier (compare Figure 4a and Figure 1): there 

is bone ingrowth from both sides, but there remains a thin layer of cartilage in a process of 

enchondral ossification. A layer of fibrous tissue is found around the entire cage. The fusion 

process is still going on, though, and 66% of the specimens in both the 12-months and 

36-months group showed fusion. The bone density in the fused cages, however, is lower 

than the bone density of the vertebral bodies above and below, thus illustrating the stress-

shielding effect of metal implants.

Figure 4. Histological overview of specimens with titanium cages with six (a) and 12 months follow-
up (b).

After three months, the PLLA cages still contained impacted bone graft (Figure 5a), being 

replaced by new, woven bone in a process of creeping substitution [59]. In contrast to the 

titanium cages, fusion in the PLLA cages occured by direct bone formation. After six months, 

all bone graft was resorbed, and a bridge of vital, woven bone was formed in all cases 

(Figure 5b), except in one case of infection. After two years, the newly formed woven bone 

was replaced by lamellar bone in a trabecular bone structure well aligned to the local stress 

trajectories [59,63]. The PLLA cage desintegrated from 12 months on, and the material was 
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completely resorbed after 48 months without adverse tissue reactions [59,64]. None of the 

fusions failed after resorption of the cage, and the trabecular bone density of the fusion zone 

was comparable to that of the adjacent vertebral bodies. The volume occupied by the cage 

at implantation was completely filled with vital trabecular bone of comparable quality. The 

flexible cages showed earlier signs of failure, but there was no significant difference between 

the outcomes with the stiff and the flexible PLLA cages.

The process of creeping substitution was much faster in the PLDLLA cages as compared 

to the PLLA cages: almost all impacted bone graft was resorbed at three months, and the 

fusion zone within the cage area was filled for some 80-90% by vital, woven type trabecular 

bone (Figure 6a). However, we consistently found a small area of fibrocartilage between the 

closing bone fronts, indicating that there was no (longer a) process of direct bone formation. 

The cages showed remarkably more cracks than the PLLA cages at three months, indicating 

that the mechanical strength was not quite sufficient [65]. At six months, only three out of six 

specimens showed fusion, despite the fact that there was more new bone in the cages after 

three months. The cages clearly had lost mechanical integrity and strength (Figure 6b). The 

Figure 5. Histology of specimens with a PLLA cage after three (a) and six months (b). Note the 
dense, impacted bone area in the middel of the fusion zone after three months. 

Figure 6. Histology of specimens with a 
PLDLLA cage after three (a) and six months 
(b).  Three out of six specimens showed a 
higher average of fibro-cartilage than after 
three months, suggesting the formation of 
pseudo-arthroses. The other three specimens 
showed fusion.
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non-fusions showed more fibro-cartilage than after three months, indicating the formation 

of a pseudo-arthrosis. After twelve months, only three fusions were found in eight samples, 

comparable to the results after six months.

In reaction to the premature degradation of the cages, and commensurate to the clinical 

practice of applying additional internal fixation, we extended the studies with a group of 

goats provided with PLDLLA cages and additional internal fixation. After six months of follow-

up, five out of six ended in a fusion, one in a near fusion (83%). However, chemical analyses 

of the PLDLLA cages gave no difference in degradation between the stand-alone cages and 

the cages used in combination with an internal fixator (as yet unpublished results).

Figure 7. Histology of specimens with a PLDLLA cage. (a) At three months, the cages no longer 
contain bone graft (comparable to PLLA at three months, Fig 5a). Instead newly formed bone 
(green) almost fills the entire cage, leaving a thin layer of fibrous tissue between the bone fronts. 
The cage itself is surrounded by a thick layer of fibrous tissue. (b) Three out of six specimen showed 
more fibro-cartilage and les bone ingrowth at six than at three months, suggesting the development 
of a pseudo-arthrosis. The other three specimen showed a sound fusion similar to the one shown 
in figure 5.

The PLLA cages showed some minor cracks after three and six months, but overall 

maintained their mechanical integrity until fusion occurred. After twelve months, all cages 

had desintegrated, and their mechanical function was entirely lost and taken over by the 

trabecular bone bridge. Inherent viscosity of the PLLA material decreased faster than in vitro 

[62], and crystallinity increased from 10% to more than 40%, comparable to the crystallinity 

found at in vitro degradation (Figure 7). Subsequent resorption evoked mild inflammation 

in some of the specimens, but there were no severe adverse tissue reactions until complete 

resorption [64].

The PLDLLA cages already showed numerous micro-cracks after three months of implantation, 

and failures with major plastic deformation after six months [65]. However, all biochemical 

parameters (inherent viscosity, glass transition temperature, crystallinity, molecular weight) 

showed similar degradation profiles as samples tested earlier in vitro (preliminary data, as yet 
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unpublished). At twelve months, the PLDLLA cages were desintegrated and showed signs of 

free water inside the cage at MRI [65]. 

DISCUSSION

Intervertebral spinal fusion requires a temporary stabilisation of the spinal segment in order 

to allow new bone formation between two vertebral bodies. Intervertebral cages are efficient 

implants for this purpose, because they are small and placed in line with the axial compression 

component of the spinal load. Spinal cages are quite succesful on the short term, but late 

complications are being reported more frequently over the last years. Biodegradable implants 

could prevent such complications, but should provide sufficient primary stability for spinal 

fusion to occur. We explored two types of polylactides for this purpose: a pure poly(L-Lactic 

acid) (PLLA), and a 70/30 mixture of poly(L- and DL-lactic acid) (PLDLLA). Both materials 

showed sufficent strength (more than 3.5 kN) for at least six months in vitro, but in vivo 

PLDLLA appeared to lose mechanical stability too early, thereby causing the formation of 

pseudo-arthroses. This problem could be overcome by adding internal fixation. Both materials 

had excellent biocompatibility.

The choice for both materials was well considered: PLLA was chosen because high strength 

and and slow resorption was demanded. High molecular weight and crystallinity are well-

known factors that contribute to meet these specifications [55]. Crystallinity, on the other 

hand, is often helt responsible for causing late adverse tissue reactions [e.g. 66]. In fact, it is 

commonly given as a reason for using co-polymers with D-lactic acids, which are amorphous 

and have crystallinity close to zero. The 70/30 mixture of PLLA and racemix poly(D/L- lactic 

acid) used here combined good initital mechanical properties with low crystallinity. However, 

it must be emphasised, that although the amorphousness of PLDLLA is regularly presented as 

more biocompatible than pure PLLAs, there is no substantial evidence for that in literature: in 

Figure 8. Crystallinity in the 
PLLA samples as a function of 
degradation time. Note that the in 
vitro and in vivo crystallinities were 
comparable.
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fact, studies addressing this topic [67, 68] as well as our own studies presented here, indicate 

that crystallinity is not an important factor in biocompatibility. In the case of our own studies, 

it might be argued that the cage was implanted in a well-vascularised environment, thereby 

preventing the accumulation of crystalline particles and reducing the risk of adverse tissue 

reactions. On the other hand, this could also be interpreted as a recommendation for the 

proper use of PLLA implants.

The results with the PLLA cages after six months and longer proof the feasibilty of the concept 

of bioresorbable cages: they are able to provide sufficient stability until fusion is complete, and 

then resorb without adverse tissue reactions. They also show that the fusion process is faster 

and more consistent than in titanium cages, suggesting that stress shielding is a relevant 

factor in the healing process indeed. The titanium cages showed a similar histological picture 

as found in the clinical retrieval, which indicates that the goat model, although a quadruped, 

is a valuable and maybe even valid model for spinal fusion. 

The PLDLLA cages showed faster degradation and therefore failure, but also a faster fusion 

process. Fast degradation was not expected, because the in vitro degradation profiles 

suggested sufficient strength for at least six months. A possible explanation is that the 

cages in vivo suffered from dynamical loading, whereas the in vitro degradation profile was 

determined at unloaded conditions. Indeed, dynamic loading has been suggested to enhance 

degradation [50,64,69,70]. However, our chemical analyses on the PLDLLA cages in stand-

alone conditon and combined with internal fixation, showed no difference in degradation 

rate, suggesting that dynamic loading does not affect cage degradation. Alternatively, the 

very fact that the material has been used in vivo may provide some explanation; phenomena 

like adsorption of proteins, absorption of lipids, and greater solubility of lactic acid-based 

oligomers in blood are examples of sources of difference in degradation rate in vitro and in 

vivo of the same material [51,71,72]. The problem of enhanced PLDLLA degradation rate 

could be addressed by sterilising the implants by ethylen-oxide instead of e-beam. E-beam 

sterilisation is popular because it is quick and relatively cheap, whereas ethylene-oxide is toxic 

and needs up to two weeks to emanate from the implant. However, e-beam is known to 

degrade polymers, whereas ethylene-oxide does not [73]. 

Another remarkable finding with the PLDLLA cages was their plastic deformation found at six 

months. The glass transition temperature of the material was well above 54 °C, suggesting 

that failure would occur by brittle fractures, not by plastic deformation. It has been suggested 

that water works as a plasticizer and may reduce the glass transition temperature below 

body temperature [51]; this suggestion has to be investigated in further studies.

Premature degradation of the cage had a profound influence on the spinal fusion process. 

As mechanical stability was lost, the fusion process was frustrated and ended up in a pseudo-
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arthrosis in four out of six specimens. This is even more remarkable when considering the 

situation at three months, where cages were filled with new bone for 80-90%. Whether this 

is only due to the loss of stability is unclear: the fact that all bone graft had been resorbed at 

three months in the PLDLLA cages and not in the PLLA cages, suggests that the degradation 

of the polymer itself may contribute as well. Lactic acids lower the pH of the environment, 

and osteoclasts -cells that are responsible for bone resorption- become more active at lower 

pH [74]. Faster graft resorption also allows for faster bone formation, because osteoblasts 

are no longer behindered by the graft and the osteoclasts. This is a hypothetical explanation 

for our observations, which needs further investigation in the future. The loss of stability 

by cage degradation were overcome by adding an additional internal fixation; despite the 

fact that a metal rod was placed parallel to the fusion zone, bone growth was quicker and 

more consistent than in the titanium controls. Considering the clinical practice of adding 

internal fixation with interbody fusion, PLDLLA still can be considered as a good candidate 

for bioresorbable cages.

Summarizing, we evaluated two types of polylactides for use in interbody cages for spinal 

fusion. Although the materials showed similar initial mechanical properties and degradation 

profiles, actual in vivo degradation differed considerably, which affected the fusion process. 

Nevertheless, short-term and long-term results showed that the concept of bioresorbable 

cages is feasible. However, if degradation is too fast, the healing process may be frustrated 

and end up in a pseudo-arthrosis. It may be desirable to add an additional internal fixator in 

order to prevent such complications.
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ABSTRACT

Interbody fusion is a gradual process of graft resorption and tissue formation, ideally resulting 

in a bony bridge between two adjacent vertebral bodies. Initially, fibrous tissue and cartilage 

are formed, which subsequently are replaced by bone through endochondral ossification. 

When cages and/or its contents are made of resorbable polymers like lactic or glycolic 

acids, there is a simultaneous process of implant degradation, eventually accompanied by 

reactions of the surrounding tissues. The purpose of this study was to explore the use of high-

resolution magnetic resonance imaging for monitoring tissue differentiation, spinal fusion, 

cage degradation, and eventually tissue reactions as a function of time.

Fourteen lumbar vertebral segments with three (n=3), six (n=4), and twelve (n=7) months 

follow-up were available from a goat study to the feasibility of poly-(L,D-lactic acid) cages for 

spinal fusion. Plain radiographs, MRI, and histology were used to evaluate spinal fusion and 

cage resorption. First explorations reveal that MRI non-invasively provides three-dimensional 

information on cage placement, cage degradation and bone formation, and has some 

potential to differentiate between the various soft tissues. Although the magnetic field 

strength and (thus) resolution used here is higher than normal in clinical practice, MRI appears 

to be a promising technique for the non-invasive clinical follow-up of resorbable cages. Tissue 

reactions were not encountered in this study, and thus could not be evaluated.
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INTRODUCTION

Spondylodesis is a surgical technique that aims to correct spinal deformities, to decompress 

the nerves, and to fixate instable vertebral segments resulting from disc degeneration, 

fracture, spondylolysis and/or spondylolisthesis. Ideally, a biological and mechanical 

environment is created that results in a bony fusion of adjacent vertebral bodies. Interbody 

fusion essentially is a biological process of tissue differentiation, involving (a/o) mesenchymal 

stem cells and directed by (a/o) growth factors, vascularization, and oxygen7,19,22. The 

mechanical environment is involved in two different ways: firstly, as in fracture repair, 

mechanical stability is a prerequisite for bone to form; excessive motion leads to cartilagenous 

or fibrous tissues (pseudo-arthrosis)2,6,8,9,23. Secondly, connective tissues need mechanical 

deformation in order to transport nutrients and waste products to and from the cells through 

the extra-cellular matrix16,21,24, and probably also in order to proliferate and differentiate; 

stiff implants unload the living tissues and thus may retard or even inhibit interbody fusion 

(stress shielding)14,28,34,36,37,40. So, design and material of the spinal instrumentation largely 

determines clinical success.

The introduction of the intervertebral cage revolutionized the surgical treatment of 

degenerative spinal distortions with excellent clinical success3,4,5. The cage allowed to 

accurately restore the sagittal plane alignment and the load-bearing capacity of the anterior 

column, and introduced proper mechanical stability of the operated segment10,39,41. With 

the relatively small size of the cages, minimal invasive techniques could be applied, thus 

limiting soft tissue damage and the risk of infections13,15. As a result, patients could be 

mobilized earlier, which shortened the revalidation process. The first generation cages, 

however, had important disadvantages. Firstly, the metal cages were much stiffer than the 

surrounding tissues, thus retarding or even inhibiting interbody fusion28,34,36,37,40. Also, 

the metal cages obscured the intervertebral space for radiological examination; it became 

practically impossible to determine if interbody fusion had occurred. Thirdly, the cages are 

foreign bodies within the bone bed; if infection or immunologic repulsion occurs, removal of 

the device is almost impossible. Newer cage materials like carbon fibers or poly-ethyl-ethyl-

ketone (PEEK) reduced the first two problems, but did not solve the latter. 

Polymer-based bioresorbables like poly-lactic acids have recently shown to be promising cage 

materials for spinal fusion: they have demonstrated strength and resorption characteristics 

commensurate with the physiologic and biomechanical requirements of the human spine 
31,32,35. Histological analysis also demonstrated successful and timely resorption, accompanied 
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by bony replacement and remodeling in an animal model37,40. Their radiolucent nature 

improves image assessment of spinal fusion, and their resorption characteristics allow 

controlled dynamization. Over time, the devices resorb via natural pathways, thereby reducing 

load-sharing and consequently stress shielding of the surrounding tissues37,40. However, the 

composition of polymers is very diverse, showing a wide variety of resorption characteristics 

and evoking tissue reactions in various grades of severity11. Also, the polymer degradation 

rate depends on the implant dimensions, sterilization procedure, implant site, mechanical 

loading conditions, and host tissue11,32.

To follow the process of interbody fusion, as well as the degradation of the bioresorbable 

material, a non-invasive tool for (clinical) evaluation is required. Magnetic resonance imaging 

(MRI) may be ideal for this purpose, because it has been shown to be sensitive to changes 

in tissues over time, e.g. during differentiation, inflammation, and oedema1,18,20,26,29. 

Moreover, MR images are able to demonstrate the infiltration of tissues into the implants 

as well as their degradation over time in vivo17. Specifically, MRI can be helpful for the 

evaluation of the fusion zone within the cage and the assessment of a sentinel sign at the 

anterior side of the segment. The three dimensional coverage can provide information on 

the position of the cage after surgery. There is also an additional value for the analysis of 

specimens in animal studies: while histology and histomorphometry will be limited to one or 

more sections of a specimen at one point in time (after obduction), MRI can evaluate the 

complete three-dimensional content of a cage in a longitudinal follow-up study. 

To explore the potential benefits of high-resolution MRI, without running into the practical 

problems of scanning large animals in vivo, we performed an ex vivo study with specimens 

originating from a related goat study on resorbable cages. Qualitative and selected 

quantitative analyses have been performed on operated vertebral segments retrieved from 

goats with three to twelve months follow-up. The focus of the research is on placement 

and degradation of the cage, tissue differentiation within the cage, tissue reaction, and 

assessment of the sentinel sign.
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MATERIALS & METHODS

Animals

The operative procedures and animal care were performed in compliance with the regulations 

of the Dutch legislation for animal research. The protocol was approved by review boards 

of the Vrije Universiteit Medical Center for animal experiments. The study used 14 skeletally 

mature female Dutch milk goats. Animals were sacrificed at three (n=3), six (n=4) and twelve 

(n=7) months after surgery. During this period, they were allowed to move freely in an 

open field with access to a spacious stable. The operative procedure was described in detail 

elsewhere37.

Surgical Technique

Through a left retroperitoneal approach, the L3-L4 intervertebral disc was identified and 

transversely penetrated by a 2-mm guide wire. An 8-mm drill bit was positioned over the 

guide wire, and a round channel was drilled though the intervertebral disc and adjacent 

vertebral endplates, leaving the anterior and posterior longitudinal ligaments intact. This was 

repeated with a 10-mm drill bit. The intervertebral disc and approximately 2 mm of endplate 

and subchondral bone of both adjacent vertebral bodies within the transverse rectangular 

defect were the removed in a standardize way using a custom-made box gauge (10x10 

mm).

Cage description and implantation

Custom made interbody cages (MacroPore Biosurgery, Inc, San Diego, CA) with a vertical 

and rectangular configuration were used (10 X 10 X 18 mm; wall thickness 1.5mm). The 

implants were made of a radiolucent 70/30 poly(L-lactide-co-D, L-lactide) (PLDLA) and had an 

axial compression force of 6546 N (SD 188 N, n=6). All cages were impacted with autologous 

bone graft from the iliac crest. 

Specimen preparation 

After the animals were sacrificed, gross pathologic examination was performed. Subsequently, 

the surgically managed motion segment was excised and trimmed of residual musculature. 

The transverse and spinous processes were removed. The segment was kept at 0° Celsius and 

immediately transported to a MR scanner.
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MR Imaging Techniques

MR imaging experiments were performed using a 6.3 T MRI scanner with a 9.5 cm diameter 

horizontal bore, equipped with a VXR-S Varian imaging console (Palo Alto, CA). MR imaging 

started approximately three hours after sacrificing the animals, and was performed at room 

temperature. The segments were wrapped in plastic and inserted into a 5.5 cm diameter 

linear driven birdcage RF coil. Two plastic tubes with standard solutions of 0.15 mM and 

0.30 mM MnCl2 were put next to the segments as a reference. 

Depending on the size of the specimen, 21 to 35 slices were recorded with a slice thickness 

of 1 mm and no gap between the slices. The in-plane field of view for all images was 

5.5 × 5.5 cm2. High-resolution MR images were acquired in the transversal and sagittal 

planes using a standard spin-echo sequence with a repetition time TR = 4 s, an echo time 

TE = 15 ms, and 12 signal averages. The matrix size was 256 × 256, zero-filled to 512 × 512, 

yielding an in-plane resolution of 200 µm and 100 µm in the original and interpolated images, 

respectively.

T1-weighted images were acquired in the transversal planes using a standard spin-echo 

sequence with TE = 15 ms, 4 or 8 signal averages, and varying TR = 0.5, 0.76, 1.14, 1.73, 2.26, 

4, and 6 s. The matrix size was 256 × 128. This TR-array was used to calculate corresponding 

T1-maps. T2-weighted images were recorded in the transversal planes using a standard spin-

echo sequence with TR = 4 s, 4 signal averages, and varying TE = 15, 21, 28, 37.5, 53, 73, 

and 100 ms. The matrix size for these images was 256 × 128. This TE-array was used to 

calculate corresponding T2-maps. MR images were analyzed using Mathematica (Wolfram 

Research, Inc.). Total scan time was approximately 16 hours per specimen.

Analysis of fusion

After MR imaging, the segment was sectioned in a standardized manner using a water-

cooled band saw (EXAKT, Norderstedt, Germany), creating parasagittal sections 3 mm and 

5 mm thick. Lateral radiographs of the sectioned specimens were used to estimate interbody 

fusion within the cage devices according to a validated 3-point radiographic score (RS)34:

RS0 =  No ingrowth of bone into the cage

RS1 =  Ingrowth of bone with the cage securely fixed to vertebral bone above and below, 

but with a radiolucent discontinuity in the fusion mass

RS2 = Spondylodesis with solid bone bridging the fusion area.

Similarly, the interbody fusion stage was determined on MR images, using the same scoring 

range, but now expressed as MR scores MS0, MS1, and MS2, respectively.
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Undecalcified Histology

The 5-mm sections were dehydrated and embedded undecalcified in methyl methacrylate30. 

After polymerization, PLDLA specimens were cut into 7-µm sections using a Jung-K microtome 

(R. Jung, Heidelberg, Germany). All sections were stained with Goldner’s trichome, hematoxylin 

and eosin, and toludine blue for transmitted light microscopy.

RESULTS

All goats recovered uneventfully from the surgical procedure, and normal ambulatory and 

social activities were regained around the second postoperative day. The MR-findings on cage 

resorption, fusion and the formation of a sentinel sign for each goat are listed in Table 1.

PLDLA Cage

The cages themselves do not produce any detectable MR signal at 3 and 6 months (Figures 

1a,b). At three months the cages show small cracks and at six months all cages show 

considerable plastic deformation. At 12 months the cages show a moderate signal intensity, 

suggesting the presence of free water or tissue within the cage (Figure 1c). Some parts of the 

cages were resorbed and the parts which were still visible showed an increase of thickness 

up to 50%. At three and six months, a thin line of high signal intensity was found on the 

surface of the cage. At 12 months this thin line has disappeared, but the cage has a higher 

intensity itself. Also at histological examination, the cages with three and six months follow-

up show tiny fractures. All cages were surrounded by a thin layer of fibrous tissue, changing 

Figure 1: Transverse T1-weighted high-resolution MR image of the fusion zone after different 
follow-up periods: a. three months; b. six months; c. twelve months. For explanation see text. The 
central nerves were sometimes lost during obduction, and therefore not visible in figure 1a.

a b c
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into fibrocartilage in the fusion zone, and on the loaded edges of the cage (Figures 2a,b). 

No inflammatory reaction is seen at three and six months. The 12 months histology was not 

available at the time of writing this manuscript.

Fusion zone

The results of the radiographic evaluation with X-ray are summarized in Table 2. They show 

that there always was bony ingrowth into the cage, but complete fusion was only found in 

two out of four specimens at six months, and two out of seven specimens at twelve months. 

One sentinel sign was found after six months with RS1; two sentinel signs were found after 

twelve months, one with RS1 and one with RS2 each. The radiological score obtained by 

MRI as shown in Table 1, confirms the radiographical score for most specimens, but not for 

all: the RS1 (ingrowth) of SC 19 (six months follow-up), for example, appears to be a MS2 

(fusion). The reason for this finding is that the radiographical score is based on a radiograph 

of a 5-mm mid-sagittal section and the MRI score is based on a total evaluation of the 

fusion zone. Histology taken from the 5-mm section in the non-fusion area, as well as the 

corresponding MRI slice, confirms the RS1 (Figures 2a,c), but MRI shows a fusion in another 

Table 1: MR findings on cage, fusion zone and sentinel sign per goat. 

Goat CAGE FUSION ZONE S.S.

Geometry Signal Interface MRI-Score

3 months

SC 13 Fractured, little deformation No signal Little reaction MS 1* Very irregular Yes

SC 15 Fractured, little deformation No signal Little reaction MS 1* Irregular Yes

SC 17 Fractured, little deformation No signal No obvious reaction MS 1* Very irregular No

6 months

SC 10 Deformation No signal High signal, thin line MS 1 Yes

SC 19 Deformation No signal High signal, thin line MS 2 (RS 1) Central high signal No

SC 22 Fractured No signal High signal, thin line MS 2 No

SC 23 Fractured No signal High signal, thin line MS 2 Thin line, low signal in cage No

12 months

SC 1 Part. resorbed, thick wall, bowing Moderate Little high signal, thin line MS 2 Very irregular, no continuity trabecular bone No

SC 3 Part. resorbed, collapsed Moderate No high signal, but reaction (signal) in bone MS 1 (RS 0) Collapse cage No

SC 5 Several parts, thick wall Moderate No difference around cage MS 1 High signal near disc height No

SC 8 Part. resorbed, thick wall Moderate No reaction MS 2 Much trabecular bone in FZ Yes

SC 12 Part. resorbed, collapsed Moderate No reaction MS 2 (RS 1) Little fusion No

SC 25 Part. resorbed, collapsed Moderate No reaction MS 1 Low signal line near disc ? 

SC 27 Part. resorbed, collapsed Moderate No reaction MS 1 Near fusion No

*: recorded in transverse plane, S.S.: Sentinel Sign
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location within the cage (Figure 2d). Similarly, the MRI of SC 12 (12 months follow-up) shows 

fusion, whereas the radiographical score is RS1. The reason for this discrepancy is a small 

fusion zone, visible with MRI but not with X-ray.

Tissue identification

Qualitatively, high-resolution T1-weighted MRI shows quite some details of the composition 

of the tissues within and around the fusion zone (Figure 3). Bone, for instance, always has 

a low signal, whereas fibrous tissue gives high intensity signals (see also Figure 1). With the 

high resolution used here, individual trabeculae are visible, which have a thickness of some 

200 µm. Also the thickness of the fibrous cartilage layer is in this order of magnitude. Another 

remarkable finding is that yellow marrow appears brightly on the MRI scans, whereas red 

marrow can hardly be distinguished from bone (Figure 3). Apart from the bright and dark 

areas, several levels of gray can be seen which are sometimes difficult to discriminate. Most 

of the gray area in the fusion zone can be identified as cartilage (compare figures 2a,b,c). 

However, cartilage can be of the fibrous type and the hyaline type; these are different types 

Table 1: MR findings on cage, fusion zone and sentinel sign per goat. 

Goat CAGE FUSION ZONE S.S.

Geometry Signal Interface MRI-Score

3 months

SC 13 Fractured, little deformation No signal Little reaction MS 1* Very irregular Yes

SC 15 Fractured, little deformation No signal Little reaction MS 1* Irregular Yes

SC 17 Fractured, little deformation No signal No obvious reaction MS 1* Very irregular No

6 months

SC 10 Deformation No signal High signal, thin line MS 1 Yes

SC 19 Deformation No signal High signal, thin line MS 2 (RS 1) Central high signal No

SC 22 Fractured No signal High signal, thin line MS 2 No

SC 23 Fractured No signal High signal, thin line MS 2 Thin line, low signal in cage No

12 months

SC 1 Part. resorbed, thick wall, bowing Moderate Little high signal, thin line MS 2 Very irregular, no continuity trabecular bone No

SC 3 Part. resorbed, collapsed Moderate No high signal, but reaction (signal) in bone MS 1 (RS 0) Collapse cage No

SC 5 Several parts, thick wall Moderate No difference around cage MS 1 High signal near disc height No

SC 8 Part. resorbed, thick wall Moderate No reaction MS 2 Much trabecular bone in FZ Yes

SC 12 Part. resorbed, collapsed Moderate No reaction MS 2 (RS 1) Little fusion No

SC 25 Part. resorbed, collapsed Moderate No reaction MS 1 Low signal line near disc ? 

SC 27 Part. resorbed, collapsed Moderate No reaction MS 1 Near fusion No

*: recorded in transverse plane, S.S.: Sentinel Sign

C
hapter 7

105

The use of high-resolution m
agnetic resonance im

aging



of tissue, indicating also different phases of fusion. At first glance, it is difficult to tell whether 

one or the other is present form the MR images.

One possibility to overcome this problem is by taking a more quantitative approach and focus 

on T1- and T2 relaxation times which may be tissue-specific. Figure 4a shows a high-resolution 

transverse slice of the fusion zone in a specimen with six months follow-up. The buckled cage 

Figure 2: The mid-sagittal slice of a specimen with six months follow-up, showing bone ingrowth, 
but no fusion (RS1). a: histological section (Goldner staining) showing bone (green), fibro-cartilage 
(rose) and fibrous tissue (gray). Left in the fusion zone is a spot of hyaline cartilage (light green). The 
thick red band on the right hand is muscular tissue. b: Toludine blue staining shows the presence of 
fibro-cartilage (dark purple) in the fusion zone and the intervertebral discs; hyaline cartilage shows 
as a bright spot left in the fusion zone. Fibrous tissue (blue/gray) appears at the cage interface and 
in the longitudinal ligaments (left and right at the cortex). Trabecular bone (bright purple) enters 
into the fusion zone from both vertebral bodies. c: the MRI of the same sagittal slice discriminates 
between cage, bone, fibrous tissue and cartilage, but not between fibro- and hyaline cartilage. 
d. An MRI elsewhere in the specimen suggests that fusion has been achieved at least at some 
locations within the cage.

a

b

c

d

Table 2: Radiographic scores (RS) of fusion of the retrieved segments

Follow Up (months) n RS0 RS1 RS2 Sentinel Sign

3 3 3/3 0/3

6 4 2/4 2/4 1/4

12 7 5/7 2/7 2/7

RS 1 = no ingrowth of bone into the cage, RS 2 = ingrowth of bone, no fusion, RS 3 = 
spondylodesis
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has almost no signal intensity, and the bright line of fibrous tissue is clearly visible. Within the 

cage, there is a broad spectrum of gray values. The T1 map (Figure 4b) shows not so much 

variation of T1 values within the cage, but in the T2 map a brighter spot can be seen at the 

lower edge of the cage (Figure 4c). We chose three regions of interest (ROI; Figure 4d), and 

determined the regional values of the T1 and T2 relaxation times (Table 3). The ROI with 

the much longer T2-relaxation time (the bright spot in figure 3c) also has a somewhat larger 

T1-relaxation time. This suggests a higher water content of the tissue, presumably an area 

of fibrous tissue embedded within more cartilage-like tissues, or an area with relatively high 

blood volume (e.g.: blood vessel). 

Three-dimensional information

An important feature of MRI is that a large area of interest is imaged, and not just one 

or two single slices. In the first place, one can evaluate the alignment of the cage within 

the intervertebral disc. Ideally, the cage is placed symmetrically in the frontal plane (Figure 

1a), entering the endplates of both vertebral bodies. Cages are sometimes placed less deep 

(Figure 1b), and figure 1c shows that the lateral approach is sometimes difficult, presumably 

due to the rounded edge of the vertebral bodies, which forces the surgeon to choose a more 

antero-lateral angle. Less difficult, but still problematic appears to be the placement through 

Figure 3: Macroscopic view (a) and MRI (b) of the mid-sagittal slice of a specimen with 12 months 
follow-up. The cage has clearly thickened, and the gray appearance points at an advanced stage 
of degradation. Note the difference between the yellow marrow that appears bright at the MRI, in 
contrast to the red marrow, which appears dark in this scan.
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both endplates. Due to the low signal intensity of the cage, it is easy to evaluate eventual 

damage to the nervous tissues.

Three-dimensional information is also helpful to determine whether fusion is achieved or not. 

Figure 2 shows that one sagittal section may present a non-union, although fusion can be 

found elsewhere within the cage. The radiographical score used in earlier studies appears to 

be reliable (specific), but sometimes underestimates the level of fusion as it is based only a on 

a mid-sagittal slice of 5 mm thickness.

Three-dimensional information also appeared to be helpful in analyzing so-called sentinel 

signs. A sentinel sign is defined as a bone bridging, occurring outside the fusion zone, 

Figure 4: a. Transverse section of a specimen with six months follow-up. b. Quantitative T1 map of 
the same slice. c. Quantitative T2 map of the same slice. d. location of the regions of interest: ROI 
1: bottom left; ROI 2: bottom right; ROI 3: top.

b
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mostly at the antero-lateral edge of the intervertebral discs. At six (n=1) and at 12 months 

(n=2), sentinel signs were observed on radiographic evaluation of the mid-sagittal slice. MRI 

evaluation confirmed the sentinel sign (SC 10) at six months and one at 12 (SC 8) months, 

but argued against the second sentinel sign (SC 3). On the other hand, MRI scans revealed 

two sentinel signs at three months (SC 13 and 15) which were not scored on radiographs 

due to the lateral position of the bone bridge

DISCUSSION

The purpose of this ex vivo study was to explore the potential benefits of high-resolution 

MRI in monitoring spinal fusion using bioresorbable cages. It was found that bone, fibrous 

tissue, cartilage, and red and yellow marrow were well visible with MRI. An analysis of T1- 

and T2-maps shows that a more quantitative approach could be helpful for further tissue 

identification. The bioresorbable cages were clearly “visible” at three and six months, because 

of the high contrast between the low signal intensity of the cage and higher signal intensity 

of surrounding tissue. Hydrolysis became visible after twelve months, where the cage got 

a grayer appearance. Possibly, the dynamics of hydrolysis of the cage could be followed in 

time by using ultra-short TE imaging, which will reveal water with very short T2-relaxation 

time25,38. The three-dimensional nature of MRI and the possibility to obtain images in all 

directions reveals much information of interest as compared to the single-slice approach of 

radiographs and histological sections.

It was interesting to find that the cages had fractured already after three months, and 

that they were covered with a thin layer of fibrous tissue. These findings were confirmed 

histologically. At least the cracks in the cage seem to be of some clinical value, as they affect 

the mechanical integrity of the implant and thus of the operated segment. The fact that 

less than half of the specimens of the six and twelve months groups showed fusion, is an 

indication that the fusion process is hindered by a reduced mechanical stability. The PLDLA 

cages apparently were mechanically overloaded in this stand-alone configuration. It has been 

described that the spinal load in the goat is comparable to that in an adult human, despite 

Table 3: Determined T1 and T2 relaxation times for three regions of interest (Figure 4). Standard 
deviations are based on the variance of intensities within each ROI.

ROI 1 ROI 2 ROI 3

T1 (s) 1.9 ± 0.1 1.6 ± 0.2 1.4 ± 0.2

T2 (ms) 30 ± 4 16 ± 5 17 ± 4
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the smaller body size and the horizontal position of the spine27. Clinically, cages are routinely 

applied in conjunction with internal fixation.

It should be emphasized here, that the resolution of the MR images used here was quite 

high (app. 0.1 mm) as compared to what is used routinely in the clinic (app. 1 mm). This 

was possible both by using a high field strength, and long measuring times. High resolution 

images have a very high quality but have the disadvantage of longer scanning times. This is 

unproblematic in the evaluation of explanted segments as in this goat study, but less optimal 

for clinical application. Cages for humans are larger than the ones used in this goat study, 

but only by a factor two to three, not ten. Micro-cracks thus will not as easily be detected 

in clinical MRI scans, but there is still plenty of information of interest that will be visible. 

The cage itself, for example, is clearly identified, and its placement and resorption can be 

evaluated at follow-up. Because poly-lactic acid gives no artifacts in MRI scans, all tissues are 

clearly visible, which allows to determine whether fusion through the cage has been achieved 

and/or a sentinel sign has been formed. Quantitative analyses may allow more accurate 

tissue identification, but that is subject to further study. It is interesting to note that yellow 

and red marrow can be discriminated so well from each other and from cartilage, as pointed 

out earlier by others12,33. Previous studies show that the fusion zone has yellow marrow 

shortly after fusion, whereas red marrow only is found at later stages37. This suggests that 

the color of the marrow can be indicative for the “maturity” of the newly formed bone. 

Whether this has any clinical relevance, is as yet not clear.

CONCLUSION

Magnetic resonance imaging has great potential as a non-invasive tool for the evaluation 

of spinal fusion using bioresorbable cages. The degradation of the cages can be visualized, 

though only well after losing mechanical integrity. The large coverage of MRI allows to 

evaluate cage placement and bone formation both within and outside (sentinel sign) the 

cage. Also cartilage and fibrous tissue can be identified. Quantitative analyses may allow for 

more detailed tissue identification, but this has to be investigated further.
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ABSTRACT

Nonunion is a major complication of spinal interbody fusion. Currently X-ray and computed 

tomography (CT) are used for evaluating the spinal fusion process. However, both imaging 

modalities have limitations in judgment of the early stages of this fusion process, as they only 

visualize mineralized bone. Magnetic resonance imaging (MRI) could be of great value as it 

is able to discriminate between different types of tissue. A feasibility study was performed in 

nine animals from a goat spinal fusion study, to evaluate the detection capacity of different 

tissues with micro-MRI. In this study bioresorbable polylactic acid cages were used. Six- 

and twelve-months follow-up specimens were scanned in a 6.3 Tesla micro-MRI scanner. 

After scanning, the specimens were processed for histology. Different types of tissue as 

well as the degradable cage material were identified in the fusion zone and designated as 

regions of interest (ROIs). Subsequently, the location of these ROIs was determined on the 

corresponding micro-MRI image, and average signal intensities of every individual ROI were 

measured. An excellent match was seen between the histological sections and micro-MRI 

images. The micro-MRI images showed quantifiable differences in signal intensity between 

bone with adipose marrow, bone with hematopoietic marrow, fibrocartilage, fibrous tissue, 

and degradable implant material. In time the signal intensity of bone with adipose marrow, 

bone with hematopoietic red marrow, and of fibrous tissue remained relatively constant. On 

the other hand, the signal intensity of the degradable implant material and the fibrocartilage 

changed significantly in time, indicating change of structure and composition. In conclusion, 

in our model using bioresorbable cages the MRI provides us with detailed information about 

the early fusion process and may therefore allow early diagnosis of non-union.
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INTRODUCTION

Spinal fusion essentially is a process of bone formation, which is influenced by a variety 

of biomechanical, biochemical, cellular and hormonal mechanisms.9 As in fracture repair, 

mechanical stability is a prerequisite for successful bone formation at the spinal fusion site. 

Excessive motion of the segments may lead to complications like pseudo-arthrosis or non-

union with cartilage and/or fibrous tissue formation.2;4;21 Non-union, in fact, is one of the 

most frequent complications of arthrodesis.28 In the spine however, non-union is difficult 

to diagnose at an early stage, as half of the patients with a non-union are reported to be 

asymptomatic.22;26 

Plain radiographs are the most commonly used imaging technique to evaluate the fusion 

process. Trabecular bone, crossing at the fusion site on antero-posterior and lateral projections 

is used to assess consolidation of the bone graft.16 However, plain radiography is accurate in 

only 59% to 82% of the cases with a high specificity and a low sensitivity.3;6;10;20;26  Another 

disadvantage inherent to radiographic imaging techniques is the inability to visualize soft 

tissue or radiolucent materials that are used in cages.31 When metallic implants are used, 

accurate assessment of the fusion zone inside the cage is impossible due to the radiopacity of 

metallic cages. 29;30;32 During the past several years, computed tomography (CT) has become 

one of the most important diagnostic modalities in the evaluation of spinal interbody fusion. 

CT can create 3D images and slices, demonstrating the presence or absence of bone bridging 

between the vertebral bodies.8;15 However, none of the previously described disadvantages 

of X-ray evaluation are overcome by CT. Furthermore, CT comes at the costs of considerable 

radiation doses.24

Recent studies show that MRI can detect changes in soft tissues over time.1;17-19;27 Furthermore, 

processes inside the cage can be monitored with MRI, especially when bioresorbable cage 

material is used. Moreover MRI provides information on the position of the cage after surgery 

and may show the time dependent degradation of bioresorbable spinal implants.12 These 

advantages of MRI, combined with the absence of radiation exposure to the patient, could 

make MRI scanning a valuable diagnostic tool for monitoring the fusion process. 

In the present study we analyzed the feasibility of micro-MRI analysis to study the process of 

fusion inside a bioresorbable PLDLA cage in a goat model and quantified these micro-MRI 

measurements on a scale. For this purpose, histological sections were analyzed and compared 

with corresponding micro-MRI images. The signal intensity of the different tissues in the 

MRI images was subsequently quantified and tissue specific differences were determined for 

developing a micro-MRI tissue grading scale. 
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MATERIALS AND METHODS 

Animal model and study design

Micro-MRI images and histological slices were obtained from 9 goats used in a previously 

described caprine spinal fusion model study.11;12 In this study, the L3-L4 vertebral segments 

of the lumbar spine were fixated using a rectangular (10x10x18 mm) bioresorbable PLDLA 

cage, filled with impacted autologous bone graft. After creating a defect through both 

endplates, the cage was placed laterally between two vertebrae. The surgical procedure, 

cage and implantation procedure have been described in detail elsewhere.12 The follow-up 

was six months (n = 3) and twelve months (n = 6).

Magnetic Resonance Imaging 

At autopsy, the treated motion segment (L3-L4) was excised and trimmed of residual 

musculature. The transverse and spinous processes were removed. The segment was kept at 

4 °C and immediately transported to an MR unit.

The MR imaging experiments were performed using a 6.3 T MR imaging scanner with a 

9.5 cm diameter horizontal bore, equipped with a Varian VXR-S imaging console (Varian 

Associates, Palo Alto, CA). The MR imaging studies were started approximately 3 hours after 

sacrificing the animals. The segments were wrapped in plastic and inserted into a 5.5 cm 

diameter, linear driven birdcage radio frequency coil. The experiments were performed at 

room temperature. Depending on the size of the specimen, 21 to 35 slices were recorded; 

the slice thickness was 1 mm, there was no gap between them. The in-plane field of view 

Figure 1. a: Micrograph of a toluidine blue stained specimen of a fused segment after six months. 
Encircled are several ROIs identifying different types of tissue involved in the spinal fusion. b: The 
corresponding micro-MRI image. In the designated ROIs the average signal intensity was determined 
using image analysis software. Note the low signal intensity of the cage material, the deformation 
and the cracks.  

a b
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for all images was 5.5 x 5.5 cm2. High resolution MR images (proton density) were acquired 

(transverse and sagittal plane) using a standard spin echo sequence with a repetition time 

of 4 seconds, an echo time of 15 msec, and 12 signal averages. The matrix size was 256 x 

256, zero-filled to 512 x512, yielding an in-plane resolution of 200 and 100 micrometer in the 

original and interpolated images, respectively (Fig. 1B). 

Histology 

After MR imaging, each segment was sectioned sagitally in a standardized manner, using a 

water-cooled band saw (EXAKT, Norderstedt, Germany), creating a 5 mm paramidsagittal 

section. This section was dehydrated using formaldehyde, embedded in methyl methacrylate 

and 12 micrometer sections were obtained. All sections were stained with Goldner Trichrome 

(GT) and Toluidine Blue (TB)(Fig. 1A).

Four different tissues generally present at a fusion site were defined prior to the histological 

analysis: bone containing hematopoietic marrow (BHM), bone containing adipose marrow 

(BAM), fibrous tissue (F) and fibrocartilage (FC). Cage material was identified by the absence 

of cells. The definitions of the tissues used in the present study are shown in Table 1. Regions 

of interest (ROIs), each containing only one of the four selected tissues or the cage material, 

were selected by one of the authors (MPU). Subsequently a second observer (VE) classified 

the tissue in each ROI on every histological section. When both observers independently 

agreed on the nature of the tissue in a ROI, it was included in the study. This resulted in 

tissue specific ROIs in all of the histological sections for all four different tissues as well as 

cage material.

Table 1.

Tissue Abbreviation Definition

Bone with hematopoietic marrow BHM Presence of hematopoietic cells and osteocytes∗

Bone with adipose  marrow BAM Presence of adipose cells and osteocytes∗

Fibrous tissue F Presence of fibroblasts and collagenous fibers

Fibrocartilage FC Presence of (rows of) chondrocytes

Cage material C Absence of cells

Abbreviations and definitions used for analyzed histological tissues.
∗Bone defined as tissue containing osteocytes, hematopoietic marrow defined as tissue containing 
hematopoietic cells, and adipose marrow defined as tissue containing adipose cells. 

Magnetic Resolution Imaging analysis and assessment 

For each histological section, the corresponding micro-MRI image was selected using ImageJ, 

a public domain, Java-based image processing program (National Institutes of Health, 

Bethesda, Maryland, USA). Subsequently, the previously identified ROIs were identified in 
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the MRI images. (Fig. 1B). The signal intensity of each ROI was determined using ImageJ. 

Considerable variation in the absolute value of the signal intensities was observed. Therefore, 

fibrous tissue was selected as baseline because the signal intensity of this tissue was stable 

and remained stable during the follow-up period. The signals of all tissues were expressed as 

a ratio of fibrous tissue. 

Statistical analysis

Statistical analysis software was used to analyze the data (Instat. Graph pad Software Inc, 

San Diego, USA). Repeated measures ANOVA with a Tukey-Kramer post-hoc test was used 

to determine differences between tissue signal intensities. The Student t-test was used to 

analyze differences between both time-points. 

RESULTS 

Histology

The selected tissues were identified in all specimens by both observers. The cages were clearly 

detectable in all specimens. After six months, the cages in general showed considerable 

deformation and fracturing. After twelve months, all six cages had disintegrated, migrated 

and were deformed (Fig. 1B). At both time points, all cages were surrounded by a thin layer 

of fibrous tissue, gradually changing into fibrocartilage in the fusion zone and at the load 

bearing edges of the cage. 

The relative signal intensities and their relation to different tissues are shown in figure 2. 

The different tissues showed significantly different signal intensities as compared to each 

other, with three exceptions (Table 2): after six months; bone with adipose marrow (BAM) 

versus bone with hematopoietic marrow (BHM) and bone with adipose marrow versus 

Figure 2. The ratios of the different 
tissues analyzed in the present 
study. (± SEM). The signal intensity 
of fibrous tissue is used as a 
standard (1 by definition). All other 
tissues are expressed as a ratio of 
fibrous tissue. Fibrocartilage and 
cage material signal intensities 
both changed during the follow-
up. * p<0.05 as compared between 
follow-up time-points (Student 
t-test).
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fibrocartilage (FC); and after twelve months, bone with hematopoietic marrow versus cage 

material. Comparing the signal intensities of BAM and BHM in time did not result in significant 

changes. The signal intensity of fibrocartilage was higher after six months than intensities of 

BAM, BHM and cage material (Fig. 2). However, after twelve months the fibrocartilage signal 

intensity had decreased significantly (p=0.0002) and was significantly lower compared to all 

other tissues, including the degradable cage material (Fig. 2). 

After six months, ROIs classified as bioresorbable PLDLA cage were showing the lowest 

signal intensities (Fig.2). At twelve months, the cage material showed more deformation and 

significant higher signal intensities compared to six months (p=0.0025).

In the present study the location of the two types of bone marrow was not determined. 

However, in all sections (both six and twelve months) adipose marrow was observed closest 

to the fusion zone. Both cranially and caudally of the fusion zone, hematopoietic marrow was 

seen intruding the fusion zone subsequent to adipose marrow.

DISCUSSION

Rates of spinal fusion procedures are increasing in recent years in the U.S.7;32 The reported 

rates of failed union in general are high, varying between 0% to 56% depending on, among 

others, fixation type and number of levels fused.5;16  However, not all patients with a non-

union are symptomatic, complicating the process of diagnosis of non-union.22 At this time, 

the golden standard in diagnosing non-union is surgical exploration.16 Ideally, a non-invasive 

tool should be available for assessing the process of fusion in the patient, and predicting 

outcome of the process at an early stage. Currently, X-ray and CT are clinically used to 

evaluate spinal fusion. As the fusion process includes different stages with different sorts of 

soft tissues, more sophisticated imaging techniques are needed to discern the differences 

Table 2.

12 months 6 months

F BAM BHM FC C

F NS < 0.001 < 0.001 < 0.05 < 0.001

BAM < 0.001 NS NS NS < 0.01

BHM < 0.001 < 0.001 NS < 0.05 < 0.05

FC < 0.001 < 0.001 < 0.05 < 0.001 < 0.001

C < 0.001 < 0.01 NS < 0.001 < 0.001

P-values of differences between different types of tissue and cage material at 6 months (vertical, 
grey), 12 months (horizontal, italic) and between follow-up time-points within selected tissues 
(bold). NS = not significant.
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between them. We used samples from a spinal fusion goat study to evaluate the micro-MRI 

signal intensities of tissues involved in interbody fusion. In this study bioresorbable polylactic 

acid cages were used. We found that the ratios of the tissues analyzed were reproducible 

and distinguishable from each other using micro-MRI (Fig. 2). Furthermore, we observed that 

the signal intensity of fibrocartilage and degradable cage material changed during follow-up. 

We conclude that MRI provides us with vital and detailed information about the early fusion 

process and may therefore allow early diagnosis of non-union. At present the use of MRI for 

this purpose is limited to non-metallic cages. 

Fibrocartilage and cage material signal intensities changed significantly in the goat segments 

between six and twelve months (Fig. 2). The lower signal intensity of the fibrocartilage at twelve 

months indicates a decrease in the content of water. This may be explained by the ongoing 

deposition of extracellular matrix and maturation of the fibrocartilage. Clear histological 

changes, however, were not observed in this tissue. By contrast, the signal intensity of the 

cage material increased during the follow-up (Fig. 2). After six months the cages produced 

low signal intensity (Fig. 1B). After twelve months, however, the signal intensities increased 

significantly. This change can be explained by the degradation of the cages, which actually 

occurs through hydrolysis, a process which generates water. This observation is of interest as 

it was shown before that these PLDLA cages retain there initial strength for approximately 

six months.25 After six months their strength gradually decreases and at 12 months the 

cages entirely lost their mechanical integrity.25 In a clinical perspective, the signal intensity of 

the cage can be used as an indicator of its mechanical integrity; loss of mechanical integrity 

contributes to instability of the spinal segment, which is a risk factor for non-union. 

In the present study, in both six and twelve months, adipose marrow was observed closest 

to the fusion zone. Both cranially and caudally of the fusion zone hematopoietic marrow was 

seen intruding the fusion zone after adipose marrow. This is in line with previous studies in 

which red (hematopoietic) marrow was found in later stages, indicating that red marrow 

is related to a more mature bone type.12;30 This is an interesting finding, because adipose 

marrow is generally found in older persons, whereas hematopoietic marrow is rather related 

to bone formation and growth. This study consistently shows a role for adipose bone marrow 

in the fusion process. The ability to discriminate between red and yellow marrow with MRI 

also has practical implications, as Lang et al. found that the signal intensity of bone marrow 

might be related to functional stability of a fused segment.14  

With respect to future clinical application two methodological aspects of this study need 

to be addressed. First, the use of a high field MR scanner (T=6.3) and second the use of 

an internal reference (fibrous tissue) for signal intensities. The high-field MR scanner was 

used to obtain high-resolution MR images, which resulted in images of very high quality. 
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Because of its small bore size the present scanner is obviously not suitable in a clinical setting. 

Furthermore, the current scanning times are too long for clinical application. However, high 

resolution imaging of bone and cartilage becomes readily available in a clinical setting, with 

the development of high (3 and 7 T) MR scanners and the development of new and faster 

MR sequences.23 The signal intensity of fibrous tissue was used as reference because the 

absolute pixel intensities in the images varied between MRI measurements. Although the use 

of an external “standard”, e.g. a tube containing water, is preferable, the stable proportions 

of the different tissues justified the use of this internal “standard”.  In future (pre) clinical 

research an external standard will be used.

In the present model a standardized endplate perforation was used. Polylactic acid implants 

degrade over time mostly by bulk hydrolysis which produces lactic acid. Transportation of this 

waste product is essential since accumulation will lead to autocatalysis of the implant and 

bone resorption. To our opinion opening of the endplates is not only essential for removal of 

lactic acid but also for the supply of osteogenic cells. A disadvantage of endplate perforation 

could be subsidence of the segment. A recent RSA study in the same model has shown that 

both bioresorbable and the titanium control cages induce less than 1.5 mm of segment 

subsidence after twelve months.13 Which is largely or completely due to settling of the cage. 

Complete perforation of the endplates may not be necessary and could lead to subsidence in 

combination with stiff and sharp implants. However we feel that endplate preparation with 

formation of bleeding subchondral bone is vital when using polylactic acid interbody fusion 

devices. 

In contrast to CT and X-ray, micro-MRI can differentiate between different kinds of soft tissue 

as well as bone and implant material in our model, using non-metallic cages. The present 

study demonstrates that there is a clear correlation between micro-MRI signal intensities and 

the corresponding histological tissues. Our data further show that micro-MRI could be used 

to analyze the process involved in spinal fusion on tissue level. Moreover, micro-MRI can be 

used to monitor the process of degradation of bioresorbable cage material. MRI could play 

a major role in preclinical development of bioresorbable and other non-metallic implants. 

Furthermore, the increasing availability of clinical high resolution MR scanners supports a 

clinical application of this method in the near future. In conclusion micro-MRI could be a 

valuable tool to monitor and evaluate early bone healing for both research purposes and 

future clinical decision making.  
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GENERAL DISCUSSION

The latest step in spinal interbody cage development has been the clinical application of 

bioresorbable polylactide cages. In contrast to non-resorbables these polymers desire a 

different knowledge and approach than non resorbable materials. An attractive advantage, 

as mentioned before, is that polymer engineering allows tailoring of the physical and chemical 

properties for specific applications. On the other hand comparison of different polylactide 

materials is far more complex. Mechanical behaviour, for example not only depends on 

their molecular composition, but also on the design, the manufacturing process, storage, 

sterilization, mechanical loading history, biochemical environment, etcetera.

The clinical approval of PLDLLA (Hydrosorb™) was based on in vitro studies, limited preclinical 

in vivo experience and references to different polylactide materials. Simultaneously with 

the European randomized controlled clinical trial of the Hydrosorb™ Telamon© cage, the 

presented mechanical and radiological studies were conducted with PLDLLA in our goat 

model. At present the European randomized controlled clinical trial has been aborted 

unilaterally by the industry because of unreported failures abroad. This thesis together with 

the continuing research will elucidate more on the possible causes of the premature failure 

and underline that polylactides desire a different approach compared to non-resorbables with 

respect to development of orthopaedic applications. 

The models which were used in this thesis as biomechanical testing model and as lumbar 

spinal interbody fusion will be discussed in this chapter. Subsequently the explanation for the 

failure of the PLDLLA cages will be elaborated with the use of recently published and ongoing 

studies, followed by the present status of the bioresorbable cages and future directions.

Spinal interbody fusion model

The use of an animal model evokes several questions with regard to the extrapolation of the 

results to humans. The horizontal alignment of the spine in the quadruped has been discussed 

with respect to direction and magnitude of the spinal load.4  Although the goat is a quadruped 

the direction of the load is axial like in humans, based on the direction of the trabeculae in 

the goat vertebral bodies.4 Furthermore the trabecular density, which is a parameter for the 

magnitude of the load, is higher in the goat than in humans.4 Biomechanical testing of sheep 

spines showed that the variation in range of motion in all loading directions was qualitatively 

similar to values reported in the literature for human specimens.5  Altogether, extrapolation 

of the data to a human situation seems justified.
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Generally, spinal interbody fusion is performed in a degenerated spinal segment. To mimic a 

degenerated spine as close as possible, skeletally mature Dutch milk goats were used. These 

goats have a minimum age of three years and a past in the Dutch milk industry. A Dutch milk 

goat can live up to 8 – 12 years. The goat spines did not show macroscopically  or radiological 

signs of degeneration. This is a discrepancy between the clinical situation and the animal 

model, which could be resolved by the use of a degeneration model. This model has recently 

been developed in the goat.6 

A potential limitation of a large animal model is the relatively small number of animals enrolled 

in a study. The numbers of animals used in research must be kept to a minimum, which is 

monitored strictly by the animal ethics committee of the VU University Center. Secondly large 

animal studies are very costly. Nevertheless, this thesis presents clear trends in the rate of 

interbody fusion, the biocompatibility and degradation characteristics.

New parameters were added to the model to increase knowledge on in vivo segmental 

movement, subsidence, cage behaviour and tissue formation inside the cage. The use 

of radiostereometric analysis provided information on the sagittal range of motion and 

subsidence of the treated segment information as parameters in time. 

Magnetic resonance imaging

In a feasibility study and subsequently with a quantitative study on early tissue formation inside 

the bioresorbable cage different tissues could be identified and monitored in time. Clinical 

application of the used high-resolution MRI scanner (6.3 Tesla) with a bore size of 9.5 cm 

would not be possible. However, very recently a 7 Tesla MRI scanner has become operational 

for clinical purposes in the Netherlands. Most likely, MRI will be used for monitoring of 

early tissue identification inside bioresorbable cages in spinal interbody fusion in the near 

future. Furthermore, MRI is a valuable tool for the development of interbody fusion cages. 

It has potential for monitoring of the cage with respect to the mechanical status (cracks, 

deformation), degradation rate (signal intensity and increased thickness) and tissue response 

surrounding the cage, without harvesting of the spinal segment. A major advantage for 

clinical application.

Premature cage failure

In previous research successful outcomes with respect to fusion rate and tissue reaction 

were seen with the use of stiff and flexible PLLA cages with the same geometry in two 

different in wall thicknesses. However, at three years follow up in half of the specimens cage 

material was present in small amounts and at four years still particles were observed in 2 of 
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the 7 specimens.3 A faster resorption after fusion would be preferable. The cages used in 

the presented thesis were made of bioresorbable 70/30 poly(L, D-L lactide) (PLDLLA) with a 

vertical and rectangular geometry. This polylactide is amorphous which enhances resorption 

of the material. Moreover, the absence of crystallinity decreases the risk for an adversive 

tissue reaction to a minimum. (It should be emphasized that crystallinity did not appear to 

play a role in the earlier goat study, although is does seem to play a role in other studies) 

The initial mechanical strength (6.5 kN) was comparable to that of the PLLA cages (6.8 kN).  

Before implantation, mechanical properties and degradation rate were tested. The in vitro 

degradation tests demonstrated that the strength of the PLDLLA cages decreased gradually 

after 26 weeks. The yield strength of the cages exceeded the goat vertebral yield strength 

(3.5 kN) up to 31 weeks. Yet, observations after three months of implantation showed 

unexpected cage failures. Although the initial strength of the cage was much higher than 

the maximum load measured in vivo (<1kN), the cage was clearly overloaded.7 Cage failure 

destabilized the spinal segment, which resulted in pseudarthrosis in more than half of the 

cases. This result contrasted strongly with an earlier animal study8 and two clinical studies9,10 

with the same polymer, in which no failures were found in combination with a high fusion 

rate. However, the cage group with supplemental internal fixation in accordance with the 

clinical studies was able to rescue the healing process with PLDLLA cages, indicating that 

application of bioresorbable cages in combination with additional fixation remained within 

mechanical safety limits.

One or more factors caused the difference in the time-depended mechanical strength between 

the in vitro and in vivo studies. Biological degradation, which does not occur in vitro, could 

play an important role. However, literature regarding the role of enzymes on the degradation 

of aliphatic polyesters is often contradictory. Many authors have reported that enzymes may 

be involved in the latter stages of degradation, when the polymer has fragmented and the 

molecular weight is sufficiently small.11-13 However, the role of enzymes during hydrolysis 

remains unclear. In comparative in vitro and in vivo studies faster degradation of PGA and 

PLLA in vivo has been reported.14,15 However others have reported no significant differences 

in the degradation rates of PLLA in vivo.16,17 At six months, inherent viscosity and average 

molecular weight of the PLDLLA cages were significantly more reduced in the in vivo cages 

as compared to the in vitro cages. Enzymes, which are not present in vitro, could have played 

a significant role in the biological degradation of the PLDLLA, although their exact influence 

on degradation is not completely clear, yet.18 It seems unlikely, however, that enzymes play 

a role in the early degradation phase, in which the cage is still intact or only broken into large 

pieces. Enzymes would only be capable of degrading the surface of the fragments, not the 

internal polymer chains.
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The influence of sterilization method on cage degradation and behaviour has been described 

extensively.19,20 Therefore an additional study focussed on the sterilization method (E-beam) 

of the PLDLLA cages.21  E-beam sterilization strongly decreases inherent viscosity and 

thus advances mechanical degradation. Ethylene oxide sterilization postpones mechanical 

degradation to a later time point, but does not increase the initial mechanical strength. As 

the inherent viscosity decreased with degradation time, mechanical strength only decreased 

significantly when inherent viscosity (molecular weight) was below a certain threshold (about 

0.75 dl/g). The inherent viscosity of the E-beam sterilized cages in vitro and in vivo did not 

drop below the threshold before six months. Above this threshold, the mechanical strength 

is a property of the polymer and independent of inherent viscosity or sterilization method. 

Therefore the observed early failure of the PLDLLA cages in the goat model was not related 

to sterilization method. 

The visco-elastic nature of polymers strongly affects failure behaviour, since their response to 

loading critically depends on the time scale of the experiment.22-24 In vitro degradation prior 

to the (pre)clinical studies was not performed under static or dynamic loading, although both 

occur in the spine. Therefore a second additional study was performed on the mechanical 

aspects of the failures. This study yielded an important finding; a polymer loaded well below 

its instantaneous strength may not sustain this load infinitely.25 Moreover this in vitro study 

showed that dynamic loading does not influence the degradation rate of the polylactide. 

However, static load advanced the loss of the time-dependent mechanical properties of 

the material.25 Considering the time scale of spinal fusion (6 – 12 months depending on 

species and local loading conditions) and regarding our own experiments with PLDLLA 

cages, this is a point of major concern when designing structural orthopaedic implants of 

degradable polymers. A complicating factor is that the molecular weight of a bioresorbable 

implant decreases in time as a result of degradation. Thus, understanding time-dependent 

material behaviour of degradable polymers is critical for their safe usage as a bioresorbable 

orthopaedic implant. In future research adapted loading protocols need to be standardized 

for in vitro testing of bioresorbable cages to minimize discrepancies between in vitro and in 

vivo results. 

Pre- and clinical studies on bioresorbable cages

Several preclinical interbody fusion studies of different polylactide cage devices in quadruped 

models have yielded long term results.2,3,8,26-28 Overall, these results are encouraging. Fusion 

rates are high and comparable to non resorbable control groups, adversive tissue reactions 

are mild or absent.2,3,8,27,28 However, our results with PLDLLA cages and another preclinical 
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report on cage failure in combination with severe foreign body reactions indicates that 

prudence is called for in this field.26 

In contrast with our preclinical study the reports on instrumented lumbar interbody fusion 

clinical studies on the Hydrosorb cages have shown favourable results.9,10,29  Lowe and Coe 

published the first preliminary report in 2002 of the inclusion of 60 patients in a TLIF study 

with cylindrical interbody fusion cages.30 Follow up (one to nine months, mean 4.7 months) 

was too short for conclusions. Subsequently Coe reported the 1-year and 2-year follow up 

in 2004 and 2005. In the first report 31 patients with a mean follow up of 18.4 months 

showed a fusion rate of 97%.10 In 2005 the two-years follow reported twenty-seven patients 

with a mean follow up of 31.9 months with 93% solid fusions.29 No implant related adverse 

events were reported. However, the promising results need to be interpreted with caution. 

These  pioneer studies do not offer reliable values of either fusion rates nor patient centered 

clinical outcome and do not offer an adequate basis for comparison with future studies. 

Couture and Branch reported a study of 27 patients who underwent a PLIF procedure with 

a rectangular Hydrosorb cage, fusion was achieved in  (95.5%) at a mean follow up of 26.1 

(17-32) months.9 However, those patients with an incomplete fusion on CT scan but no 

clinical or radiological signs of pseudarthrosis were assigned to the successful fusion group. 

The true rate of fusion was therefore overrated. Two patients required revision surgery due to 

clinical deterioration associated with disc space collapse, with varying degrees of cavitation or 

radiolucency around the Hydrosorb cages. No evidence of an adverse inflammatory response 

was found. It is however unclear if histology was performed to confirm the absence of an 

inflammatory response or the presence of degradation particles of the cage. Perhaps one 

of the most promising clinical results up to date is perhaps published by Kuklo et al. on 

a consecutive series of 22 patients who received a TLIF procedure using Hydrosorb cages 

packed with recombinant bone morphogenetic protein.31 A 3D CT scan evaluation confirmed 

a 97.3% fusion rate at a mean follow up of 12.4 month. Unfortunately, no patient centered 

clinical outcome measure was used and no control group was included.

All known clinical studies seem to support the finding that adverse local tissue reactions are 

absent in spinal application of bioresorbable cages. However recent unpublished reports by 

spine surgeons warn for the potential risk of massive osteolysis, subsidence and collapse 

of the implant. At present only Herceg et al. presented a paper on the North American 

Spine Society meeting in 2004 which illustrated this problem. 32 These sporadic reports are 

worrisome and need further investigation. Future research needs to stay within the scope of 

randomized controlled trials.

At present the bioresorbable material of the presented cage concept is in the fast lane of 

improvement. With the increasing knowledge through preclinical research a solid fundament 
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is provided for a prudent development. However successful outcome is not only based on 

sound implants but also on indication for surgery and surgical technique. This becomes even 

more important when using bioresorbable implants.33 To establish a safe and successful 

clinical outcome spine surgeons need to be aware of the complexity of the material and the 

influence of this material on indication, surgical techniques and the do’s and don’ts (“if you 

have a hammer in your hand everything looks like a nail”) with this material.
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SUMMARY

Bioresorbable implants have a decisive clinical advantage over non-resorbable implants, as 

evidenced by almost four decades of research and development in this field.  In the last 

decade this evolution has provoked the introduction of bioresorbable materials in a high 

load bearing application; spinal interbody fusion cage. Degradable implants, however, also 

have drawbacks. Mechanical behaviour, for example not only depends on their molecular 

composition, but also on the design, the manufacturing process, storage, sterilization, 

mechanical loading history, biochemical environment, etcetera. Moreover, the mechanical 

properties of polymers are time dependent, and if not considered, this can lead to unexpected 

early failure of implants. Another concern is whether the patient can handle the degradation 

products of the implant, as most reported problems with bioresorbables occur when bulk 

degradation starts. Finally, the surgical technique is a major factor for the mechanical 

environment of the operated spinal segment and the bioresorbable implant

This thesis focused on the feasibility of PLDLLA Hydrosorb™ material to stabilise the 

spinal segment and to provide a mechanical environment for a bony intervertebral fusion. 

The underlying aims of this thesis were explained in the outline of the thesis at the end 

of the introduction. Summarizing, the first aim was to provide the background on spinal 

interbody fusion as a whole and more specific the material characteristics and degradation of 

polylactides. The second aim was to illustrate that the development of a bioresorbable cage 

is complex and desires a different approach with respect to interpretation and comparison 

of results compared to the development of non-resorbables. The following three aims form 

the biomechanical part of this thesis. The third aim was to evaluate the influence of the 

standardized surgical technique on the primary stability of the lumbar goat segment is. The 

relationship between degradation time until mechanical failure and time necessary for bony 

fusion is vital. Therefore the fourth aim was to assess the impact of PLDLLA cages on range 

of motion and intervertebral disc height. The fifth aim was focused on the influence of 

additional instrumentation on the PLDLLA cage, chemical degradation parameters, tissue 

formation and biocompatibility. In the same standardized goat model earlier studies have 

been performed with PLLA cages. The sixth aim was to compare the present results with the 

amorphous PLDLLA cages to the previous results with the more crystalline PLLA cages. The 

biomechanical part of the thesis is followed by the radiological part. The seventh aim was 

to investigate the feasibility of MRI as a parameter for in vivo monitoring of different kinds 

of tissue in the fusion zone as well as cage behaviour. Subsequently the eighth and last aim 

was to quantify the different kinds of tissues in the fusion zone as well as cage degradation 
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and behaviour in time. In this chapter the results of the studies pursuing these aims are 

summarized followed by the general conclusions.

Chapter 1 provides an overview of the background information of this thesis. The indications 

for spinal interbody fusion, which are still under discussion, are explained followed by the 

growing impact of spinal interbody fusion, formulated in number of treated patients and 

finances in the USA. Long term follow up studies reveal the complications which are inherent 

to the use of non-resorbable cage for lumbar interbody fusion surgery. MRI is presented as 

tool for monitoring the development of tissues inside the cage and cage behavior. Followed 

by a short overview of the history of the interbody fusion cage which brings us to the latest 

development of bioresorbable cages. In this light a general insight is given on the production 

of polylactides, the differences between polylactides and their characteristics, resulting in the 

description of the polylactide used in this thesis and the degradation process. 

Chapter 2 describes a letter to the editor regarding a paper on seemingly the same 

polylactide which was used in the presented thesis. However, the results of both studies 

were far from matching. Kandziora et al reported on an experimental study comparing an 

autologous tricortical iliac crest bone graft with 2 different bioabsorbable cages (i.e., a 70/30 

poly[Llactide- co-D,L-lactide] [PLDLLA] cage and a polymercalciumphosphate composite [PCC] 

cage), both filled with autologous cancellous bone graft in a cervical spine interbody fusion 

model. The authors concluded that the PCC cage showed significantly better outcomes 

than the other two devices. In addition, the authors reported that the early appearance of 

large osteolysis and tissue reaction associated with the use of the PLDLLA material allowed 

skepticism regarding the clinical value of this bioabsorbable implant. 

In the discussed paper exact information on the production, handling, characteristics and 

geometry of the used material is lacking. Interpretation of research of polylactide material 

is impossible without this vital information and conclusions drawn from such papers 

can be misleading and create general opinions on bioresorbables which are based on a 

single undefined polylactide. Apart from the ratio of the raw materials (L, D, D-L) used 

for the processing of the polylactic acid, the processing, handling and sterilization of the 

material have great influence on the characteristics of the material.1-4 Subsequently these 

characteristics together with the geometry of the implant, the implantation site and the 

loading regime determine the behaviour of the cage (degradation rate, tissue response).1-3,5 

Identical materials with respect to the L : D-L ratio can result into different outcomes due to 

different material characteristics and geometry of the final implant. Authors of future reports 
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should make an effort to provide data on the physical and chemical properties as well as the 

sterilization method of the polymer used.6 

Chapter 3 describes the influence of the surgical treatment on the primary stability of the 

treated spinal segment. Interbody cages have been developed to increase stability of the 

spinal segment and thereby enhance fusion. However, they often prove inadequate in a 

stand-alone situation. In various goat studies over the recent years we routinely obtained 

spinal fusion with a stand-alone cage. However, the mechanical conditions under which these 

were obtained are still unknown. The first step to address this issue is by measuring primary 

stability. Forty-eight native lumbar spine segments were mechanically tested in flexion/

extension, axial torsion (left/right), anterior/posterior shear, and left/right lateral bending. 

Subsequently, all segments were provided with a titanium cage as we did in our earlier in 

vivo studies, and mechanical tests were repeated. The study proved that cage implantation 

in a lumbar spinal segment does not increase immediate postoperative stability as compared 

to the native segment in this young healthy goat model. 

In axial torsion, we found a weakened specimen after surgery as compared to the native 

situation. This adds to other investigations that were also not able to stabilize the motion 

segment in axial torsion.7-10 The unilateral destruction of annulus fibers is not compensated 

by the endplate perforation, which we theorized could help to stablize the motion segment 

under axial torsion. Where press-fit placement of the cage surely would have increased 

segment stability under torsion, it is doubtful whether that actually can be realised in practice. 

In flexion, the operated motion segments were almost as stiff as the native segment. This 

compares closely to findings in other models,11,12 but it fails to significantly stabilize the 

motion segment like others were able to with stand-alone cages.13-16 Extension has proved 

to be poorly stabilized in other procedures.17-19 Here we found near same values between 

native and instrumented specimens at both levels, although we did not distract the disc 

where others did. We attribute the lack of stabilisation in flexion and extension to the 

laxity of the longitudinal ligaments as a result of damaging the healthy discs. Indeed, it was 

observed in radiostereometric analyses in vivo that the segment height decreased by about 

one millimeter during the fusion procedure in this goat model. Tension of the longitudinal 

ligaments can be restored by distraction of the operated segment before surgery, which in 

fact is routinely done in human fusion surgeries.

Chapter 4 describes the influence of bioresorbable cage material on segment stability, 

intervertebral disc (IVD) height and fusion. In this chapter an in vivo radiostereometric 

analysis study is conducted comparing 70/30 poly(L-lactide-co-D,L-lactide) (PLDLLA) cages 
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with titanium cages. Twenty-eight goats were randomized to receive PLDLLA (n = 21) or a 

titanium control (n = 7) cage at L3-L4. Range of motion (ROM) for flexion and extension and 

change in IVD height were measured before and after surgery and at follow-up (3, 6, and 

12 months). Fusion was scored with a validated radiographic score. The results showed that 

a bioresorbable cage does not lead to less decrease of motion or more loss of IVD height in 

time compared to a titanium cage. 

At 12 months, like the ROM, the decrease in IVD height of the PLDLLA was similar to that 

of the titanium cages. The similar decrease of IVD height in the PLDLLA and titanium cage 

groups substantiate our hypothesis that the loss of intervertebral disc height is not related 

to the biomechanical failure of the PLDLLA cage but more likely to settling of the cage and 

remodeling of the bone bed. 

Chapter 5 describes a study to reveal some of the boundaries in the use of polylactides 

for spinal interbody fusion. Previous studies have shown that bioresorbable polylactic acid-

based cages can provide adequate stability for spinal fusion. However, at present and to our 

knowledge, the best bioresorbable materials, optimal cage stiffness, and desired period over 

which the cage should biodegrade are unknown. Interbody fusions were performed at L3–L4 

level in 35 skeletally mature Dutch milk goats. Titanium and poly-L-lactide-CO-D,L-lactide 

(PLDLLA) cages were implanted at random as stand-alone cages. In addition, PLDLLA cages 

were implanted with anterior fixation. The goats were euthanized at 3, 6, or 12 months. 

Radiographic, magnetic resonance imaging, histologic, and histomorphometric analyses 

were performed on retrieved segments. Chemical analysis was used to assess degradation 

of the retrieved PLDLLA cages. Beforehand, chemical and mechanical degradation of the 

PLDLLA cages were assessed in vitro. In conclusion; within the 3—6-month period, PLDLLA 

stand-alone cages provided insufficient mechanical stability, which manifested as cracking 

and deformation of the cages and lower fusion rates. Supplemental internal fixation proved 

sufficient to obtain successful fusion. In all cases, only a mild host response was seen, 

indicating good biocompatibility.

Earlier, it was found that the use of resorbable PLLA interbody cages enhances the fusion 

rate as compared to titanium cages.20 Again in the present study we found that the process 

of bone remodeling and bone ingrowth is faster in the PLDLLA cages than in the titanium 

cages, however actual fusion was attained in a lower percentage of the motion segments. 

Supplemental internal fixation was able to rescue the healing process with PLDLLA cages, 

confirming that mechanical stabilization is a key factor for fusion.
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Chapter 6 is based on an overview paper of the results of PLDLLA compared to the earlier 

results of PLLA in the same goat model. The long term results show that PLLA cages can 

be used for stand alone interbody fusion and that PLLA is an improvement over titanium in 

terms of fusion rate. PLDLLA showed enhanced bone formation, but also earlier failure of the 

implant. Chances for spinal fusion were better with additional fixation.

Chapter 7 describes a feasibility study to explore the use of high-resolution magnetic 

resonance imaging for monitoring tissue differentiation, spinal fusion, cage degradation, 

and eventually tissue reactions as a function of time. Fourteen lumbar vertebral segments 

with three (n=3), six (n=4), and twelve (n=7) months follow-up were available from a goat 

study of poly-(L,D-lactic acid) cages for spinal fusion. Plain radiographs, MRI, and histology 

were used to evaluate spinal fusion and cage resorption. First explorations reveal that MRI 

non-invasively provides three-dimensional information on cage placement, cage degradation 

and bone formation, and has potential to differentiate between the various soft tissues. MRI 

appears to be a promising technique for the non-invasive clinical follow-up of resorbable 

cages. 

Chapter 8 describes the study which followed the feasibility study in chapter 7. In this chapter 

intervertebral segments retrieved from nine goats with a follow up of 6 (n=3) and 12 (n=6) 

months were scanned with a high-resolution MRI scanner. After identifying different tissues 

(fibrous tissue, fibrocartilage, adipose bone marrow, hematopoietic bone marrow) and 

cage material in the histology sections of the segments, these areas were designated as 

regions of interest (ROIs). Subsequently the location of these ROIs was determined on the 

corresponding micro-MRI image, and average signal intensities of every individual ROI were 

measured. An excellent match was seen between the histological sections and micro-MRI 

images. The micro-MRI images showed quantifiable differences in signal intensity between 

bone with adipose marrow, bone with hematopoietic marrow, fibrocartilage, fibrous tissue, 

and degradable implant material. In time the signal intensity of bone with adipose marrow, 

bone with hematopoietic red marrow, and of fibrous tissue remained relatively constant. On 

the other hand, the signal intensity of the degradable implant material and the fibrocartilage 

changed significantly in time, indicating change of structure and composition. Although the 

scanning was performed in a high resolution scanner with a small bore size, the recent 

introduction of a clinical 7 Tesla MRI scanner clearly brings the results closer to a clinical 

application in the near future.
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CONCLUSIONS 

l Exact description of polylactide material is vital information; general description can be 

misleading and create unfounded general opinions on bioresorbable polylactides

l Compared to a native segment, surgery does not increase spinal segment stiffness  in 

the current goat model due to subsidence; improvement could be gained by using 

distraction of the treated vertebral segment during surgery, in accordance with the 

clinical application

l In our goat model even premature failure of a PLDLLA cage does not lead to less decrease 

of motion or more loss of intervertebral disc height in time compared to a titanium 

cage

l PLDLLA cages show premature failure in a stand alone situation, however additional 

fixation provides the stability to stay within safety limits for spinal fusion

l MRI scanning has a high potential as parameter in the development of bioresorbable 

cages for spinal interbody fusion; different kinds of tissue can be distinguished in an early 

phase inside the cage, furthermore cage placement and behaviour can be monitored in 

time without harvesting of the spinal segment

l Development of polylactides need a different approach than non-resorbables and desire 

more fundamental understanding of the material in the clinical field; the accumulating 

knowledge on orthopaedic applications of polylactides is providing engineers and 

clinicians the fundament for guidelines for a prudent development of safe bioresorbable 

polylactide implants.
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Addendum





Samenvatting

Bioresorbeerbare implantaten hebben een onderscheidend klinisch voordeel boven niet-

resorbeerbare implantaten. Dit voordeel wordt onderbouwd door bijna vier decennia van 

onderzoek en ontwikkeling op het gebied van resorbeerbare polymeren. In het laatste 

decennium heeft deze evolutie geleid tot de introductie van bioresorbeerbare materialen in 

een zwaar belaste toepassing; een “cage” (open kooi) ter facilitering van wervelfusies. Zo’n 

cage gevuld met eigen bot wordt geplaatst in de tussenwervelschijf. Een botbrug vormt zich 

door de cage van de ene wervel naar de andere.

Ten opzichte van niet-resorbeerbare implantaten hebben resorbeerbare implantaten ook hun 

eigenaardigheden. Mechanisch gedrag, bijvoorbeeld, hangt niet alleen af van de moleculaire 

verhoudingen, maar ook van het ontwerp, het fabricageproces, duur en manier van opslag, 

sterilisatie methode, grootte en tijd van mechanische belasting, biochemische omgeving 

enzovoort. Bovendien zijn de mechanische eigenschappen van polymeren tijdsafhankelijk 

wat, wanneer hier geen rekening mee gehouden is, kan leiden tot onverwacht falen van het 

implantaat. Een andere zorg is of plaats van implantatie de degradatie producten voldoende 

snel kan verwerken. De meeste problemen komen namelijk voor wanneer de bulk degradatie 

begint van het implantaat. Tot slot is chirurgische techniek een belangrijke factor voor het 

mechanische gedrag van het geopereerde wervelsegment en vervolgens het gedrag van het 

bioresorbeerbare implantaat.

Dit proefschrift is gericht op de haalbaarheid van PLDLLA Hydrosorb™ materiaal om een 

wervelsegment voldoende te kunnen stabiliseren en daardoor een mechanisch milieu te 

scheppen zodat er een fusie kan ontstaan tussen de wervels. Het proefschrift bestaat uit een 

inleiding, een biomechanisch en een radiologisch gedeelte. De onderliggende doelen van dit 

proefschrift worden uitgelegd in het overzicht aan het einde van de introductie. Samenvattend 

is het eerste doel om voldoende achtergrondinformatie te bieden over wervelkolomfusies 

in z’n algemeen en daarnaast meer specifiek over de materiaal karakteristieken en het 

degradatie proces van polylactiden. Het tweede doel was om de complexiteit van de 

ontwikkeling van een bioresorbeerbare cage te illustreren. Deze ontwikkeling, in tegenstelling 

tot niet-resorbeerbare cages, vraagt om een andere manier van aanpak met betrekking 

tot interpretatie en vergelijking van resultaten van verschillende resorbeerbare cages. Het 

biomechanische gedeelte van dit proefschrift wordt gevormd door de volgende drie doelen. 

Het derde doel was om de invloed van de gestandaardiseerde chirurgische techniek op de 

primaire stabiliteit van het lumbale geitenwervelsegment te evalueren. De relatie tussen de 

degradatie tijd tot het mechanisch falen van de cage en de tijd die nodig is voor een benige 

fusie is van vitaal belang. Daarom was het vierde doel om vast te stellen wat de invloed is van 
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PLDLLA cages op de bewegelijkheid en de tussenwervelhoogte in de loop van de tijd. Het 

vijfde doel was gericht op de invloed van additionele instrumentatie op het fusiepercentage, 

de PLDLLA cage, chemische degradatie parameters, weefsel formatie en biocompatibiliteit. 

In het gepresenteerde gestandaardiseerde geitenmodel zijn eerder studies verricht met 

PLLA cages. Het zesde doel was om de huidige resultaten van de amorfe PLDLLA cages 

te vergelijken met de meer kristallijne PLLA cages. Het biomechanische gedeelte van de 

proefschrift wordt vervolgd door het radiologische gedeelte. Het zevende doel was om de 

haalbaarheid te onderzoeken van de MRI (magnetische resonantie scanner) als parameter 

voor in vivo monitoring van verschillen soorten weefsels in de fusiezone in de cage en het 

gedrag van de cage zelf. Tot slot is het achtste en laatste doel om de verschillende soorten 

weefsels in de fusiezone te kwantificeren naast cage degradatie en gedrag in de loop van 

de tijd. Hieronder zullen de resultaten van de studies die deze doelen nastreven worden 

samengevat gevolgd door de algemene conclusies.

Hoofdstuk 1 geeft een overzicht van de achtergrondinformatie van dit proefschrift. De 

indicaties voor wervelkolom fusies, welke nog steeds onder discussie zijn, worden uitgelegd 

gevolgd door de groeiende invloed van wervelkolomfusies, geformuleerd in aantal behandelde 

patienten en financiële omzet in de Verenigde Staten. De lange termijns resultaten onthullen 

de complicaties inherent aan het gebruik van niet resorbeerbare cage voor lumbale fusie 

chirurgie. Een incentieve voor de ontwikkeling van een resorbeerbare cage. MRI wordt 

gepresenteerd als een gereedschap om de ontwikkeling van weefsels in de cage te kunnen 

volgen naast het gedrag van de cage. Dit wordt gevolgd door een kort overzicht van de 

geschiedenis van de tussenwervel fusie cage wat ons brengt bij de laatste onwikkeling op 

dit gebied; de resorbeerbare cage. Tot slot wordt een algemeen overzicht gegeven over 

de productie van polylactides, de verschillen tussen polylactides en hun eigenschappen, 

het degradatieproces, eindigend in de beschrijving van de polylactide die gebruikt is in dit 

proefschrift.

Hoofdstuk 2 beschrijft de “letter to the editor” over een publicatie over een polylactide welke 

ogenschijnlijk overeenkomt met de polylactide die gebruikt is in dit proefschrift.  De resultaten 

van beide studies waren echter verre van overeenkomstig. Kandziora et al beschrijven 

een experimentele cervicale fusie studie waarin een autoloog tricorticaal bekkenkam 

transplantaat wordt vergeleken met 2 bioabsorbeerbare cages (d.w.z., een 70/30 poly 

[L-lactide–co-D,L-lactide] [PLDLLA] en een polymeer calciumphosphaat composiet [PCC]). 

Beiden cages zijn gevuld met autologe bottransplantaat. De auteurs concluderen dat de 

PCC cage een significant beter resultaat geeft dan de andere twee implantaten. Daarnaast 
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melden de auteurs uitgebreide osteolysis en weefselreactie gerelateerd aan het gebruik van 

het PLDLLA materiaal wat leidt tot skepticisme over de klinische waarde van dit materiaal als 

bioresorbeerbaar implantaat.

In de bediscussieerde publicatie mist exacte informatie over de productie, de verwerking, 

materiaaleigenschappen en geometrie van de gebruikte implantaten. Helaas is de interpretatie 

van onderzoek van polylactiden niet goed mogelijk zonder deze vitale informatie. Hierdoor 

kunnen conclusies die getrokken worden uit dit soort publicaties misleidend zijn. Daarnaast 

kunnen dit soort publicaties leiden tot een algemene opvatting over polylactiden terwijl 

het resultaat slechts gebasseerd is op één soort materiaal, in één configuratie. Los van de 

verhouding van de rauwe materialen (nl. L, D, D-L) die gebruikt worden voor het produceren 

van polylactiden zijn het productieproces zelf, de afhandeling en de sterilisatie methode van 

invloed op de eigenschappen van het materiaal.1-4 Deze eigenschappen bepalen in combinatie 

met de geometrie van het implantaat, de locatie van implantatie en de belasting van het 

implantaat het gedrag van de cage (degradatie snelheid, weefselreactie).1-3,5 Identieke 

materialen met betrekking tot de L:D-L verhouding kunnen leiden tot verschillende resultaten 

vanwege het feit dat deze materialen toch andere eigenschappen kunnen hebben of 

gebruikt worden in een andere geometrie. Om helderheid te verschaffen zouden auteurs van 

toekomstige publicaties zich moeten zetten tot het vermelden van de fysische en chemische 

eigenschappen als ook de methode van sterilisatie van het gebruikte polymeer.6

Hoofdstuk 3 beschrijft de invloed van de chirurgische techniek op de primaire stabiliteit van het 

behandelde wervelsegment. Cages zijn ontwikkeld om de stabiliteit van het wervelsegment 

te verhogen om benige fusie te faciliteren. Desondanks worden cages vaak met additionele 

instrumentatie (staven/platen met schroeven) geplaatst. In verschillende geitenstudies in de 

afgelopen jaren hebben we met alleenstaande cages hoge fusiepercentages behaald. Toch 

zijn de mechanische omstandigheden waaronder dit resultaat behaald wordt niet bekend. De 

eerste stap om een indruk te krijgen van de mechanische stabiliteit is het meten van de primaire 

postoperatieve stabiliteit. Achtenveertig lumbale geitenwervels werden getest in flexie-

extensie, axiale torsie (links/rechts), voor-achterwaartse verschuiving en lateroflexie (links/

rechts). Vervolgens werden alle segmenten “geopereerd” volgens de standaard procedure 

en voorzien een titanium cage zoals we eerder in onze in vivo studies gedaan hebben. 

Daarna werden de testen herhaald. Deze studie van een gezond geitenmodel liet zien dat de 

implantatie van een cage de direct postoperatieve stijfheid van een lumbaal geitensegment 

niet verhoogd vergeleken met een anatomisch (ongeopereerd) geitensegment.

Bij axiale torsie vonden we een minder stijf segment na de plaatsing van de cage. Deze 

bevinding is in overeenstemming met een aantal andere publicaties waarin axiale torsie 
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niet gestabiliseerd werd door plaatsing van de cage.7-10 De unilaterale verwijdering van 

annulus vezels om de cage te kunnen plaatsen kon niet worden gecompenseerd door de 

eindplaatperforatie. Press-fit plaatsen van de cage zou de stabiliteit hebben vergroot bij 

axiale torsie. Het blijft twijfelachtig of press-fit haalbaar is in de realiteit. Tijdens flexie waren 

de geopereerde segmenten net zo stijf als de anatomische segmenten. Deze uitkomst is 

vergelijkbaar met resultaten in andere modellen.11,12 Echter een toename van de stabiliteit 

zoals in andere studies werd niet gezien.13-16 Extensie kan in andere modelen slecht worden 

gestabiliseerd.17-19 Bij deze beweging vonden we geen duidelijk verschil tussen anatomische 

en geopereerde segmenten, ondanks dat er geen distractie werd gebruikt tijdens de ingreep. 

Het ontbreken van de stabilisatie in flexie en extensie is waarschijnlijk te wijten aan de 

laxiteit van de longitudinale ligamenten. Deze laxiteit ontstaat door het hoogteverlies van 

de tussenwervelschijf bij het maken van de tunnel. Radiostereometrische analyse in vivo liet 

zien dat de tussenwervelschijf 1 a 1,5 mm hoogte verliest door de ingreep. De spanning van 

de longitudinale ligamenten kan worden behouden door distractie van de wervellichamen 

tijdens de ingreep. Een routine bij humane wervelfusie operaties.

Hoofdstuk 4 beschrijft de invloed van bioresorbeerbaar cage materiaal op segment stabiliteit, 

hoogte van de tussenwervelschijf en fusie percentage. In dit hoofdstuk word een in vivo 

radiostereometrische studie verricht die 70/30 poly(L-lactide-co-D,L-lactide) (PLDLLA) cages 

vergelijkt met titanium cages. Gerandomiseerd werden bij achtentwintig geiten een PLDLLA 

(n=21) of een titanium controle (n=7) cage geplaatst op L3-4. De totale bewegelijkheid voor 

flexie/extensie en verandering in de hoogte van de tussenwervelschijf werden gemeten vóór, 

direct na de operatie en bij follow-up (3, 6 en 12 maanden). Fusie werd gescoord met een 

gevalideerde radiologische score. 

Bioresorbeerbare cages leiden niet tot minder stabilisatie of meer hoogteverlies in de loop 

van de tijd dan titanium cages. Na 12 maanden was de vermindering van beweglijkheid 

als ook het verlies van tussenwervelschijf hoogte vergelijkbaar met de titanium cages. 

Het vergelijkbare hoogteverlies onderschijft dat het verlies van hoogte waarschijnlijk niet 

gerelateerd is aan het biomechanisch falen van de PLDLLA cages. Maar waarschijnlijk aan het 

zetten van de cage en remodellering van het bot.

Hoofdstuk 5 beschijft een studie die een aantal grenzen wil aangeven bij het gebruik van 

polylactiden bij wervelfusies. Eerdere studies hebben aangetoond dat bioresorbeerbare 

polylactide  cages voldoende stabiliteit kunnen bieden voor wervelfusies. Toch zijn tot 

op heden het beste bioresorbeerbare materiaal, de optimale stijfheid van de cage en de 

gewenste periode waarin deze cage zijn mechanische stabiliteit zou moeten behouden 
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onbekend. Wervelfusie operaties werden verricht bij 35 volwassen Hollandse melkgeiten ter 

hoogte van L3-4. Titanium en 70/30 poly(L-lactide-co-D,L-lactide) (PLDLLA) cages werden 

gerandomiseerd alleenstaand geimplanteerd. Additioneel werd een groep met PLDLLA 

cages voorzien van anterieur fixatie in de vorm van twee schroeven in L2 en L5 met een 

verbindingsstaaf. De follow-up was 3, 6 en 12 maanden. Radiologische, MRI, histologische en 

histomorfometrische analyses werden verricht op de wervelsegmenten. Chemische analyse 

werd verricht op het cage materiaal om de staat van degradatie van de PLDLLA cages vast 

te stellen. Van te voren,  werd een in vitro chemische en mechanische degradatie studie 

verricht van de PLDLLA cages. Concluderend, kan de PLDLLA cage alleenstaand onvoldoende 

mechanische stabiliteit verschaffen in de periode tussen 3 en 6 maanden. Dit uit zich in 

scheuren en deformatie van de cages en een laag fusie percentage. Toevoeging van fixatie 

in de vorm van twee schroeven met een verbindingsstaaf leidde tot verbetering van de 

stabiliteit en een acceptabel fusie percentage. Alle cages lieten een lichte weefselreactie zien 

wat getuigd van een goede biocompatibiliteit.

In een eerdere studie bereikten PLLA cages hetzelfde succesvolle fusiepercentage als de 

titanium cages.20 Ook in de huidige studie vonden we de het proces van bot remodellering 

en bot ingroei sneller is in de PLDLLA cages vergeleken met de titanium controle groep. 

Echter het fusie percentage was in de PLDLLA groep lager. Additionele fixatie kon het fusie 

percentage in de PLDLLA groep weer op een acceptabel nivo krijgen. Dit bevestigd nogmaals 

dat mechanische stabilisatie een sleutelrol speelt bij wervelfusies.

Hoofdstuk 6 is gebaseerd op een overzichtsartikel van de resultaten van PLDLLA cages met 

de eerdere resultaten van PLLA in hetzelfde geitenmodel. De lange termijn resultaten laten 

zien dat PLLA cages gebruikt kunnen worden als alleenstaande cage voor wervelfusies en 

een verbetering zijn ten opzichte van de titanium cages. PLDLLA cages laten een snelle bot 

formatie zien, maar ook een vroeg falen van het implantaat. Additionele anterieure fixatie 

gaf een verbetering van het fusiepercentage.

Hoofdstuk 7 beschrijft een haalbaarheids studie van hoge resolutie MRI voor analyse van de 

fusiezone met betrekking tot weefsel differentiatie, wervelfusie, cage degradatie en eventueel 

weefsel reactie als functie van de tijd. Veertien lumbale segmenten van 3 (n=3), 6 (n=4) en 

12 (n=7) maanden follow-up waren beschikbaar uit een lumbale wervelfusie geitenstudie 

van 70/30 poly(L-lactide-co-D,L-lactide) (PLDLLA) cages. Rontgen, MRI en histologie werden 

gebruikt om het wervelfusie proces te analyseren en cage degradatie vast te stellen. De 

eerste resultaten laten zien dat MRI non-invasief drie dimensionale informatie geeft over 

de plaatsing van de cage, cage degradatie en botformatie. Daarnaast heeft het de potentie 
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om te differentieren tussen verschillende soort zacht weefsel. MRI lijkt een veelbelovende 

techniek te zijn voor non-invasieve follow-up van wervelfusies met resorbeerbare cages.

Hoofdstuk 8 beschrijft de studie die volgde op de haalbaarheids studie in hoofdstuk 7. In 

dit hoofdstuk werden wervelsegmenten gescand met een hoge resolutie MRI van negen 

geiten met een follow up van 6 (n=3) en 12 (n=6) maanden. Eerst werden er verschillende 

soorten weefsel (fibreus weefsel, fibreus kraakbeen, adipeus beenmerg en hematopoietisch 

beenmerg) en cage materiaal geidentificeerd in de histologie preparaten. Vervolgens 

werden gebieden met één soort weefsel/materiaal aangemerkt als gebied van interesse. 

Deze gebieden werden vervolgens gelokaliseerd op de overeenkomstige MRI coupe. Op 

deze wijze werd de gemiddelde signaal intensiteit vast te stellen per weefsel/materiaal. Een 

uitstekende overeenkomst werd gezien tussen de histologische coupes en de MRI beelden. 

De micro-MRI beelden lieten kwantificeerbare verschillen in signaalintensiteit zien tussen 

bot met adipeus merg danwel hematopoietisch merg, fibreus kraakbeen, fibreus weefsel 

en cage materiaal. In de loop van de tijd bleven de signaal intensiteiten van fibreus weefsel, 

adipeus beenmerg en hematopoietisch beenmerg relatief constant. Daarentegen veranderde 

de signaalintensiteit van het cage materiaal en fibreuze kraakbeen in de loop van de tijd. Wat 

duidt op een verandering van structuur en samenstelling. De hoge resolutie MRI scanner 

heeft slechts een kleine doorsnede. Toch heeft de recente introductie van een klinische 7 

Tesla scanner de resultaten van deze studie veel dichter bij een klinische toepassing gebracht 

in de nabije toekomst.
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Conclusies

l Exacte beschijving van polylactide materialen geeft vitale informatie; een algemene 

niet-gedetailleerde beschrijving kan misleidend zijn en leiden tot een ongefundeerde 

mening over polylactides in het algemeen

l De plaatsing van een cage in het beschreven geitenmodel leidt niet tot een toename van 

de stijfheid in vergelijking met een natief segment ten gevolge van het hoogteverlies 

van de tussenwervelschijf; verbetering kan worden gezocht in het gebruik van distractie 

van de wervellichamen tijdens de ingreep, zoals reeds klinisch wordt toegepast

l In het huidige geitenmodel leidt het falen van de PLDLLA cage niet tot meer 

hoogteverlies of minder afname van bewegelijkheid van het wervelsegment vergeleken 

met een titanium cage

l PLDLLA cages falen vroegtijdig in een alleenstaande situatie, additionele fixatie 

daarentegen verschaft voldoende stabliteit om een fusie te bereiken

l Het gebruik van een MRI scan heeft een groot potentieel voor de ontwikkeling van 

bioresorbeerbare cages; verschillende soorten weefsel kunnen worden onderscheiden 

na implantatie van de cage, daarnaast kan de plaatsing en het gedrag van de cage 

worden gevolgd zonder het oogsten van de wervels

l Ontwikkeling van polylactide cages tot een klinische toepasbare cage vraagt om een 

andere benadering dan die van niet-resorbeerbare cages en om fundamenteel begrip 

van het materiaal

l De toenemende kennis op het gebied van orthopedische toepassingen van polylactides 

geeft ingenieurs en clinici de basis voor richtlijnen voor de veilige ontwikkeling van 

bioresorbeerbare polylactide implantaten

A
ddendum

157

Sam
envatting en conclusies



Dankwoord

Ook dit proefschrift zou niet tot stand zijn gekomen zonder de hulp en ondersteuning van 

velen. Al deze mensen hebben dan ook mijn diepste waardering. De ervaring leert dat deze 

pagina waarschijnlijk de eerste is, na de stellingen, die u leest. Uitzonderingen daargelaten 

uiteraard. De personen die een aandeel geleverd hebben aan dit proefschrift hopen hier hun 

naam terug te vinden met het liefst een persoonlijke noot. Anderen zijn juist benieuwd naar 

wat de promovendus over deze personen te zeggen heeft. Dit dankwoord zal niet in dat 

ritueel passen. Vanwege mijn bescheiden mening dat ik de mensen die hun bijdrage geleverd 

hebben aan dit proefschrift tekort doe met een paar publieke woorden achter in dit boekje. 

Daarom zijn de mensen die hieronder staan door mij met een persoonlijk woord bedankt. 
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Mijn broer

Mijn ouders

Op 25 juli 2007 is mijn promotor Paul Wuisman overleden. Ook hem had ik op persoonlijke 

wijze willen bedanken. Deze promotie is een vrucht van de boom die hij begin jaren ’90 

heeft geplant, met veel aandacht heeft verzorgd en uit heeft laten groeien tot een gezond, 

volwassen exemplaar waar jaarlijks van geoogst kan worden. Ik kan niet in een paar zinnen 
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samenvatten wat deze man voor mij heeft betekend. Dat hij mijn carriere significant heeft 

veranderd lijkt me duidelijk.

Paul, dankjewel voor de jaren die ik aan de VU zowel in de kliniek, als daarna met dit 

onderzoek onder jouw supervisie heb doorgebracht. 

Tot slot nog een persoonlijk woord aan een bijzonder persoon. Zij heeft met name de lange 

laatste jaren, waarin ik mijn opleiding en de laatste loodjes moest combineren, het leven 

significant aangenamer gemaakt. Lieve Mijn, Liefdes, dank voor je steun aan deze niet altijd 

even gezellige huisgenoot. Zonder jou was het voor mij letterlijk en figuurlijk toch een ander 

verhaal geworden.
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