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Chapter 7

Summary and general discussion
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Main goals and achievements of the studies in this thesis

Intervertebral disc degeneration is considered one of the important determinants, 
among other etiological factors, associated with low back pain1 which is the leading 
cause of years lived with disability according to the global burden of disease study of 
2010.2 The main goal of this thesis was to evaluate the feasibility of minimally invasive 
regenerative treatment modalities for disc degeneration: adipose tissue derived stem 
cells, growth factors, and/or nucleus pulposus substitutes. For this purpose, aware-
ness of quantitative design specifications for substituting materials is vital. Therefore, 
we started to investigate the viscoelastic properties of healthy and degenerated nuclei 
pulposi and biomechanical behaviour of spinal motion segments (aim 1). Next, in or-
der to assess disc degeneration more objectively on a continuous scale, a quantitative 
diagnostic imaging method was warranted. Hence we evaluated and validated a novel 
magnetic resonance imaging tool for the intervertebral disc (aim 2). Finally, a means 
of IVD regeneration had to be obtained, where the stage of disc degeneration dictates 
the type of applicable therapy within the spectrum of potential treatment modalities.  
E.g. for mild degeneration, an injectable hydrogel incorporating aiding agents like 
growth factors or stem cells could suffice (aim 3), whereas for more severe degenera-
tion an implantable NP substitute seems a more reliable alternative (aim 4). 

In summary, the specific aims of this thesis were: 

1. To characterise the viscoelastic behaviour of the nucleus pulposus and biomechani-
cal behaviour of healthy and degenerated spinal motion segments;

2. To evaluate and validate an objective, quantitative, non-invasive diagnostic method 
to assess early intervertebral disc degeneration;

3. To regenerate the nucleus pulposus at a mildly degenerated stage, by means  
of growth factors and/or stem cells;

4. To replace the nucleus pulposus at a more severely degenerated stage, with a  
mechanically characterised NP substitute.

With regard to the viscoelastic properties, we found significantly lower (10-12%) NP 
viscoelastic moduli after mild degeneration within goats, though the inter-animal dif-
ferences were relatively large (complex modulus ~12-41 kPa). The large variability be-
tween animals in viscoelasticity, but not in segmental biomechanical characteristics, 
implies that the influence of viscoelasticity within the NP on the mechanical behaviour 
of the whole spinal motion segment is marginal. Therefore, when developing NP re-
placement materials, we concluded that the focus should be on other design criteria for 
NP regeneration, like biochemical cues and swelling pressure. 

Secondly, we validated MRI T2* relaxation time mapping as an objective diagnostic 
tool to quantitatively assess intervertebral disc degeneration on a continuous scale. This 
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relatively new technique uses a gradient echo sequence to compute a relaxation time 
from signal intensities within regions of interest on consecutive magnetic resonance im-
ages taken at several different echo times, resulting in a relaxation time that represents 
field inhomogeneity more accurately than currently used MRI sequences. This method 
was first validated in degenerating articular cartilage, namely in ankle arthrosis3 and in 
knee cartilage.4 More recently, it was also investigated in human intervertebral discs, 
but only correlated to clinically available outcome parameters like Pfirmann grading 
on conventional T2 MR images.5, 6 We found a significant correlation between T2* 
relaxation time and established parameters of IVD degeneration at tissue level, namely 
proteoglycan content as well as histological and macroscopic grading, implying that 
MRI T2* mapping is a promising method to reliably evaluate disc degeneration.

Next, we attempted to regenerate the nucleus pulposus at a mildly degenerated stage 
by means of growth factors and/or adipose stem cells in a validated goat model for disc 
degeneration. A slow release system containing BMP-2 and BMP-2/7 bound to proteins 
for coupling and subsequent release could be safely applied in caprine intervertebral 
discs. However, no effect on disc regeneration was observed, as demonstrated by the 
absence of statistically significant – let alone clinically relevant – differences between 
any of the intervention groups. 

The injection of stromal vascular fraction – a heterogeneous cell mixture containing 
among others multipotent adipose-derived stromal cells – harvested using a refined 
enzymatic and washing protocol was not successful either: we observed a severe in-
flammatory response, including massive lymphocyte infiltration, neovascularisation 
and endplate destruction, for which the responsible agent has not been identified yet. 

Finally, a novel nucleus pulposus substitute, consisting of a hydrophilic swelling core 
encapsulated by an electrospun envelope was tested in several consecutive mechanical 
setups of increasing complexity. In confined compression, the behaviour over time of 
NP substitutes seemed to resemble the NP; however, the absolute hydrostatic pressure 
of the NP (0.2 MPa) was not reached or even approximated by the substitutes (0.05 
MPa). During long-term dynamic axial compressive loading in the LDCS, no benefit 
from the substitute could be observed after the performed nucleotomy. Moreover, in 
a pilot study in a goat model, the NP substitutes did not remain in place, but migrated 
out of the disc area after one-month follow-up. 

From these observations, we conclude that implants may mimic native disc behaviour 
in simple mechanical tests, yet fail in other, more realistic setups. Therefore, we rec-
ommend that biomaterials for NP replacement be tested in several mechanical testing 
modalities of increasing complexity and in their relevant anatomical surroundings, for 
a more reliable prediction of clinical potential. In other words: in addition to the de-
mand for specific design criteria, materials should also be tested in a meaningful way, 
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using the mechanical cues relevant for the envisioned environment in which they will  
be applied. 

Design criteria for intervertebral disc regeneration
In order to know what to aim for when designing new treatment modalities for disc 
degeneration, a benchmark from native intervertebral disc tissue is useful. In previous 
studies, several mechanical characteristics of the disc or NP have already been quanti-
fied, mostly in human lumbar discs (table 1). 

Table 1. Summary of native human tissue benchmarks related to mechanics of the NP, IVD and motion segment. 

[Modified after Nerurkar et al. Mechanical design criteria for intervertebral disc tissue engineering. 

J. Biomechanics 2010]10

For goat discs, however, not much quantitative mechanical research had been con-
ducted at the time this work began. Therefore, to provide design criteria for subse-
quent regenerative or replacement materials for the NP, rheological and mechanical 
characteristics of caprine lumbar discs were evaluated. Table 2 shows native tissue 
benchmarks for the goat intervertebral disc, comprising data from both this thesis and 
other biomechanical studies conducted within our research group.11, 12 Using shear rhe-
ometry, we found viscoelastic moduli in the same range as found in humans8 and a 
slight, significant decrease in the moduli after degeneration.13 Surprisingly, the variation 
between goats was much larger than the difference as a result of mild degeneration 
(chapter 2). Therefore, we concluded that NP rheological characteristics were not very 
useful as future design criteria for novel regenerative materials. 

We also characterised the biomechanical behaviour of native and mildly degenerated 
caprine lumbar spinal motion segments in bending and torsion (chapter 2) and our 
group investigated the response of goat intervertebral discs to long-term dynamical 
axial compression.11 Also, intradiscal pressure was assessed in the axial compression 
studies in our group. Intradiscal pressure declined over time and was strongly related 

Tissue scale Testing modality Benchmark Native value Reference

NP Confined  

compression

Pswell 

HA
eff

ko

0.138 MPa

1.0 MPa

9.0 x 10-16 m4 N-1 s-1

Johannessen and  

Elliott (2005)7

NP Shear rheometry G* 7.4–19.8 kPa

23–30o

Iatridis et al. (1997)8

Lumbar  

spinal  

motion  

segment

Flexion/extension Range of motion

NZ stiffness

4-6 degrees

0.4-0.8 Nm/degree

Busscher et al. 

(2009)9

Moments of 4 Nm

0.5 degrees/second

3 continuous cycles

Lateral bending Range of motion

NZ stiffness

4-8 degrees

0.1-1.1 Nm/degree

Axial rotation Range of motion

NZ stiffness

1-4 degrees

1-5 Nm/degree
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to disc height changes.12 The absolute results are depicted in table 2 and proved to be 
reproducible and thus a better design criterium for future replacement materials. 
In chapter 2, we learned that viscoelastic properties are not the most relevant design 
criteria for NP regeneration. Instead, functional characterisation of the nucleus pulpo-
sus should resemble the main function of the NP: in and outflow of water, referred to as 
poro-elasticity.14 This concept implies a change in volume over time, measured in swell-
ing pressure, instead of viscoelastic resistance to shear forces as tested in rheology. 
Therefore, assessing the swelling pressure using confined compression testing might be 
more applicable to determine design specifications for NP replacing materials. Correctly 
measuring the swelling pressure in a standardised fashion remains challenging though. 
Currently, the field has no standardised means of evaluating the swelling pressure of 
either NP or novel implants, resulting in methodological challenges during mechanical 
testing, as illustrated in chapter 6. 

Often in basic research studies concerning the design of new spinal devices or implants, 
the predominant strategy has been a trial and error based approach.15 This lack of sys-
tematically conducted research is an important limitation in both tissue engineering and 

Table 2. Summary of native caprine tissue benchmarks related to mechanics of the NP, IVD and motion seg-

ment. [Modified after Nerurkar et al. Mechanical design criteria for intervertebral disc tissue engineering. 

J. Biomechanics 2010]

Tissue scale Testing modality Benchmark Native value Reference

NP Shear rheometry G* 17-35 kPa

29–31o

Detiger et al. (2013)13

Caprine IVD  

with endplate

Axial compression  

High load phase

Low load phase

Stiffness

Stiffness

1100-1500 N/mm

400-600 N/mm

Paul et al. (2012)11

Caprine IVD  

with endplate

Axial compression  

High load phase

Low load phase

Intradiscal  

pressure

Stiffness

Intradiscal  

pressure

Stiffness

0.95-1.1 MPa 

1500-1900 N/mm

0.4-0.5 MPa 

900-1000 N/mm

Vergroesen (2014)12

Lumbar 

spinal motion 

segment

Flexion/extension Range of motion

NZ stiffness

5.0-8.7 degrees

0.11-0.29 Nm/deg

Detiger et al. (2013)13

Moments of 1 Nm

1 degree/second

3 continuous cycles
Lateral bending Range of motion

NZ stiffness

6.7-9.3 degrees

Axial rotation Range of motion

NZ stiffness

0.9-1.7 degrees

0.8-2.2 Nm/deg
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spine research. Chapter 6, on a new NP substitute, exemplifies what may happen when 
individual novel implants are tested without formulating quantitative specifications: the 
therapy fails as a result of missing knowledge of design criteria. Therefore, we advocate 
intervertebral disc regeneration along the lines of functional tissue engineering: this 
means that before starting to manufacture a novel material or implant, the properties to 
strive for, i.e.: native tissue characteristics should be quantitatively described.16 

Translational challenges, preventive strategies and ethics
Another challenge in IVD regeneration is the translation to the clinic: both diagnostic 
methods to assess disc degeneration and patient selection for treatment modalities 
are not very straightforward. Even, at a more fundamental level, the definition of in-
tervertebral disc degeneration and its relation to low back pain still remains a sub-
ject of discussion to date. Since Cheung et al.1 established a correlation between low 
back pain and disc degeneration as assessed by MRI, its relation has been relatively 
accepted; however, much debate still exists on via which pathophysiological process 
disc degeneration could lead to clinically relevant low back pain. Also, the available 
evidence on the effectiveness of surgical interventions for a number of conditions  
resulting in low back pain is scarce. In a recent systematic review, no significant and/or 
clinically relevant differences between surgery and control were identified.17 As a rule, 
surgery is only recommended for the relief of neurological complaints (i.e. radiating leg 
pain) in clear indications, such as disc herniation, spondylolisthesis or spinal stenosis, 
but not for non-specific low back pain.18 Therefore, in the Netherlands, the indication 
for spinal surgery based solely on discogenic low back pain is very limited.19 Hence, 
a minimal invasive surgical procedure – once a suitable regenerative or repair procedure 
for the intervertebral disc has been found – will be hard to advocate as the current 
golden standard treatment for disc degeneration remains conservative therapy. 

As with most regenerative medicine therapies, the treatment of intervertebral disc de-
generation is most likely to be successful when applied at an early stage of the disease 
and could thus be considered as a preventive treatment modality. This leads to specific 
challenges for patient selection, as mild disc degeneration is not always painful20 where-
as severe degeneration poses greater challenges for regenerative strategies due to the 
disrupted anatomy. The risks of treating patients unnecessarily using novel regenerative 
therapies should be weighed against the potential disadvantages of implementing IVD 
treatment (too) late. Also, ethical challenges in the translation of (orthopaedic) regen-
erative medicine (RM) trials into application in actual patients exist.21 Caution should 
be taken to achieve a proportional risk-benefit balance; on the one hand, patients are 
not expected to gain any direct benefit, on the other hand, RM therapies carry a rela-
tively high risk of adverse outcome due to the use of cells, growth factors and biological 
materials with uncertain effects in humans. Therefore, the targeted degenerative ab-
normalities should be strongly related to disease within a relatively short time frame, in 
order to ensure a high likelihood of achieving benefit for a specific patient group.22 Due 
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to the many uncertainties in regenerative medicine and a lack of full understanding of 
intervertebral disc degeneration, obtaining sound informed consent can be challenging. 

Introduction of medical implants in general and more specifically spinal implants should 
only be allowed after strict evidence of safety and efficacy, in order to prevent harm 
to patients and the field as a whole. For instance, the recent unforeseen problems with 
metal-on-metal hip implants (a much higher revision rate due to rejection reactions)23

 and BMP use for interbody fusion with cages (multiple different complications)24 
underline the need for sound ethical standards without compromising surgical innova-
tion and research. Also our experience with a stem cell mixture in goat intervertebral 
discs (chapter 4) is a good example of why caution should be taken when implementing 
novel therapies into clinical practice. An important follow-up to ensure patient protec-
tion could be achieved by the development of monitoring registries for all new medical 
devices and surgical implants.25 

Institutions providing funding for basic research are becoming increasingly aware of the 
need for implementing ethical conduct into their guidelines for research proposals. As a 
first step, research groups are working on alternatives to diminish the amount of stud-
ies using animals and within these studies, further decreasing the number of animals 
needed. Also at our institute, alternatives for animal research are being explored, cur-
rently by replacing animals as a vehicle for testing mechanical behaviour by our loaded 
disc culture system (LDCS).11, 26 One drawback of this system, however, is the fact that 
a generalised immune response is difficult to mimic in an ex vivo organ culture setting. 

In terms of reduction of animals used, the general public is becoming increasingly criti-
cal about the “threshold myth”, described by Bacchetti et al.27: the incorrect assump-
tion that even early experimental studies should maintain a critical sample size, below 
which a study is deemed insignificant. For assessing the initial effect of a novel concept 
or treatment, however, small sample size studies can have scientific value, even though 
they do not meet conventional requirements for statistical power. Breaking free of this 
so-called “sample size dogma” could to a great extent contribute to the reduction of 
the number of animals needed for research purposes. For instance, in our last (pilot) 
animal study described in chapter 6, the use of a critical sample size would not have 
contributed to a better understanding of the reasons for unsuccessful positioning of 
the implants after one-month follow-up. The other way round, in retrospect, one could 
argue that the number of animals used for the SVF treatment investigations in chapter 
5 was larger than strictly necessary to demonstrate the adverse effects.

Altogether, lumbar disc degeneration is an important field of research, mainly because 
of the proven relation to low back pain and its vast socioeconomic burden on western 
society, being the leading cause of work absenteeism and years lived with disability.2, 28-30 
This thesis shows the importance of a critical appraisal of both evaluation methods 
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for the analysis of novel implants and the applicability of treatment modalities such  
as growth factors and cells in other organs, animals and indications than previously 
applied, before undertaking experimental studies. 

In summary, the main conclusions of this thesis are as follows: 

1. The large variability in NP viscoelasticity, but not in segmental biomechanical  
characteristics implies that the influence of viscoelasticity within the NP on the  
mechanical behaviour of the whole spinal motion segment is marginal. Therefore, 
NP viscoelasticity is not a useful design specification for regenerative materials. 

2. MRI T2 star relaxation time mapping is an objective, non-invasive diagnostic tool 
to quantitatively assess intervertebral disc degeneration on a continuous scale and 
can be applied without much further development in daily clinical practice.

3. A slow release system containing low doses of BMP-2 and BMP-2/7 could be safely 
applied in caprine intervertebral discs, but had no significant effect on disc regen-
eration after three months in the tested conjunction to fibrin-hyaluronean.

4. In mildly degenerated and healthy goat intervertebral discs, the injection of stromal 
vascular fraction, harvested using a refined enzymatic and washing protocol, led 
to a severe inflammatory response for which the responsible agent has not been 
identified.

5. NP substitutes should be tested in several mechanical testing modalities of increas-
ing complexity and in their relevant anatomical surroundings, in order to achieve  
a more reliable prediction of in vivo functionality and potential clinical applicability.

Several recommendations for future directions in intervertebral disc regeneration and 
mechanics can be formulated, partly based on the conclusions from this work:

- Standardised mechanical testing systems and protocols should be developed for 
relevant intervertebral disc characteristics in order to evaluate novel substitutes 
more systematically.

-  T2* relaxation time mapping could be of use in clinical practice as a diagnostic tool 
to detect disc degeneration at an early stage and subsequently to follow patients 
to assess the predictive value of this method for progressive disc degeneration. 
Eventually, this tool could be of use to improve patient selection for potential inter-
vertebral disc surgical procedures.

-  The use of animals for the more fundamental steps of spine research could be  
further diminished, for instance by using the loaded disc culture system (LDCS).
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